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~: Results 011 lbe to1al cross eecUon for producllon of "'u!UhadrOD!c 

eve:nt:s and tncluatve ditltrtbuttou of the •droDB from e + e- amdhilaUon tn 'the 

eenter-sf-,.ss energy range fro... 2.4 to 7.8 G<oV are prase-. Evidence for 

jet structure In lbe mu!Uhadronlc evente and lbe a1lgl!)ar dlotribuUono of lbe 

hadrono and of lbe jet axlo are reported. Inclusive dlstribuUons of badrona In 

Feynman lS:, transverae momentum, and. rnpidlty relauve to tbe jet axle are 

<presented. 

I. INTRODUCTION 

)$eaaurementa of hll,dron producUon by electrQil-positron amd.btlaUon for 

center-of-muo energleo (E c. m.) sbove 3 G<oV have unear1hnd much exc!Ung new 

pbyoico. First, the tote! eros• aecllon for prQduclng hadrono waa found to be 

higber 1han expected. 1• 2 Than lbe ~ and ;• were dlacovernd ao oharp peak.o In 

the toto! hadronic cross aecllon. 3• 4 The ¢' (a~ ¢) ,;,.,re found to decay to new 

narrow states. 5• 8• 7 Evidence for a heavy lepton wao found In lbe form sf 

evente contolniDg an electron and a muo11 wilb no1hlng elae visible~ And finally, 

narrow states wl:pch may be 1he eagerly sought charmed meso~ have been 

seen. 9,10 

ln this talk I will discuss 1he properUes of hadronlc evente produced In .. e" 

annihilation at SPEAR at energies away from tile resOD&D~ J'illltona. Theae 

events show evidence for jet structure, i.e., a limiting of traD~JVerse momentum 

relaUve to an axis. The jet axis hao an aagular dlstribuUO!I (In-red at 

Ec.m. = 7.4 G<oV! which Is consistent wilb a l+cos
2 

9 diotribuuon, the &JII(Ular 

dlstribuUon for a pair sf spin one-half particleo. A quark-parton picture, wilb 

the addiUon of at least ODe new heavy quark, seem& to be generally consistent wi1h 

lbe data. 

n. DETECTOR AND EVENT SELECTION 

The data for this analyols were taken by lbe SLAC/LBL magneuc detector 

collsborauon11 at SPEAR. The SPEAR magneUc detector Ia shown acbemaUcally 

In Fig. 1. The detector conslste sf a 3-meter IOIIIJ, 3-meter diameter solenoid 

magnet wilb a 4 kG magneUc field parallel to lbe beam !llrecUon and wire spark 

chamber& and scintillaUon counters for triggering and measuring events. The 

detector axis is centered on the beam dlrecUon at one ef two interacUon regiou 

at SPEAR. ParUcles entering the detector fro... the lnteracllon region can pus 

lbrougb, 111 order: a thin-walled vacuum chamber, Inner cylindrical scintillation 

counters used in the trigger to reduce backgrowu:i from coemic raya, inner 

multtwtre proporUcmal chambers, a ayetam of cyliDdrtcal wire apark cb~•. 

an vray ef trigger uma-o(-fiight ec:lnWlatlon countara. the magoet coU, an 

array sf lead-sclnUllator sbcwer counters, lbe Iron return yoke cf the magnet, 

and fiually wire spark chambers used for muoD-baclron eeparauon. The detector 

extends over 85% of 4w or solid angle wilb full acceptance In azimuthal angle and 

acceptance In poiJr angle from 50° to 130°. The apparatuo Ia triggered by two 

or more charged parUcles which producie signals In the !DQel' oclnUllatton counters 

*Work supported by lbe Energy Research and Development Adml.nlotrauon. 
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Fig. I. SchemaUc dlagrami, sf lbe SLAC/LBL ID8gii<!UC detector. 

and in at lenst two outer-trigger ... counter-shower-oounter combiDatlons. 

and 

Eveata from tile QED reactions 

e + e- - e + e- (Bhabha scattering) 

+- +-e e -lit 11-

(1) 

(2) 

were recorded simultaneously wttil the multlhadrmd.c events and provide a con

venient nor,.llzauon. or tboae evente orlglnaUng from the lnteracu~regicol 

fiducial volume, lbose wilb two oppooltely-chargecl pro- collinear wilbln 10° 

were candidates for tile QED reacUOQB, Those with th~ or more prongs were 

classified aa hadronlc unless two pre- were collinear wilbln 10° and had largo 

shower-counter pulse height (consistent wilb electrons). Evente In which lbere 

were two prongs acoplaD&r wilb 1he Incident beam dlrecuon by at least 20° and In 

which bolb prongs had momen1a greater 1han 300 MeV /o were also classified ao 

hadronic. ne _detector and selecuon of events are described more fully tn 

Refs. 2, 12, and 13. 

m. GENERAL PROPERTIES OF MULTDIADRONIC EVENTS 

In this secUon 1 will discuss tile total cross aecUon for mulUbadronic eventa, 

1he mean charged particle mulUplicity, and the inclusive momeatum dlatrlbuUooa 

of 1he hadrons. Jet structure and addltlonallnclualve diatribuUons sf lbe hadrons 

will be discussed in SecUona IV, V. and VI. 

The total hadronic cross secUon W8.8 calculated from the total ll1IDiher ef 

mu!UhadronJc evento detecled at each center-of-muo energy Ec.m., corrected 

for losses due to geometric accepta.nce, triggerlns efficiency, cuts, and CODt:ami

natlon from other sources. The cross aeeUoa. was normalized to tbe lntl~HP'ated 

luminosity obtained from Bhsbha scattering evento observed In 1he -Uc 

detector. A Monte Carlo slmulaUon sf lbe detector, deacribed In more detollln 
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Fig. 4, Mean charged particle multlpllc!Q' 

<nQb> vs Ec. m. • 

At tblo point In tbe F••entotinn of the J!IUlllhadrnnlc dato Qll)y 1;1loee mlllti

badrnnlc eventa wtlb tlu"ee or more detected cluaraecl p&l'tlcleo wUI be .,...!. 
14 

Tho twO•l)l'ODg eventa have oo far been 1111od ODly {Of the cololllotion of tho toto! 

croos BBction IIJI<I lho 11'0&11 cbarlocl particle multipllclty. Tbe two-F~ -ta 

IU'8 ll'!t use<lln flll'ther &11"1Yseo becouae they .re 111oro oubject to backcreUIId 

conjamlnltlon 11ue to b-..p• lnteraotiono an<l two-photon l)l'OOOOooa. 

The mean e-gy Qf oboerved trockll UllllJllJW pion maeoea, < Etrock>, lo 

shown as a function of Ec.m, In Fig. 5. There Ia a blnt of a break In the ~tzol

butlon -r 4 GeV which may be a stcn that apprecillbly m<>l'e low momentum 

partt~lea are being pl'Olluced llt energlea llbove 4 Ot!V. 

Tbe mean fraction of e""'IIY In ohar~ed po.rltcles u a function of E0 , m. Ia 

llhow1lln Fig. &, Pion maaaeoare •••\IDled for lhe parttclea. The data were 

0.4 
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Fig, &. Me1111 """IllY of observed trockll 
a .. lllJling pion m&ofol va. Ec. m. for a 
three proDg evente. · 

Yw. 6. Average frt.ctlnn of enerll}' 
appearing In Qbarged parUolea va, 
E0• m. for > three prOJ'll eveata, 
aoowning pfon ma•1111s. 

corrected for louea d\le to accep!fnce and trillll"r bias using the MOQte 04>' !o 

simulation. The charged enersy !•action decreaoee from 0.6 to 0.5 over the 

moaaured rarwe of E0 • m.. This dlatl'lbutlon Feoenta the oxtenoton of the eo

called "energy crisis" to the data llbove 5 GeV. If all the po.rticlea Wll'e plona, 

the charged energy fractlqn would be ~/3, Monte ~lo calculationa obow that lbe 

inclusion of kaons, etAs, and nqcleona should decrease the charged eniJ"g frao

tion by only a few percent. Neutrinos from heavy l!lptoa deeaye ahould not con

tribute apprecil!bly to the miBBing enerey In tbls dato oample (oee Ref. 14). 

Up to this point the data preeented bave been ldenttcal to tbQae l)l'eaentad at 

the 1975 Lepton and Photon 9ympoolum. 15 Sin.,. then a few minor probleme With 

the high-energy data have been found. At energies llbove 7 GeV Ill• photono from 

a"ohrotron radiation C&\tlie extra aparka in the spark ~~ wbieh ou,r track

Ing algorithms somotlmeo used to form ••tro low-momentum trocko. The extra 

tr&cko led to more oontamjlll.tlon from electro~~~&pejlc proce88ea Ia the thrBB

or-more.prong hadronlc eventa wlllob had the effect of adding pronp to tho very 

low &,nd high momentlllJl ende of the ineluoive momontlllJl dlotrlbutiona. TJchllor 
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cuts were employed In the traeklllg alcOIIithma an<l tbe data were reanalyzed. 

Multlprong Bhobho ecotterlng eventa (I.e,, lbooe With delto ray• or eo~~verted 

photonl) sitU pooed a problem. The cut wbich removed ...,enta from the hadronlc 

class If tbey had two l)l'Dng& co)llnoar Within 10° an<llarp ahower counter pulse 

height was meant to remove theae eventa. llowev'r, at bl(!h enellieo jet-like 

eve-eta were •orneti.me• removed frOJn t.bt: h•dronic evente by thia cut. In addltioD, 

there were )'lhobba acatterillg evsnta in which the two electrona were llCOIII-r 

which po.oaed this cut, Ths tollll number of eventa Involved was o~l (- a few 

peroent of the total) but tbey had a large effect on the high-momentum elld Qf the 

momentlllJl dlotrlbutlona. For these reuona the collineariif cut wu cheDgod to 

a cut which removed t,boae evuta which had two owooitely-eharged l)l'OIIgO 

coplanar within 5° With larl!e sbower counter pulae holghta and momento (!rooter 

than 40% of the Incident beam elll'rgy. A!ldltional euto were uoed on the three•. 

four-, and five-prong even¥> to remove aeoplall8r multiprODg Bhobho ocalterlng 

eve11ts (e.g., an event With two electrona and a converted i>h.o- was coulderod 

to be eleo!>'nmacnettc). The outa were checked by scannl~~g the eventa affected Ia 

the 7. 4 GeV data and were found tc remove most BbobQ acotterllli ev1111ta and 

very few badronlc eventa. The dato F•""ntad ill the remainder of tblo tolk 

(ex"''pt for Fig. 8) were analyzed uoiDg theoe - cuta. 

S!Dgle particle lncluoive momentwn dlatzoibult~ haw been otuclle4 for the 

large eampleo ol datil collttcted ot Eo.m, = 3.0, 3.8, 4,8, 6.2, an<l7.4 GeV. 

(lllclualvedlltzolbuttonafortbe 3.8 GeV da1& wUI not be FeBBntet;l here beoa"" 

they have not ~en reanalyzed wtlh the radlotlve tall from the ;• reaooed. l 1'be 

raw momentum dlall:'lbutioluo for eventa ill wblch three or 11101'8 cllariecl po.Jticlea 

~· detfuted are co,rectod for ceometrtc acoeplance and lrfaar btu ulng the 

Moate ()arlo almuilltl"". Radla~ve c:orrecUona bllve DDt bee• QPllecl. Ill l'll· 7 
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tbe lnoluolve mOIDentum d!.atzoll>uiiOIIa 

are preoentecl In l>lrlll• Qf tbe "experl

.....-1" ecallq var!Qio x 

"= llp/E o.m. (3) 

wiser~ I' le the p&l'tlcle m.,_tum, 

The mOOleDtum Ia uaod lnotae4 of tbe 
Cllel'ID' ~ the particle l~liJ ~ 

not m .. ll:fod for lbe -e --= 
ranp, The~ plntted lo odlt/c 

C.·E~.m.> w.._ch le ezpected to aqale 

at very hlp eJ!IIrgloa. Tile &rOll ~ 

eaob curve lo -1 IGIG'T<IIob> « 

R < aeh>, eo tlte -.r• UDder t:be C\II"Ye 

muot lnor .. e •• the ellO!'Jf illcreQea. We oee th!at theae dllll'lbultono rOIIfllly 

ocale for z ~ 0,5 for the llllllre energy-· Tbe 3,0 OeV data,_,. to be 

ayatemattcolly bl(!h for x~ 0.8; boweve!.', ayotamatic errore in lbe Manto Carlo 

correctlona at lbe blpeat and loweot valueo of " could be u illrP •• ~. Ill 

add!UOD, the detected two-prong eventa, which "" <10 ..,t "" but OOITect for uolng 

tbe M011te C&rle aimulatlon, form tho larpot frt.~a of lbe total ....- ol 

eventa (25%) at 3.0 GeV. The •·~· 6.2, an<l7.4 OeV data acalo rather .... n for 

X~O,J, 

We Identify plona, keona, IIPd l)l'otona over • reotzolcted momenl!= riUIIII 

uolng 11le time of fllpt moaoqred by a!llnllll&UOII COIIJltera at 1. 5 m from the 

beoiD line. The tl-.of-{llght reliOit~tion Ia 0.4 """' !.'.m.e. Kaona 01111 be 

eeparatod from plona for momenta leaol!'&" 600 U,V/c, and Fe- call be 

_.ted from kllono an<1 plona for aome11ta '"'" 1ball 1. 1 GeV /c, Yllllre 8 
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a large contamu.Uoa m>m beam-pa 
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from a f- percent to about twenty per_

cent aa the momeJibm> ID~o with 

very lltlle dependence on J:c. m., ezoept 

that the tracUou are coullltenlly lower 

at the ;. The antfP1'DtOil fracUon In-

creases from zero to fin or six ;perceat. 

&pin with little dependeDCe on E0 • m .• 

Of c~oe. the momen- range 

Fig. 8. Fraettou of -Uve P1'ongi 
which are kaoDo or anUprotou aa a 
funcUOQ, of particle mome- for 
!;

0 
m =3.0, 3.091; (= -). 3.8, 4,8, 

6.~. iind 7.4 OeV. 
over which we can ._...te particle typeo 

io quite J.i!nited. At J:c.m. :7.4 (leV, 

600 MeV /c mom...wm correoponda to x= o. 10. In the range of mome11ta acceoai-

ble to 1111 phase -ce effects probebly dominate. In order to teat par!oll model 

pred!etlou, for example, oee uec1o to know the identtty of .the bialt-x particleo. 

IV. JET STRUCTURE 

Tbe moUvatton for oe&rchllll for jet otruclllre in hadron produetiOJl by e + e

IUIDlbllaUoa oomeo trom quark-par!oll OODOUtuent modelo of elementary parUcleo. 

Ia thoae modelo the e + and e- 8Jillihllate to form a virtual photO& which ouboe

quenlly !>1'0duceo a 'IIJUk-par!oll pair, each of which decays into bjldrono, •• 

obown In Fig. 9. At llllfficlenlly bialt energy a two-jet 

atructure lo -cted to arlee due to the limited trana

veroe momen~ of the badr0118 with reopect to the 

orlp.i partoQ dlrecUon. 16- 19 The ~IDe of the con

oUtuenta can, In !>1'1Dclple, be determined from the 

IJIIIU]ar cliolr!butiCIIl of the jeto. 

I will now deooribe the method ued to ••reb lor 

jeta. For each lbJ.ee or more P1'0IIg badroDic event 

we find that dfrecUCIII which mlnlmlzeo the own of 

equarea of tru.averae momenta. To do thla, we 

diag0118llze the teoaor 

~ 
f .... .-

Fig. 9. Qau-k-partan. 
model picture of pro
ducUOD of badrono In 
e+e- IUIDlbllatlOD.. 

(4) 

where the ownmatlon Is over all detected cbarpd particles and a and fl rsfer to 

the three opattal compODflllto of ,.ch particle momm~ pi. Tafllllllke a mo

ment of lnerf4 tensor, so what we are dQing Ill flndlnc P1'tncipa! momenta In JDO-

metttum space. We obtain the eifenvalues A1• A2, and ~3 which are the •w:n• of 

aquare• of traMverae mQJDenta wUb. reBpect to the 1bree eipnrveetor directtou. 

The smallest eigenvalue ~3 ia the mlD.imum ~m of equaree of- tn.naverae momenta, 

and the olceDYeclor direction aa•Qclated with it io the reoooat>-ucted )et axl~. Tbio 

me1hod <>I C!OlculaUng the jet axlo Ill not perfect. It lo imposo!ble \A> de...,.tne the 

jet axlo exactly, even with perfect detection, uDiess one knowo Jll"eclot~Iy which 

particle comes from which jet, ill which cue one could olmply find the reouJ

momenta of two grO<Ipe of parUclee. The method deocrlbed hero, whic._ waa -

geoted In Ref. 19, lo the be~t approx!maUoa known to us. 

Ia order to d&Wmlue bow Jet-like an event lo. we caleulate a q1IIUII!ty which 

we call the opberlclty S: 
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(5) 

5 "PP1'08ches o fl)r events with limited t>-anoveree momenwm Oet..l!ke !'Vento) all!l 

appr<lllches 1 for evento with large multiplicity. and iool>"opic phase space particle 

dist>-ihutlons. 

Since the magnetic detector covered oJ!]y part of the total solid angle ond 

neutral ~ticlea were not detected, we needed to use a Monte Carlo aimulaUon 

to determloe bow jet..l!ke and isotropic badroDic evente would ~er in 1hs dstec. 

tor. Evente were generated according to either Lorentz.lnvariant pbaoe ~ace or 

a jet model In which phaae apace was modified by a mat>-11< element oq.,..ecl of 

the form 

(6) 

where p 
1 

Is. the momen- perpendicular to the jet axis. The jet axis a1JCU1ar 

distribution was of the form 

(7) 

where 9 is the poler angle relative to thee+ beam. This angular diotrlbuUon will 

be diacuaaed in more detail when the measurement of the jet axis angular dlatri-

button lo described. In both mOdele ooly charged ud neut>-al pions ware P1'oduced, 

although sotne chocks were performed nslng models which Included kaCIIIB pd 

etaa, Tbe total multiplicity waa givee by a PolssOD dlot>-!hutlon. The olmulaUoa 

Included the poltlel>"ic acceptance, l>"lgger efficiency~ 1110mentum reoolutton, 

conversion P1'uboblllty for pbo!olla from '11'
0 

decay, Bllilllll othsr known character

istics of 1hs dstector. 

We used 1hs large oampleo of data collected at 3.0, 3.8, 4.8, 6.2, ond 7 •• 

GeV. At each energy the total muiUpl!city ond ratio of cbarpd pions to DOiltral 

Ec.m. = 1.4 GfN ;!! 3 prongs 

• Data 
- Monte Carlo, 

Jet Model 
---Mont<Ccrlo, 

Phose Space 

0.5 1.0 
p.l. (GeV/c) 

pions for both mOdels were obtoined by 

fitting to the oboerftd cbarpd particle 

mean momentum ond mean mulltpliolty. 

The parameter b In the jet model waa 

chossn by fitting to the ohoerved mean p 
1 

with reopeot te lila jet axlo. Tbe ohoerved 

dist>-ibution"of p! at 7.• OeV lo ohown In 

Fig. 10 aloag with the P1'edictlcno of tbl! 

two model$. Tbs jet model nproduoeo 

the data rather well wbereaa phaoe space 

P1'edlcto too many particles at ldgb p!. 
Ftc. 10. Ob""rved P! with respect to 
jet axio for 7. 4 GeV data. Tbe P1'S- The mean P1'0ducied p

1 
In the jet model 

dieted diot>-!buUono for the jet model 
(solid curve) and the pbaoe-- waa found to be In the range 325 to 360 
model (deobed curve) are also obown. 

MeV/ o with no particular energy depend

eU:ce. From hadron IDteraoUon data we would baye -cted the mean p
1 

to be In 

the range 30o to 350 MeV ;c. 
Tbo oboei'Vt!d distributions of sCan now· be compared with the P1'edicl;lons of 

the 1w<> models. Figure 11 ohowe the observed S dlatr!buUons for the loweot 

energy, 3.00eV, anclforthetwobigbeatenergtea, 6.2and7.4QeV. At3.00eV 

the data agree with the P1'edicUono of either the jet model or the pbaoe.-oe 

model (Fig. ll(a)). At thio ODeriY the l!mlttng of t>-ansverae mome- to an 

average of 350 MeV jc bao no effect on the phase-a.,... parUole diotrth~tlons aa 

maDifooled In 1hs 8 dlal>"ibuUon since the predlcUono of the 1w<> modelo are the 

oame. At 8. 2 aod 7. 4 GeV the 8 diotrlbutloris are peaked toward low S favoring 

the jet inodel over the pbaoe...epaoe model (Figa, ll(b) and ll(c)). 
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• Data 
••• - Carlo, Phose Space 
- Monte Carto. Limited 

Transverse Momentum 

0.2 0.4 0.6 
SPHERICITY 

Fie. 11. Obaened ,.p..rtclty dlotnbu
u- for data, jet model (oolid Clll'Tfll) 
llDII~ model (dulled Clll'Tflo) 
for (a) Ec m =3.0 GeV, (b) Ec.m. = 
8.2 GeV, iUid (c) Eo.m. =7.4 GeV. 

Figure U all""" the 8 cBo-atloo 

at 7. 4 aev ~ wtth tba predkl-

liOJIII of both a jot modeluda pbue

lpaoe model In wblch kaou udotaa 

are p!'<l&toed alcmg With pl0111. Etaa 

llDII w0 'o were produced With equal 

probUll!tJ before pbue-oe ~. 

ud kaoo -- wero ft- to "'J'M 

With the data for particle mCDenta leaa 

11w1 eoo Mev /• ,_ F!c. 8). Tbe 

oooclaai011 Ia liDObapd-the data fawr 

the jet model, 

Tbedlffer&GC~-nthejetmodel 

.-1 p--model predklti.,.. for 

the apbericlt)' u a- of._....,. 

COD be - qulllllltaUYely In Ftc. 13, 

wblch JlhOWI the oboened .....,. 8 

...rouo E . The pbue--ce c.m. 
model precBcta thet the meOD 8 ahould 

iner•H u E0. m. in~--•• whereu 

the jot model precBcta that tba me1111 8 

ahould deer-. The data clearly 

show a deoreaollll m11111 8 With !ncr-

liJI Ec.m., In ........,..,twttb the jet model. 

Tile lllll'eemeDt of the cbHr'ted apberlclt)' dlatrlbuUOIIII With the jet model u 

_..t to the phue-~paoe model Ia MldeiKll for jet 8trlloture In e + e- hadroo 

procluction. Dlffernceo In tba ..,..ct obape of the 8 cBatrlbuU0111 benren the data 

llDII the jet model 01111 be cauaed by, &mObil otbor tbiiJie, cBiferenoeo In the exact 

0.39 

0.38 

0.37 

Ec.m.•7.4 GeV. t3 pron9s 

• Data 
-Jet Model . .,.·s only 
.... -~Jet Model. ,.·s. K's, .,·, 
-·- Phost Space,,.·, only 
....... Phaw. SQoc:e • .,.·,, K's, .,·s 

0.8 
SPHERICITY 

• Dota 
- Monte Corto, Jet Model, 

Fitted to Obtefvec:l (P ... ) 
---- Monte Carlo, Phose Spoce 

1.0 

allepe of the multlpliclt)' cBatrllnllloa.. 

!:: 0.36 

The - for jet 8trUoture Ia oorrcb

orated by the dlaUibatlooo of the -IDe 

of the IIJile - 11117 par of pu1:lclea, 

a-..lnFig, 14. Ate.21lD117.4GeV 

the data llh- more par. of parUclea at 

IIIU!l &~J~leo to eech other and at IIJilee 

near 180° to eech other than the pbue

lpace model predicta. The dlatrlbuU01111 

...... -ll wtth the jet model. 

"' ffi 0.35 
J: 

5i 0.34 

; 0.33 

s 0.32 

ffi 0.3f 

~ 0.30 
0 

0.29 

0.28 
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02345678910 

Ec.m. (Gel/) 

Fie. 13. Obeoned- opilerlclt)' 
Yo. E0 .m, for data, jet model (eolid 
.,....,.), ODd pilue-8pace model 
(duiledOIIJ'Yit), 

FIIIUl'e 15 ohowo the oboer'ted aiiJile

parUcle lncluolve " dlatrlbuUon for 

E0 • m. = 7. 4 GeV. The jet model repro

duces tbio dlatrlbuUon quite well, but the 

the pbaoe-opece model precBcto too -

partlcleo with "~0.4. The acreem

of tbio diatrlbuUon With the jet model 

might be -.a aa further oorrcboraU011 
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Fig. 14. Dletrlbutlono of tba oopiD8 of 
dlparticle 11111ee for data. jet model 
(aolld CUl'\'eo), llDII phao- model 
(da- Clll'Tfll) for (a) Ec. m.= 6. 2 GeV 
and (b) Ec.m.=7.4 aev . 
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Ec.m.; 1.4 GeV 
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3103 
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I? :g 
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Fig. 15, Obeoned" dlatr- at 
Eo m • 7. • aev for data, jet model 
(ooild'011r'te), llDII ~oe model 
(dallhed curYe). 

for the jot otructure; h.........,r, eventa With a hlgh-x particle - to have low epher

lclty. It qht be that the acreem- of the S dlatrlbuUono with the jet model !a duo 

to the fact that the jet model produoeo a lm-1• e"""''h llUIIlher of b1P momelllllm PR

Ucleo, To determine wh~ the acreeme~~t of the 8 dla~ Ia almply a 00-

quenoe of the acreemeat of the " dlatnbuUona, .... --the 8 dla~ for 

thoee eventa In which DO particle hu x>0.4. For-....., the" dlatrlbllli.,.. fer: 

both modela acree With tba data. The 8 dlllll'lbuUooo for nail.- at E0 ,m.=7,, 

aev are Jlhowa In Ftc. 16(a). Tbe jet model !a at111 preferred.,.. tba pbue apaeo 

model. The s dlotrlbutiooa for eventa havlllla particle With X>O·' are -Ia 

Ftc. 18(b). 
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400 

~200 

j a~~~~~~~ 

0.2 0.8 
SPHERICITY 

Fig. 16. Oboer'ted ophericlt)' dlatrlhu-

AltbouP tho ..,._ .. Ia""' Jlftfect. 

file data are dafldoly In bettft -

ment With the jet moclol. We theHfore 

conclude that tho ,...._...of tba 8 

dlatrlbuU0111 Willi the Jet modtlta not 

duo almply to the ......... of the" dlatr- ..... fllrtbermore, the 

llp'eemlllt of the " clletrl- le • 

cona........,. of the jet atractare. 1D 

foot, In the jet model tba product!CIII af 

hlgh-z particlee lo directly related to 

the llmlUIJI oftranoverH m

relaUve to the jet ulo. 

Uooa at Ec.m. = 7.4 GeV for data, jet Aaotber _.n.le cauae for the 
model (oolld ourvea), llDII pbue-opace 
model (daabed curvea) for (a) eventa ._llllce of jet atructure Ia tho -

With largeet " < o, 4 ODd (b) events With ducUon of reaonanoea or - partlolea. 
largeet " > 0. 4. 

Jet structure beglna to be dlfferenUaled from pbue apace for ollftllea above llbout 

5 GeV, For theae energleo R lo approximately 001111- ODd DO 8trllctllre hu ben 

aeen. In order to oear ch for j<ota which are actually the decayo of partioleo or 

re•cmance•webaveplotted the di•trlbuUou of obaerved muae• of the jeta u lll:aQWD 

In Fig. 17 for E c. m. = 7. 4 GeV. The jet maoa lo the eftecUve maoo of all partiolea 

In an event on one Bide of a plane tbr0118b the Interaction vertex llDII perpo..Uoular 

to the jet uta. Pion maoaea are used for all parUclea. FIIIUl'e 17(a) ahowo the 

maoo dlotrlbuUon for all jeto. The oplkee at maooeo of zero llDII the pin maoo are 

due to zero-parUcle aDd one-particle jeta, reepecUvely. Mollt jet mu•u are 1._ 

than 2 aev /c2. Figure 17(b) ohOWI the maoo dlatrlbuUon for 2-prOilll, c~~ute-o 



jeta. We ... tbat oome jet. are ~·• &lid tbat lbere Ia a oltoulder at the p 
0 

maaa. 

Tbore II no m-,for &be {>. There II DO evldene<1 for structure In the maaa 

dlatrlbutlon for ll-prclac, obarlle-,.1 jet., oltownln Fig. 17(c). We CODClw:le tbat 

lbere Ia DO evidence lior c:opl..,. proG!cUon of re8CJ181lceo which could leod In ~t 

atructure for moat evem.. However. DeUtr&l parUclea are not detected and are 

therefore not lnclw:led In lbe 1111181 calculaUou. We bave aloo not determilled the 
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l"Ja. 17. Oboened ~t maae diotrlbuUOilO 
at 1:0, m ~ 7. 4 GeV for (a) all jeta, (b) Z-
proas, Charp•O jela, aad (c) 3-prOIIIJ, 
chorp~ d jeta. Pioa-- were ued 
for all parUcleo. The orrowa lndicote the 
maooeo of parUclea or re_,ceo ba\'1111 
&be llldlcoted decoy model. 

The ...-oemnt of lbe obaerved o...,riclty dietrlbuUou willa lbe predicUOJlll 

of the jot model u _.t to pbue opace 11 tmdeD<>e for jet otructuro Ia badron 

prodllcUoa by e + •- UDIIallaUoa. 20 A aemple 7. 4 GeV event, which illuatrateo tbe 

recoutru- jet wo and may llluatrote a typical jet-like event, lo oltown ill 

1"11. 18. Tble ev- baa eJaht pr0111Jo, ""'of wbich bave X> o. 3. Tba olber olx 

prOIIIJI bave low momenta. The event baa 8=0.081. The obaerved eneriY lo leoa 

tbae E c. m. &lid the m-ala do oot balaDce, oo tbere are mloallll parUcleo. 

.., 
).0 

-1.5 -1.0 

- 1.0 

' ' 
' 
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' Jlt A .. s ,,.. 
L5 •• 

Fig. 18. Momeatum apace repreaenta
Uon of a oamplo 7. 4 GeV evODt. Px• Py. 
&lid Px refer In &be lbreo opallal COlli• 
-Dte of llae particle momenta. The 
.-. Uea al011111be poattron dlrecuon. 
Tbil event baa 8 pr0111Ja, 2 wllb X> o. 3. 
The reccmatructed jet axie a. repre
aeated by the daab.ed line. The event 
baa Ss 0. 081. 
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V. JET AXIS AND INCLUSIVE ANGULAR DlSTRmUTIONS 

Tbe aagular diatrlbuUou of &be hadrona ud of lbe jet wa at 7. 4 GeV will be 

presented In IIlia aocUon. At Ec.m. = 7.4 GeV llae electronud poeltron beamou 

SPEAR are tranaversely polarbed due to aynchrotr011. radiation. The moat general 

aogular distribution for production llarougb a Bingle virtual pbotoD 1121 

tb« l+a coo2 B + P2a ein2 6 """2• , (I) 

wbere 8 II lbe polar a111le wilb respect In lbe Incident e + dlrecUoa, • lo lbe azi

muthal aagle with reepect to the plaae of the storage ring, P is the tzoauaverae 

polar!zauoa of eocb beam, &lid a Is given by 

(7) 

where crT ODd "L are the tranaveroe (hellcity,. 1 al01111be parUcle direcUOD) &lid 

longtllld!Dal (hellclty 0 al0111llae particle direcUoll) production croao aecUou. 

The tzoauverse beam po:taruaUon allow• Ull to 

meuure a from lbe • diatrlhuUon which lo 

quite ueeful because 1:be magneUc detector hu 

a amaH ruge of acceptance in coa21 but full 

acceptance In •. 

For 1:be QED reaction e•e· _,.,.•,.,.- the 

angular distribution Is given by Eq. (6) willa 

a=1. At Ec.m. = 7.4 GeV the muon plir data 

taken almultaneouely willa the badromc., data 

were used to determine an average value of 

P 2=0.47±0.05. Figure 19 ohowalbe lnclu

olve hadron • diatrtbuUollO for parUcleo with 

x>0.3and lcoo61<0.6forE ~7.4GeV - c.m. 

ODdE =6.2GeV. At7.4GeVaatrolll c.m. 

400 ••• • ••• •• •• •••• 
200 •••• • •• 

"' 

:: t-E~::-;.4. GeV (ol 

~ 0~ 

!i 
0 
:l' 

200 

rt+~t++t+tmm++ +m 
)00 

Ecm. = 6.2 GeV (b) 

0 
90 180 270 360 

<I> (degren) 

Fig. 19. DlotrlbuUona of badrcm 
proago ill az!mullaal-..Ie • for 
proap wllb X> 0.3 &lid 
leo• 91 < o.e for (a) Ec.m. •7.4 
GeV andlbl E0 .m. =6.2 aev. 

lncluolve badron • aoymmetry Ia obaerved, while at 6.2 GeV, where the beams 

are u-larlzed, lbe • diotrlbuUoa II flat. The 8, 2 GeV data wu uaed In delar

mlnellaat lbe mopellc detector doeo not introduce a • aaymmetry. At 7.4 GeV 

the meooured value of P
2 

and lbe coa 9 &lid • dlatrlbulloDO of lbe parllcleo u a 

function of x were 1111ed to determiDe the inclusive hadron a as a fuD.cUoa of :a. 22 

It-· found llaat a lo z.O aDd llaat a illcreaoee wilb Increasing x. (The dopendenoa 

of lnclualve a on x at Ec,m. = 7.4 GeV lo ohown In Fig. 21 along willa a compari-

aon wilb lbe Monte Carlo prediction.) 

At 7. 4 GeV a • aoymmetry wao aloo 

oboorved for the jet wo. The • dlatrlbu

UOilO of llao jet WI for ~t ueo wflla 

I coo 91 ~ 0. 8 are obOWD In Fig. 20 for 8. 2 

&lid 7. 4 Ge V. (Since llae jet axia Ia a eym

metry axis, lbe &~~~le •+ 180° Ia equhaletlt 

In llae •1111• •·) At 8. 2 GeV the beama are 

,._larlzed and llae • diotrlbuUon II flat, 

ao expected. At 7. 4 GeV the • diotrlbuUon 

of 1:be jet axi• ahowa an asymmetry wi 1:b 

maxima and minima at the same values of 4J 

aa for e+e- _,..+,.,.-. 
The observed jet a.xia 4J diatnbuUon 

and 1:be meaaured value of P 2 were ued to 

4 00 F- f =6.2 GeV c.m . Ia) 
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+ .................. 
~ 0 -~L____j___J.__ 
~ I 000 E c.m. ~ 7.4 GeV 

~ BOO 

600 
•• • •• • • ••• ....... 
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0 _J.___ 
a· 45• 90• t35" tao• 

AZIMUTHAL ANGLE OF JET AXIS 

Fig. 20. Observe<! distributions of 
jet axis azimllthal angles from the 
plane of lbe otcrap riDS for jet 
oxeo willa lcoo 6 I< 0.8 f~ (a) li:c:.m. 
~ 6.2 GeV ODd (b)l!;c.m. -7.4 GeV. 

determine the parameter a for llae jet axis aqrular diotrlhuUon gtven by Eq. (6). 

The obaerved value of cr for 1:be jet axis was a=O.SO:t::O. 07. From tbe jet model 

Monte Carlo slmulaUon, which Included the angular diotrlbuUon for tbe proruced 

jet axil aa given In Eq. (8), we found llaat the obaerved value of a will be leoallau 

1:be true value of a which deacrtbea the produQUon of tbe jeta because of tbe 



lllcompll!te acceptauce of the detector, the loae o( ~'""t;ral parUcloa, and our Jlletbocl 

of roco110tructiug the Jet axle. The elmulatiOII waa uaed lo calculate a ratio of 

observed to produQOd value• of a of o.u at 7, 4 (leV, Tblo ~tie waa wold 1o 

Qorreqt the obaervod a 10 obtain"'= 0. 97:0.14 for the produoed jel axla augular 

dlsll'lbl4ien. 1n te~me of "L and "T tb.la value of "' eorreiPOII4a to "L/"T = 

0. 02:0.07. The error In C/1 lo olatllltlcol Ollly; WI estimate that the l)"atemetlc 

erroro In lbe oboe"ed C/1 can be neglected. However, tbere moy be a ayotematlc 

error In lbe correction foetor relatlq tbe oboerved to lbe produced valueo of "' 

due to model dependence. 

The Jet model can be woed to predict 

the olugle particle Inclusive &lliU1ar dlsll'l

but!OIIO for all valueo of oocondary particle 

momente. 1n Fig. 21 valuoo for the Inclu

sive bedrOll"' 11 a fuDctiClll of x at 

~'c. m. " 7. 4 GeV are e:ompored With lbe jet 

model calculation. The model aoo!IDled the 

value"'= 0.97z0.14 for the Jet ulo augu

lor disll'ibutiOII. The predie\i011111!1'eea well 

With the data for all values of x, 

~-lea other than 7. 4 GeV It Ia 

llQt pooolble to determllle the jet axle angu

lar dietrlbut1011 witb lillY accuracy because 

of the oman beam po~zallon and eubse-

qunt shoonce ef • oymmetey. The coo 6 

.U.Il'lbuUon of tbo jet axle to too oll'oqly 

Ec.m.:7.4GeV 
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1,4 

1.2 
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Fig. 21. Oboerved lncluelve "' va. 
x for part!cleo With leo• Bl < 0.8 
In !ladl'QIIIc ovente at E0. 111, ;;-7. 4 
GeV. Tbe prediction of tbe jet 
model 111011te C&rlo lllnulat!Clll for a 
jet ulo augular dlotribl4!on with 
"' • o. 97:0.14 lo ropreooDted bylbe 
•haded bend • 

affected by the 11111&11 acCIIII!Ince of 1he detector In ceo 6. We are able, however, to 

m-ure tile IDCluslve "' vorowo x by flttlug lbe iDCluolve coo 6 .U.Il'fbutloWI. Tbeee 

determillatlona are le"' prectee than thooe wolug polulsed beamo. Figure 22 ohow1 

pre~valuaofincluivehadronaveTauezatE =a.o, 3,8, 4.1, 4.8, c.m. 
1,6 
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Fig. 22. Pre!lm1Dary value• for lnclwolve a 
vs. x obtained from flto of 1+o(l<l co12 B for 
lcoo 91 < 0,1 for E0 m ~ 3.0, 3.8, 4.1 4 8 
and8.2l;eV. ' ' ' ' ' 

and 8, 2 GeV. At 3. 0 GeV tbe 

lllclwolve a dloll'lbut!on 11 COD

elotnt with IIOil'opy for all 

valuee of x. At 3, 8 and 4.1 

GeV lhlre 11 101118 evidence for 

a 001
2 

B ~nee at the lar-

ger values of x. At 4. 8 and 

6. 2 GeV a deflll1toly lncreaoea 

wtth tncreaolzil x and Ia, Ill tact, 

..,.!•tnt with Ito IIIU!mum 

value of 1 llt the higher valueo of 

x. The jet model otmulatllln 

with 11 jet axle a,.war dlsll'l.bu

tion of 1 + oca2 I can repreduce 

lhlo dependence of a 011 x and 

Ec.m. tocludlug lbe looll'opy at 

3.0 GeV. In fact, we begin to 

oboarve nonzero valueo far "' 

juot at norglee where Jet all'ucmae beglno to be dlfferentloted ~om phaoa -ce. 
The dati 811'81111)' IUIJPOl't a Jet hypotbeols for hadron production Ill e + e

annihilation. The Jet model Monte C&rlo otmulatlo.o reprocluceo aot Ollly the opher

lclty dlell'l.butiollo for wbcle evento but aloe the slqle particle laelusive momentum 

and angulu dlsll'jbut10110. Tbe jet axle augular dloll'fbutiClllilltagrated over azi

muthal &uglela pr<!pOrtlooal to ~+(0,17:0.14) coa2 6 at 7.4 GeV, glvtq 

"d" T ~ 0 • 02" 0 • 07. Tbe Jato are therefore produced wtth beUetty :1 a! CD~~ the jet 

E17 

oxlo. The jet oxlo augular dlstl'lbutlon Ia conolatant with lbet for a pair of opiD-

1/2 particles. 1n the frami!Work of the quark..parton model, lbe partonl mwot )lave 

opln-l/2 ralhlr than opln o. 
VI. INCLUIIIVE D!Bl'RDIUTIONS IN VARIABLES RELATIVE TO THE JET AJilll 

The limiting of ll'aneveroe momentwn relative to an axio for e + e- badrClll pro

duction suggeato a etmllority with hadron-hadron lnteractiODO. In addltiOII, If the 

jet oll'uc1:ure I• related to quark-partoWI, 1hen oiUI obould IIDJIIiae the COIIlpOIIatl 

of particle mementa relative to the parton direction, whlcb to -cted to be the 

jet !Uiio, as 11 dOne In leptoproductiOII relative to the virtual p11o1<11 direction. The 

lllcluolvs hadronfc croso oectiClll might be --to be foctorilllhle Into a func

tion of momentum parallel to lbe jet uta and 1 functiOII of mom- parpelldlcu

lar to that oxlo. 

In order to illveollgata oucb queo

tiOWI, we bavo made a preltmlllary 

atlempt to m•oure lllcluoive dllll'lbu-

IlOilO of the hadre1111 Ill variables rela

tive to the Jet oxlo. For ••h badroblo 

event we reconotruct 1 jet oxlo ao deo

ocrlbed In Sectloo IV and calculate the 

componento of eacb particle mOJ!lOiltum 

parallel to (pnl and perpendlculor to (p
1

) 

the jet uta, ao shown In Fig. 23. 

Stocethelnclwoiv0 quantltyodrT/dx, 

whicb waa shown In Fig. 7, nearly 

scaleo, we are led to ex&llllne the lllclu-

' Jet A ... ~~--- t 
-~ 

Fig. 23. IDuetration of a badronic 
event ~om e+e- lUID1hll.atlon showlug the 
jet ulo and tbe OOJilpol!entll of the mo
mentum of 1 particle P paraU.l to (p1 ) and perpndlcular to (p

1
) the jet uto. 

slve dlotrlbl4!ono for odrT/dxn, whore x 1, or Feynman x, to defllled by 

"u = 2PuJEe.m. (8) 

shown Ill Fig. 24. Tbees dloll'lbutiOIIO have been oorrected for geomell'l.e aeoopt

ance, t.rlllfor blao, and the me1!1ocl of recOWitructlug the jet ull by wotug tbe jet 

model Monte C&rlo otmulation. (The IIIClllta C&rlo correctiODO woed to produoe 

Fig. 7 ware calculated wotqlbe aame jet model Monte C&rlo lllnulatloll11 wu 
uoed for Fig. 24 In order to ellmiDate oyltell)ltlc differences Ill tile correctiODO 

due to ll!fferent moclelo. ) Figure 28 ehowa the obl&rVed (before Monte C&rlc 
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10 

0.1 

o.o1 
0 

• 

• Ec.m. = 7.4 GeV 
Cl Ec.m.=6.2 GttV 
a Ec.m.;4.8 GeV 
c. Ee.m.; 3,0 GeV 

Fig. 24. odrT/dx1 vo, x1Lfor E0 m & 

a.o, 4.8, 6.2, and 7.4 oev. x;·~1/ Ec.ll\ where P, Ia the compoQIInt of 
part:lcie momentum parallel to the jet 
oxlo. 

10 1 

Ec.m.= 7,4 GeV 
}: 3 pron;s 

• Ooto 
-Monte Corio, 

Jet Model 
--- Monte Carlo, 

Phose Spoce 

100 Oc__,_O_j.-2-'-0J..4-'--0L,6-4~0.L8...L--li.-O.J 
x11=2Pu/Ee.m. 

Fig. 25, Obaoned "~ dloll'fbut!Oilo 
at E a 7.4 GeV for data, jet 
modo'\' '!iolld cllii'Ve), 1111d phuo
space model (clashed curve). 

correction•' inclusive Xn diatributloD. for hadronic eventa with three or more pronp 

at EC. m. ~ 7. 4 GeV compared with the predlctiono of the two models. As W18 the 

cue for the x distribution, the jet model ropreoente the data well and the phase

space model proclueeo too few particlso at Iorge x
11
• By eomparlq Flgl. 24 and 

25 one can ae~ that the Monte Carlo corrections do not make •larae cbaJJce in the 

sbepe of the x 11 distribution. Correctlo!lll due to finding tile wrcmg jet axle are not 



1arp for lbe x
1 
~ IIIUWI!y -.!be wont....., ocCOJr for ..- wUb 

ODly 1- momeDtum p&rUclM wldcb are nearly 1-.,plc. 

U we 00J11PUe tile dlotrlbutlou ID actT/clx 1 wltll tbooe In actT/clx, we - tlat 

u E -· tile two dlotrlbutlono beooJDe more alike. preiiUIII&bly be.,..... c.m. 

p
1 

Ia a --.. fracllonofp. At !be 1-e.....,- Ec.m. • 3.0 GeV lbe two 

--are qalte different. - e+e- IDchJOI.e mom- dlatrlbatlou are 

compuoeclwltb- from--- or 1~, day ollould be 

oompuoeciiD tenu of lbe 'l&riable :o:1. ~tely. we- .at :ret .-rrtec1-

....., oomparl..,.. wltll other data. Tbe actrfclx1 dlotrt- are - wttll 

a..U.,.for:o:1 ~0.5 for lbe-... .....,.....,..from a.o tc 7.HleV. Tbe a.o 

aev dlatrlbatl..,- a dlaplD al- for :o:1 - 0.5111111 o.e. For :o:1 <0.5 

lbe a. o aev dlatrlbatlcm - .....ply t1a - a1- u at lbe 1lltMr -.t• •• 
ta -ner m __..... !'rca • .8 tc 7.4 aev 11oe •*/clx1 dlatrlbatlcma .... oon

-wttll ...U.C onr _.ly lie-· :o:1....,.. -'for :o:1<0.1. 

Tile IDe]- dlllt:rllla&tOM lD p
1 

111111 ftllldlty are qal*" dlmaalt tc corrent for 

tba elf- of flDdblc lbe Wl"OIII jet uta. From - Carlo atoodlea we ha.e fouad 

tlat, 1lllllke tile :o: 1 dlatrfbatlon, lbe prodaoedllllll- dlatrlbltUoaa are qatte 

dltferellllf we 11M all eYente. For -le. lbejet modal r_.,-oea tile

p
1 
,.__ ratber well,.._ fl- tc tile- pJ., u wu ab~ ID F•a. 10. 

H-,lbe-...edm...,p
1 

at7.4GeVwu-t2110IIeV/cwbereulbe

cluoedmeanp1 wu-t350JieVfc. UworeatrlctouriMlYeOtceYentawldcbha.e 

a p&l'Ucle wltll II> 0.5, we oaD flDd lbe jet uta wltll 1011111 coaflda- and oaD WN1 

lbe - Carlo Rmllla- tc oalclllate oorrectlou. (We could actaally """ lbe 

ldp.t momeDtum porllcle u lbe jet ula lD tbla -· but lbe reoonetrllCtad jet 

ula Ia cloaer tc lbe- jet uta.) Tbenfore, f..- all of tile re111UW11JW IDclua!Ye --we UM ODly ....U wldola llaft a porllcle wltll x> 0.5 and we do not 

plot lbe bllbeot-:o: porllcle ~ lD lbe lnclut ... dlatrlbutlon. Dlatrlbutl...,. for 

lbe b!Peet-:o: porllcle .., be looloocl at ._.tely but wiD not be preeented bere. 

Tbe lDcl- dlotrlbutl...,. are normal1ud tc tile m.1 corea aecllou for ennta 

wttll a porllcle wltll Z> 0.5 111111 are tbu dlatrtbutlcna of particle -tty ID .... ....,_ 

labliM WNid. 

For compartaon wttb lbe prertou dlotrlbutlou we pr- dlatrlllltU...a ID 

(1/tr)ctT/da, ~In FJa. 211,111111 (1/tr)ciT/dal, ~ ID FJa. 27, for ennta wttll 

100 100 

• Eun. • 7.4 GfN 
• Ec.m." 7.4 GrJ o E'-._•6.2GeV 

li. 0 Ec.m.=6.2 GfN a• o Ec.lft. • 4.8 GtN 
10 o 0 ~1i ll Ec ..... " 3.0 GIN 10 ~0· 

o Ec.m.=4.8 GtN 
6 Ec.m. = 3.0 Gev 

~ 666 •• "OJ 
" ll 

* •* . " !. 
II ~ * * • ..... -lb 8 

t * 
~ 

• 0.1 

~ t ~ 0.1 ~ 

' t O.OI 0'-"'"--:0:"'.2:-'-0..J.L4-1--0:"'.6:-'-0...J.LB-'-_JI.O 

•~2p/Ec.ll'l. 

O.OI 0:-"'--:0-::.2:-'-::0.L4....1..-0:"'.6:-'-0.L8...J.._ji.O 

• 11 "2P../Ec.m. 

FJa. 28. (1/tr) ciT/clx VI. X for eYente 
wltb "'max (tbe ftlue of a for lbe blpeot
xporllcle)>O.S for Ec m •3.0, 4.8. 
5.2, &Dd7.4GeV. x,W.ia-plottad. 
The dt•trtbuUODII are normalized to &be 
crosa aecti.ODII far evenu wttb Xmax >0. s. 

FJa. 27. (1/tr)ctT/clxJI .... "t f1w
wttll ......,.>0.5 for E0 m • 3.0, 4.8. 
e.2. aii<r'1.4 aev. :o:,.Ut. notplottad. 
Tbe dlatrlbutlono are IIOI"Dlallsad tc lbe 
croaa aectlcma fOil" eYelltl wttll Xmmr: > 
o.s. :o:,~2J>.IE0.m where p, ttillie 
comi'ODMrt ol porUOle momentum par. 
allel tc tbe jet ulo. 

"mu> 0.5. Tbe locl ... tve (1/<r)ctT/clx dlotrtbutlou are otmllar In abape tc tile 

I ciT /clx dlotr,...tiODO for all eftDte .,.cept tbat tbay ba.e a oteeper al- f..- larp X 

for E~. m.~ 4. 8 GeV. Tbe data oca1e for x ~ 0. 2 for Ec. m. ~ 4. 8 GeV u did lbe 

dlatrlbutiono for all eventa. Tbe 3.0 aev data do not acale, e...n at 1arp "· Tile 

B8 

(1/tr)ctT/clx1 dlotrlbutlona aleo !all off mont qatekly for larp x
1 

tbaD do tlluctT/da
1 

dlatrlbutl.ona f..- all eYente; for "'• - •ta-ent alae appliel tc tile a: 0 aev data. 

Tbe data alao- tc aealefor .. entire- r&JWe 3.0 tc 7.4 aev for 

x 1 ~0,2, exeept for ODO 3.0 QeV point at 0.8~:0:. <0.7. Tbe ...... IDOl- for 

lbe 3.0 aev data- mOftd tc :o: 1 ~n 0.1 and 0.2. Of courae, we are

lookllll! at "old" pbyalco ot- ,._, pbyotco (I.e., charm)-· ODly ID ....eta 

wltll "'mu :$0. s. 

FJaqre 28 ab-. (1/tr) *I"' 1 Yer-

ou p
1 

for ennta wltb "'mu>O.S for 

Ec.m. = 3.0, 4.8, 8.2, and 7.4 GeV. 

Tbe bJabeat-:o: porllcle Ia -IDcluded 

In tbe plata. We oee tbat u Ec.m. 

IDcreoaeo tile obape of tile dlotrlbutl.on 

rematna approDmately Ute .me. The 

area under tbe ounea tncreaaee •• 

Ec.m. fncreuea becauae of the 

lncreaolll(l multiplicity. We llave not 

determined tile functional dependence 

of theae dilltrtbuUOil8: the me&IUI of the 

dletrtbutiou are about the aame for 

tbe entire r&JWe of energteo. It would 

-jb 

Fla. 28. (1/tr)ctT/.-, .... P1 for
wltb ,.,>0.5 for rc.m. ~ 3.0. 4.8, 
s.2, &iiiH.4 aev. "'max ta not plottad. 
The dlotrlbutlono are normallsad tc lbe 
cross sectl0118 for rnmta with lrmax.> 
0.5. p, Is tile component of porllcla 
momentum perpendicular tc tile jet ulo. 

certainly be IDtereotlog to be able to plot tblo distribution for all porllcleo In all 

evente;. however. we de not know at thlo point how tc correct tbe dlotrlbutlono for 

Incorrect jet ulo determiD&tiono for evento witb no high-momentum porllcles. 

lo Fig. 29 we present dlatrlbutiono In rapidity w!tll respect tc tbe jet ulo for 

evento witb Xmax> 0.5 for Ec.m.= 3.0, 4.8, and 7.4 GeV. The rapidity Ia defined 

by 

(9) 

wbere E ts tbe energy of tbe porUcle w!tb a pion maso assumed and p U Ia tile oom

ponellt of particle momeDtum parallel to tbe jet uls. The dlotrtbutiono are plottad 

In termo of (1/0")ctT/dy. Tbe wldtba of tbe distributions Increase logarltbmically 

~~~ 
-lb 

0.1 

1 (E+p) 
'"~·"~ P, 
Tr Moss Assumed 

• Ec.m." 7.4 GeV 
o E c.m . ., 4.8 GeV 
6 Ec.rn. "3.0 GeV 

1.0 1.5 2.0 2.5 3.0 3.5 

Fig. 29. (1/<1) dO/dy vs. y for even to 
with xtt:UUl>0.5 for Ee.m.=- 3.0, 4.8, 
and 7. 4 GeV. "mu lo not plotted. 
The distributions are normalized to 
the cross sections for events with 
xmax > 0. 5. y is the rapidity of the 
particle with respect to the jet axis. 
Pion masses were assumed. 

wltb tbe energy. The magni-• of tile 

' quantity (1/0") do/dy at y .. o are approxt-

mately the same for each of the three 

energies. However, tbe dlatributtono 

are normalized to the cross aectl.oDS 

for events with xmax > 0. 5. We do oot 

know whetber tbla oort of scallag Ia true 

for all evento. At 7.4 GeV tbe rapidity 

distribution appears to develop a 

plateau. 

Figure 30 sbowe a comporloon be

tween tbe rapidity distrtbuU- relative 

to tbe jet axis for e + e- and tbe rapidity 

relative to tbe beam direcUon for 

pp- .•x and pp- .-x. The pp data 

were 1aken from Ref. 23. The mta are 

plott.ed In terms of ylab for tbe pp sys

tem. For pp tbe quantity plotted lo 

Ed3a;d3p, whereas for e•e- we plot 

(l/0') d:T/dy. We intend to show only a qualitative comparison of shapes, not a quan-

titative comparison of magnitudes. The invariant cross sections are, of course. 

very different In magnitude ond (1/0") ctT/dy for pp data was not available. Aloo, tbe 

pp data are plotted for p
1 
= 0. 4 GeV /c, whereas the e + e- data is integrated over p

1
. 



A comparison with Fermi Lab pp data24 integrated over p
1 

is, however, essentially 

the same. Since in pp interactions ~ protons take part of the energy- which is then 

not available to pions, we have plotted the e + e- data, Ul terJD.e~. of Ylab for a PP sys-
+-

tem at a center-of-mass energy higher by two proton masses than for the e e 

10 

~~I 
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10 

bl o. I .... 
~~ 

w 

0 0.5 1.0 1.5 2.0 

• Ec.m. = 7.4 GeV 
0 Ec.m.:: 4.8 GeV 
A Ec.m. = 3..0 GeV 

• • •• 0. ._. 

p + p, pJ. : 0.4 GeV/c 
8C CHLM BS SS 
•• o23GeV 

31 GeV 
o 45 GeV 

53 GeV 
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2.5 3.0 3.5 4.0 

i'ig 30 comparison of rapidity distributions in Ylab for e+e- and PP - 'll"+x 
or · _. 11'-x. The pp data were taken from Ref. 23. The e+e .. data are those 
sh!:n in Fig. 29 plotted in terms of Ylab for a pp sys_:e~ at a center-of-mass 
energy higher by 2 proton masses (mpJ tban for the e e system. 

system. we then see that the e+e-yle.b distributions have about the same shape as 

those for pp _ 'II"+X, The plateau begins to appear at about the ~ame value of Ylab 

for both the e+e- and pp- /x data. U we compare the e+e- rapidity distribution 

with pp _ 11"-x in terms of ylab for a pp system at a center-of-mass energy higher 

by about fOur proton masses than for the e+e- system, the shapes of the e+e- and 

pp _ 11' ""'X rapidity distributions are quite simUar. Of course, for e + e- the 1r + 

and 1t rapidity distrihu,tions are the same and both charges of particles are 

plotted together. 

VD. CONCLUSIONS 

The data from hadron production by e + e- annihilation discussed here were 

taken by the SLAC/LBL magnetic detector collaboration at SPEAR at energies 

away from the resonances. 

1. In the Ec.m. range from 2.4 to 7.8 GeV, R shows the following behavior: 

below 3,5 GeV, R h1 approximately constant at a value of 2.5; between 3.5 and 4,8 

GeV, R shows structure which may indicate the opening up of new channels; above 

4. 8 GeV. R Is approXimately coDBtant again at a value of about 5. 5. 

2. There is strong evidence for jet structure in hadronic events at energies 

above about 5 GeV as shown by the agreement of the observed sphericity distribu-

tions with the jet mod~l rather than the phase-s?&ce model predictions. 

3. At E c. m. = 7. 4 Ge V the jet axis a~r distribution has been found to be 

proportional to 1•(0. 97±0.14) cos2
8, giving uduT=0.02±0.07. The jet axis 

angular distribution is consistent with that for a ~r of spia-1/2 particles. 

4. The quantity sdujdx11 , where "'I (Feynman x) = 2pii"Ec.m. and PI is the 

component of particle momentum parallel to the jet BX1s, approximately scales for 

the Ec.m. range 4.8 to 7..1 GeV. 

5. The distributions in p
1 

with respect to tbs jet axis, mea.:sured for eventa 

with a particle with x > 0,5, indicate that p
1 

js approximately constant as Ec.m. 

increases. 

6, Distributions in rapidity with respect to the jet axis, measured for events 

with a particle with X> 0.5, show the development of a plateau at Ec. m. == 7. 4 GeV. 

In the rapidity variable the jet axis looks qualitatively like the beam direction in 

pp collisions. 

The data seem to be in general agreement with quark-pa.rton constituent moLels. 

In order to explain the step in R, the models need at least one new heavy quark. It 

should be interesting to see what effect the production of (possibly) charmed !JS,rti

cles will have on the conclusions drawn from the multiyarticle properties of t.l1e 

hadronic events. 
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t~eaented b7 V.A.Khoee) 

1. For the last two-three 7ears 

enn1h1lation has presented to us ewreral 

pleaeant s1l:rJriaea. It ae•s sOIIet~ee, that 

ite II&1.D rule is to aeet al.:j. o~ dre••• 
+-

ftV.a, Wfl Deeded ha4roD1e jets iD e e -
had.rone to support: the qva:rk-parton picture 

( e.g. ll-.3/ ) &Dd G.Baneon helped th .. to 
reTeal. th•selTea 1D a 117Bterioua wq fro• the 

/4/ BU1'%'e'IIU1Dg o:b&oa, when energ i;~acreased • 

We spoke auch about leptons heaTier thaD 

,M an4 tried to search th• in different 

reactions ( e.g. 1'1 ). Jad now it eeeas 
+ -that theT !1a're 'been reallT o'baerTed in e e. 

/6,7/ co:Uieiou with the .... ML. -1.8 GeT • 

o~J".s ~ Jl81' for ha4roD1o origin of T 

we needed new he~ hadron• D, oonaietiD& froa 

the light qQ&1'k IJ- (14 1d,'i.) and a new 

h•&'YJ' one o, ;i.e. C1J ~? iJ ( C:::V 11 a cener;i.o 

uae, 'f/-="" Q Q ). ROlf papers suba1tted to the 

Collterenoe s;LTe etroq 1D4icationa in f&Tour 

of euc]l petioles, aq be n-e». in the aia}llest 

Obazae4 pe~o~ee 18' 91 • 
It 1a Joasible, that in future the nature 

will eontiDUe to aeet our reasonable w1ehea. 

Bat the }~&~~lent for all Ow:' oheok-ordera ie 
+-

the o•pJ.ex1.tT of ti e 8DD'b1lat1on pioture. 

It then poaa:S.ble oone1ste of aeTeral ( at least 

.3) OGaJ'OD8Dho 

"• p111'}1o•e of t~a talk ia to present 
e+- -a na1Te kindergarten tTPe deaoription of e 

•un1h1lation &Dd to propose eoae •aT• to 

1Ddepelldent atUdT of ita coaponent. llaturallT, 

both from the lack of space &D4 lack of 

oeapetenoe we shall not present here a 
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oOIIplete r8T1n ot the ex1et1:a.g tll.ee;ret:l.oal 

appreacll.ea. 

The present ei t\1at1en is •uoh that we 

put aere questions, t~ can answer. We hope 

it -., oha:a.ge to the next oeDferenoe. 

2. Let ~· brieflT euu.erate the aa1n 

hTPothe,ee an4 conaequenoea of the D&1Te quark

..parton pioture for e+t;!.- aDn'bUat1oD ( fJ .. 
ceaponent) /l-.3/ • Tbia approach 1a alaost an 

orthodoXT now. The JU.in aullllptiena ce: 

1) V'.trtual photen ooJrrerte into the p&1r 

of ap1n 1/2 po1nt-l1ke objeota 'f; f; ( q'll&rk 

part one), w~ch thfllll C""OlTe into the bad:~oD1o 

states. Q~ deee not appear as an :l.D4iT1dual 

objeet. 

11) Jn aot1Te qUU"k-parton eTolTea into 

badrou 1DdepeD.4entlT of its o;oig:ln in deep 

inelaetie eoattert:a.g, or e~e- •nn1b1Jation, 

or elsewhere ( parton fras-entation uniTeraali -

tT)o 

iii) The hadron ~ frasaented froa a • 

s;:lTen quark of tne i has a d1str;1but1on G>~ 
which depends OD ern )h OlllT through Z= (ft\)JP,. 
The had.rou haTe 11111 te4. aoaenta truBTertal. to 

the directioa of the qua,rt ••entllll. Then at 

euf:t1eientlT ~gil energies one should neoese~ 

1'T upeot jete ( at rh>( 'l> ~ 0 • .3 - 0.4 CJ4!1'f.). 

In e•e-- •D"1b1lation the reasoaable 

T&r1&~e 1Jletea4 Cf i! i' 

Although tbe q~ pu-ten pioture ia 

upeoted to 'be Talid oDlT at TerT high 

energies, 0~ e~erienoe 1n deep inelastic &D4 

badroD1o reactions show that eo•e ef its 

properties could onset preeoaiouelT• 
/l-.3/ The II&1D predictions are 

b) Soal1D.I bebaTio~ of the 1DoluaiTe spectra 

~(~) :::= ~~o(ete--r:~·) At ~ > w~) 


