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Abstract : The DESY e+e- storage ring PETRA is descri bed bri efly . Fi rst resul ts 
on e+e- + hadrons at C . M .  energi es of 13 GeV and 17 GeV us ing the TASSO de
tector are presented . We f ind R ( 13 GeV) = 5 . 6  ± 0 . 7  and R ( 17 GeV ) = 4 . 0  ± 0 . 7 . 
Compari ng i nc l u s i ve c harged hadron spectra we observe scal ing between 5 GeV 
and 17 GeV for x0 > 0 . 2 ,  ( xp = p/pbeaml · However the 13 GeV i s  above_the 
17 GeV cross section for smal l er Xp wh ich might be due to copious bb pro
ductio n .  The events become more j et l i ke with hi gher energ i es . 

Resume : Le nouvel anneau de s tocka�e d ' el ectrons-pos i trons de DESY , PETRA est 
decri t .  Les premi ers resul tats de e e- + hadrons aux energies de 1 3  GeV et 
17 GeV dans le centre de mass obtenus avec l e  detecteur TASSO sont presentes . 
Nous mesurons R ( 1 3  GeV ) = 5 . 6  ± 0 . 7  et R ( 17 GeV ) = 4 . 0  ± 0 . 7 .  En comparent 
l es spectres i ncl u s i fs de hadrons charges a 13 GeV et 17 GeV nous observons 
le " scal i ng" (l ' i nvari ance d ' echel l e )  pour x > 0 . 2 ,  ( xp = p/pbeaml · 
Cependent l a  section efficace pour xp < 0 . 2  Pest pl us grande a _ l J  GeV qu ' a  
17 GeV ce qui pourrai t etre du a une abondante production de bb .  La s tructure 
en j et des evenements devi ent pl us nette a 17 GeV qu ' a  13 GeV . 

*) The members of the TASSO col l aborati on are : 
R .  Brandel i k , W .  Braunschwe i g ,  K .  Gather, B .  Jaax, V .  Kadansky, K .  LUbel s 
meyer, H . - U .  Martyn , G .  Pei s e ,  J .  Rimkus, H . G .  Sander, D .  Schmi tz , A .  Schul tz 
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1 .  PETRA 

Fi g .  1 shows the DESY acce l erator compl ex ,  the synchrotron and the storage 

ri ngs DOR I S  a nd PETRA. The general parameters of PETRA are s ummari zed i n  

Tab l e  1 showi ng the des i gn parameters and the actual val ues a s  of 

January 1979 . 

Tabl e 1 .  General Parameters o f  PETRA 

des i gn parameters 

Energy 5-19  GeV 

Maximum l umi no s i ty per i nteraction l . 05xlo32cm-2sec- 1  

poi n t  ( at 1 5  GeV ) 

Beam current (max . )  80 mA 

RF power 4 . 8  MW 

Number of bunches 1 to 4 

Number of i nteraction poi nts 6 ( 8 )  

Ci rcumference 2304 . 0  m 

Bendi n g  radi us 192 . 0 5 m 

Focusing  s truc ture FODO 

Operating  poi n t  Qx/Qy at  23 GeV 27 . 14/23 . 1 1 

Natural chromatic i ty sxlsy -39 . 5/-65 . 3  

Ampl i tude function s:1 s; at 3 . 00/0 . 1 5 m 

i nteraction po i nt ( 10 m exp . space) 

Maximum ampl i tude function 120/228 m 

Sx ma/Sy max 

L i near beam-beam Q shi ft 0 . 06/0 . 06 
per i nteraction po int  6Qx/6Qy 

RF frequency 500 MHz 

Length of accel erati ng structures 96 m 

I njection energy 7 GeV 

actual val ues 
( l/7 9 )  

8 . 5  GeV 

5xlo29cm-2sec 

4x2 mA 

2 

4 

0 . 02/0 . 02 

6 . 5  GeV 

- 1  

Al l three accel erators are needed when PETRA i s  i n  operati on because the 

i njecti on scheme is di fferent for e lectrons and posi trons . El ectrons are 

accel erated by the synchrotron up  to 6 . 5  GeV . As the posi tron i ntens i ty pro

duced by L I NAC I I  is smal l and the i nject ion cycl e  of PETRA is of the order 

of 100 msec posi trons are fi rst accumul ated in the storage ri ng DORIS  at 
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' i g . l DESY ,  DOR I S ,  
'ETRA and t h e  ex
ierimenta l ha l l s  w i t h  
: h e  detectors PLUTO , 
:ELLO , TASSO , MARK J 
ind JADE .  E l ectrons are 
njected by L I NAC I ( 23) 
nd pos i trons by 
INAC I I  ( 24 ) .  I n  
uture pos i trons w i l l 
e accumul ated i n  P I A .  
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2. 2 GeV , then transferred back to the synchrotron , acce lerated to 6. 5 GeV , 
then i njected i nto PETRA. In order to make DORIS avai l abl e for h i gh energy 
phys i cs a new smal l E_os i tron j_njection �ccumul ator ( P IA) i s  bei ng bui l t  at 
the end of L I NAC II and wi l l  come i nto operation wi th i n  a few months . 

2 .  Experiments at PETRA 

On F i g .  1 one can see s i x  experi mental hal l s ,  four of which are equi pped 
w ith 5 experi ments :  

Hal l 5 ( north-east ) : PLUTO (Aachen-DESY-Hamburg-Bergen-Maryl and-Si egen
Wupperta l ) 
CELLO ( DESY-Karl sruhe-Munich-Orsay-Par i s-Sacl ay) 

Hal l 6 ( south-east ) : TASSO (Aachen-Bonn-Hamburg- 1 . C . London-Oxford
Rutherford-l•e i zmann-L• i scons i n )  

Ha l l  7 ( south-west ) :  MARK J ( Aachen-Amsterdam-DESY-M I T-N I KHEF-Pek i ng )  

Hal l 8 ( north-west ) :  JADE ( DESY-Hamburg-Hei del berg-Lancaster-Manchester
Tokyo ) 

Four of them use a sol eno id fie l d  confi gurat ion .  The respecti ve d i ameters D ,  
l engths L and Fi el d strength B are : 

D �m] L [m ]  B [TJ 
CELLO 1 . 5  3 . 5  1 .  5 

JADE 2 3 . 6  0 . 5  

PLUTO 1 . 4  2 

TASSO 2 . 7  4 . 5  0 . 5  

CELLO has a 4n coverage for charged part i c l es and neutral detect ion .  I t  can 
separate photons from e l ectrons wi th a h i gh pr�ci s i on and can wel l di sti n 
gui s h  between e l ectrons , muons and hadrons . 

JADE uses for track detecti on a dri ft chamber at 4 atm pressure ( jet chamber) 
desi gned to measure the i on i zation l os s  for charged part i c l es . Thi s  can be 
used to separate n ' s  from K , p  up to 3-5 GeV . The energy of el ectromagnet ic  
showers i s  measured by 3048 l ead gl ass bl ocks surround ing the co i l  and 
covering the endcap area . Muons are detected by dri ft chambers beh i nd a 
rectangul ar muon fi l ter . 



MARK J i s  spec i al i zed for muon and l e pton pa i r  detecti on . El ectromagnet i c  

a n d  hadron s h owe rs are detected i n  a comb i nati on of l ead s c i nti l l ator sand

wi c h  counters , dri ft chambers and magneti zed i ron sheets . 

The P LUTO col  l ahorat ion  uses  the o r i g i nal DOR IS  detector wh i ch has been 

upgraded for exp�ri ments at PETRA . A ha d ron absorbe r and shower counters 

were added for l epton �nc ;ihoton i deriti f icat i o n .  The forward d i recti on i s  

covered by l arge angl e an,: sma l l  anol e taggers ma i nl y  to study yy phys i cs .  

The TASSO detector �ses i n  the cen tral detector p roport i ona l - and dri ft 

chambers , t i me-of- fl i ght  and l i q u i d  argon counters for charged parti c l e  

track i ng , for detecti on o f  photons a n d  fo r l i mi ted parti c l e  i denti fi cati on . 

I n  the two s pectrometer arms ful l parti c l e i denti fi cati on i s  p ro v i ded  by 

aerogel and Cerenkov counters , t i me-of-fl i ght  and shower counters and m uon 

chambers . 

PLUTO , MARK J ,  and TASSO were i nsta l l ed i n  September 1978 and took data 

duri ng  January 19792 • 3 • 4 l . JADE was pl aced i nto the i nteract ion  region  i n  

February 197 9 and CELLO w i l l  b e  ready i n  June 1979 . 
Two hal l s  ( east  and wes t )  a re st i l l  ava i l ab l e  for exper i ments whereas the  

north  and south  hal l s  house  the RF . 

3 .  The TASSO Detector 

The TASSO detector i s  shown i n  fi g .  2. I t  cons i sts of a l arge magneti c  

so l eno i d ,  440 cm l ong  and w i th a rad i us  o f  135 c m  produc i ng a f i e l d o f  

about 0 . 5  Te s l a para l l el t o  t h e  beam ax i s .  T h e  co i l i s  made o f  a l umi n i um 

w ith  a th i ckness  of one rad i a t i o n  l ength . The max i mum c urrent i s  5200 A .  

Two coi l s  pl aced symmetri ca l l y  w i th respect to the central ma gnet compen

sate the fi el d o f  the so l eno i d .  The i nner part o f  the coi l i s  fi l l ed  w i t h  

trac k i ng chambers and sc i nt i l l at i o n  counters a n d  t h e  o uter part i s  sur

rounded by l i qu i d  a rgon shower counters to measure po s i t i on  and energy of 

the photons , Pa rti c l e s  above 1 GeV are i denti fi ed by two hadron a rms 

eq u i pped w i t h  Cerenkov- , t i me-of-fl i ght- and shower counters . About 50 % 
of the so l i d angl e are covered by muon chambers . A forward detector a l l ows 

to meas ure the l umi nos i ty by smal l angl e Bhabha scatteri ng  and to detect 

yy scatteri n g .  

Duri ng  the f i rst  per i od o f  data ta k i ng the detector was equi pped w i th the 

i nner part of the sol eno i d ,  the l um i no s i ty mon i to r  and two muon chambers 

a bove and bel ow the magnet .  

7 9  
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Now we descri be bri efly the di fferent components of the detecto r .  The central 
part of the beam pi pe i s  made of a 4 mm thi ck a l umi n i um cyl i nder .  The beam p i pe 
i s  equi pped wi th i ntegrated pumps l ocated near the exi t of the sol enoi d and i n  
the compensati on magnets . They reach a pump ing speed of 2000 torr l / sec a t  
a pres sure o f  10-9 torr. 

Four sci nti l l a t i on counters (5 mm thick) wi th a photomul ti pl i e r  ( 56 AVP ) on 
each end surround the beam p i pe and are used i n  the trigger. 

The proportional chamber i s  140 cm l ong and made of styrofoam shel l s  of 
1 . 6  cm th ickness formi ng 4 active gaps of 1 . 4  cm. The rad i i  at the anode 
wi res are 18 . 2  cm, 2 1 . 1  cm , 24 . 1  cm and 2 7 . 2  cm. Each gap has 480 anode 
wi res mounted paral l el to the axi s and 120 i nner and 120 outer cathode 
stri ps formi ng hel i ces  w i th oppo s i te sense of rotation a nd a pi tch of 36 . 5°. 
The wi res are made of  20 µ gol dpl ated tungsten , the str i ps by etch ing 
copper coated Kapton fi l m . ' Mag i c ' gas w ith 75 % Argo n ,  25 % I sobutane , 
0 . 25 % Freon and a sma l l  amount of Methyl a l is u sed . The chamber operates 
at a h igh vol tage between 3 . 7  kV and 4 . 5  kV . 

The dri ft chamber has a sen s i t i ve l ength o f  323 cm with i nner and outer 
rad i i  of 36 . 6  cm and 122 . 2  cm . The chamber vol ume i s  d i v i ded i nto 6 gaps 
us i ng a l um i n i zed Rohace l l  cyl i nders . These cyl i nders kept the chamber c l ean 
duri ng fabri cat i on and prevent a total break down i f  a wi re brea k s .  There 
are 15 l ayers , 9 with wi res para l l el to the axi s and 6 w i th sense wi res 
ori entated at an angl e of approx i mate ly ±4° to the axi s .  The number of dri ft 
cel l s  per l ayer i ncreases from 72 for the fi rst l ayer to 240 cel l s  for the 
l as t  l ayer. The dimen s i on of a dri ft cel l i s  the same for a l l  l ayers , 1 . 2  cm 
in the rad ia l  and 3 . 2  cm in the azimuthal di rect i on . The sense wi res are made 
of 30 µ gol dpl ated Tungsten and the potent ia l  wi res of 120 µ gol dpl ated 
Mo lybdenum wh i ch can be l engthened and pul l ed out i f  a wi re breaks . A gas 
mi xture of Argon and Methane mi xed i n  a rat io of 9 : 1  i s  used . The operati ng 
vol tage i s  1 . 85 kV at the sense wi res and - 0 . 62 kV at the potentia l wi re s .  
The effi ci ency of the dri ft chamber was measured t o  b e  9 9  % per l ayer (ex
c l udi ng el ectron i c  fai l ures ) .  The spat i a l  resol uti on obta i ned sofar is 230 µ 

for h igh momentum tracks ( p  > 2 GeV) l eading to a momentum accuracy of 
o/p = 2 % · p for a fiel d of 0 . 5  Tes l a .  

I n s i de the coi l are 48 time-of-fl i ght counters a t  a rad i u s  o f  132 cm. The 
dimens ion of one counter is 390 x 17 x 2 cm3 . Two RCA 8575 phototubes are 
connected to each end of a counte r .  The performance of the sys tem i s  checked 
wi th LED ' s  and wi th fiber opti cs connected to a spark gap . 
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F i g .  2 The TASSO detecto r .  On ly the i nner part ( proportional chamber s ,  dri ft chamber, TOF and muon chambers ) 
was i ns ta l l ed dur i ng data tak i n g  i n  January 197 9 .  
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The muon chambers l ocated above and bel ow the magnet are made of  extruded 
Al umi n i um pi pes wi th a r.ros s  sect i on of 4 x 4 cm2 . The dimen s i on of the 
chambers are 420 x 540 cm2 The sense wi res are made of 50 µ Tungsten wi res 
and the operati ng vol tage i s  typ i ca l ly 2 . 5  kV. The gas i s  a mi xture of 80 % 
Argon and 20 % Methane . 

The forward detector i s  used to measure the l um i nos i ty and to detect e l ec
trons from yy-events . Each s i de conta i n s  36 l ead glass bl ocks wi th 10-12 
rad iati on l engths and 24 sci nti l l at ion counters . The scatteri ng angles seen 
by the forward detector range from 25 and 60 mrad . 

The fo l l owing components are not yet i n  operat ion and therefore descri bed 
only briefly .  

The l i qui d argon system cons i sts of two parts : the barrel counters whi ch 
s urround the coi l except for the area covered by the hadron arms ; the end
cap counters wh i ch are l ocated i ns i de the coi l and cover the forward and 
backward hemi s pheres . The barrel counters con s i s t  of 4 modul es each roughly 
440 cm l ong and 200 cm wide . Contrary to other l i qui d argon shower counters 
our system is segmented i n to towers i ns tead of stri ps . The granul ari ty of 
the tower arrangement is 1 . 5  msr in the fi rst 5 radi ation l engths and 6 msr 
in the rema i n i ng 9 radi ation l engths . Thi s fi ne granu lari ty has two ma i n  
advantage s :  the no ise l evel i s  con s i derably smal l er than wi th s tri ps having 
hi gher capac i ty and photon recons tructi on is much s impl i fi ed .  The expected 
energy resol ution i s  of the order of 10 %//E/GeV above 300 MeV . 

To i denti fy parti c l e s  o f  hi gh momentum TASSO i s  equi pped wi th two arms 
( hadron arms ) conta i ni ng Cerenkov- , ti me-of-fl i ght- , s hower counters and 
muon chambers . 

The Cerenkov coun ters are d i v i ded i n to 32 compartments per arm wi th 3 d i f
ferent counter type s .  The fi rst counter uses as radi ator aerogel wi th a re
fraction i ndex of n 1 . 02 .  The threshol ds at 80 % effi ci ency are 1 . 0  GeV , 
2 . 7  GeV and 6 . 2  GeV for TI ,  K and p .  Aerogel i s  a very l i ght sol i d  made of 
a macroscopic net of s i l i ci um-di ox i de wi th ai r in the pores .  The net s truc
ture i s  sma l l er than the wave l ength of l i ght so that the effecti ve refrac
tion i ndex i s  an average over S i02 and a i r .  The second Cerenkov counter i s  
fi l l ed wi th Freon 114 ( re fract i on i ndex n = 1 . 00 14 ,  threshol d 2 . 3  GeV , 
8 . 3  GeV and 1 2 . 6  GeV for TI ,  K, p )  and the th i rd one wi th co2 ( refract i on 
i ndex n = 1 . 0007 , threshol d 4 . 4  GeV , 1 1 . 6  GeV for TI and K ) .  



The hadron a rm t ime-of-fl i ght counter system i s  bui l t  of 24 top and 24 bottom 
counters per arm .  The s i ze of each counter i s  240 x 33 cm2 , and each counter 
i s  vi ewed by 2 phototube s .  

The shower coun ters are made of  64 counters p e r  arm w i t h  the d imens i ons 
69 x 97 cm2 . They are made as a sandwi ch of 9 sc i nti l l ator p l ates ( 1  cm thi c k ,  
Pl exi pop ) a n d  8 l ayers o f  l ead ( 0 . 5  c m  thi ck ) . The l i g ht i s  col l ected by a 
wavel ength sh i fter ( pl ex ig l ass dopped wi th BBQ ) and connected to a 56 AVP mul ti 
p l i er .  The photon energy resol uti on was measured to be LIE/[ = 18 % //E"lGe"V" for 
energ ies up to 4 GeV . 

4 .  I n s ta l l a ti on and Data Tak i ng 

TASSO was i n s ta l l ed duri ng the September-October 1978 shutdown at PETRA. Fi rst 
tests wi th a s i n g l e  beam were carried out duri ng November 1978 and fi rst events 
were detected du ri ng a 6 days runn i ng t ime i n  December .  Al l data reported bel ow 
were taken during a two weeks peri od i n  January .  At thi s t ime PETRA operated 
wi th two e + bunches and two e - bunches ,wi th typi cal currents of 1 mA ( 2 mA ) per 
bunch at 13 GeV ( 17 GeV ) C . M .  energy resul t i ng i n  a typi ca l  l umi nos i ty of 

29 -2 - 1 29 -2 - 1 2 · 10 cm sec ( 5 · 10 cm sec ) . The vacuum i n  our i nteract i on reg i on was of 
the order of  l-2 · 10-9 torr . 

How can one tri gger the experiment? I f  one demands the beam cros s i ng s i gnal and 
at l east one i nner t ime-of-fl i ght counter the rate is -20 kHz whi ch is much too 
hi gh for transfer to the onl i ne computer .  Therefore a fas t  hardware processor i s  
used to search for t racks i n  the dri ft chamber ( fi g . 3 ) . The processor reads s i x  
o f  the n i ne zero-degree l ayers . 

Fi g . 3  Masks used i n  the dri ft 
chamber track f ind ing 
hardware processor. For 
a l l 72 reference wi res 
of the fi rst dri ft 
chamber l ayer 15 pos s i bl e  
track confi gurati ons are 
tested us i ng 6 zero
degree l ayers . Al l masks 
are tested in paral l el 
so that the res u l t i s  
ava i l ab l e  with in 4 µsec .  

8 3  
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For each of the 72 wi res of the i nner l ayer ( re ference wi res )  15 pos s i bl e  masks 
corresponding to di fferent momentum bi tes are checked g i vi ng a total of 1080 
di fferent track masks . At th i s  l evel the t ime i nformation from the wi res i s  
not used . Al l pos s i bi l i ti e s  are tested i n  paral l el and a hardwi red combination 
made by FPLA ' s  ( fi el d  programmabl e l og i c  arrays )  i s  cal l ed a track i f  at l east 
5 of 6 l ayers per mask g i ve a h i t .  The m in imum number of tracks above a certa i n  
momentum to be accepted i s  s peci fi e d  v i a  a majori ty l ogi c .  The resu l t o f  the 
processor i s  avai l abl e wi thi n 4 µsec . 

The fol l owi ng tabl e shows how the rate i s  reduced i f  one demands a coinci dence 
between the beam cros s i ng s i gna l , one time-of-fl i ght counter and a certa i n  
number o f  tracks above a cut off momentum .  Al l val ues are for 8 . 5  GeV beam 
energy and 10-9 torr vacuum. 

pmin > 150 MeV/c pmi n > 300 MeV/c 

> 1  track 60 Hz 20 Hz 
>2 tracks 11 Hz 4 Hz 
>3 tracks 4 Hz 1 . 5  Hz 

The data were col l ected w i th the fol l ow i ng tri gger :  A coinci dence between a 
beam pick up s i gnal , any beam pi pe counter, any TOF counter and more than three 
tracks wi th Pm i n  > 300 MeV/c . I n  add i t i on events were accepted wi th two tracks 
copl anar with the beam axi s i n  order to detect a l so e+e- + e+e- and e+e- + µ+µ

events . A typi cal event i s  shown i n  fi g .  4 .  

Roughly 650 k tri ggers were col l ected .  T o  sel ect mul ti hadron events from s i ng l e  
photon ann i h i l at i on t he  fol l owi ng s te ps were used : 

Wi th a fas t  track fi nd ing program ( 1000 events/mi nute I BM 370/ 168 CPU time) 
us ing the m in imal spann i ng tree method a l l tri ggers are geometr ical l y  re
constructed . 40k candi dates ful fi l l ed the sel ection cri teria for two tracks 
found i n  the r¢ pl ane . 

In a second step 3 tracks are requi red i n  r¢ and 2 tracks shoul d have been 
reconstructed in a l l 3 coord i nates r¢z and emerge from the i nteraction 
regi on (d : 2 . 5  cm, l z l  < 10 cm) . A total of 168 ( 143) candi dates at 17 GeV 
( 1 3 GeV) pas s  these cri teri a .  
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A typi cal event at 17 GeV C . M .  energy . 
The fi rs t  4 l ayers are proportional chambers , the fol l ow i ng 9 l ayers 
are the zero-degree dri ft chamber wi res .  The bars on the outer r ing 
i nd i cate the time-of-fl i ght counters wh i ch had gi ven a s i gnal . 

To remove beam-gas background a l l events are then s canned and requi red to 
sati s fy the fol l ow i ng cuts : 

1 )  The sum of the abso l ute val ues of the momenta must be at l east 3 . 0  GeV/c 
( 4 . 0  GeV/c at 17 GeV) and the sum of momenta transverse to the beam ax i s  
above 2 . 5  GeV/c ( 3 . 0  GeV/c at 17 GeV ) . 

2 )  At l east one charged track must be i n  each of the 2 hem i s pheres ori en
ted a l ong the beam d i rection . 

3 )  The excess o f  pos i t i ve ly c harged parti cl e s  must be l es s  than three . 

The i nfl uence of these cuts i s  shown i n  fi g .  5 .  Outs i de the i nteraction 
region ( f i g .  5a ) tri ggers are caused by beam gas i nteraction g i v i ng l ow LP; · 
Compar i ng  the charge d i stri bution for tri ggers w i th LP; bel ow 3 GeV/c 
( fi g .  5c )  and above 3 GeV/c ( fi g .  5d ) an excess o f  pos i t i ve charge i s  seen for 
the fi rst c l ass . 
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� c )  

To be consi dered i n  the further analys i s ,  a charged part i c l e  must have a 

transverse momentum above 100 MeV/c and reach at l east the s i xth zero-degree 

l ayer in the dri ft chamber. Th is  imposes an angu l a r  cut of \ cose \ � 0 . 87 .  

A total o f  78 events a t  1 3  GeV and 42 events a t  1 7  GeV were found wh i ch sati s 

fied the above sel ection cri teri a .  T o  estimate the backgro und from beam-gas 

i nteracti ons the who l e  analys i s  was repeated wi th ! z \ � 30 cm. Th i s  analys i s  

resul ted i n  6 add i ti onal events at  1 3  GeV and i n  3 addi ti onal events at  17  GeV 

due to beam gas bac kgroun d .  After subtracti on -,1e are l e ft w ith  75 events at 

1 3  GeV and 40 . 5  events at 17 GeV .  

These events may ari se ei ther from one-photon ann i h i l ation  or from two- photon 

processes . The n umber of events expected both from the hadron-l i ke5 l and the 

poi ntl i ke6 l con tri buti on to the two photon  effects have been estimated and 

fo und to be l ess than 1 event after apply ing  the cuts descri bed above . In the 

fol l owing  di scuss i on we assume that a l l events resul t from the ann i h i l ation 

process . 

( a )  

( Li )  
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F i g .  5 Cuts to sel ect 
mul t i hadro n i c  events 
from si ngl e photon 
anni h i l ation . 
a )  Outside the i nter

action region 
beam- qas events 
show a l ow Ipi 

b )  Ins ide the i nter
action reg ion  
beam-gas events 
with  charge excess 
Q 2 3 are i nd i 
cated by the dashed 
h i stogram 

c )  Events with  
Zp . < 3 GeV s how 
chhge excess 

d) Events w ith  
Ip . > 3 GeV  show 
a �ymmetri c charge 
d i str i butio n .  



To determi ne the total cross sect ion for hadron production the contri bution 
from T-pa i r  product ion was subtracted , and the acceptance for mul ti hadron 
events eva l uated . 

T - pa i r  production wi l l  ma i n l y  popu l ate l ow mul t i pl i c i t ies7 l ; approx i matel y 
one hal f o f  the , cross section i s  removed by demand i n g  a charged mul t i 
pl i c i ty o f  3 o r  more i n  the tri gger . The bul k of the remai n i ng contri bution 
is rej ected by remov i ng 4 prong events vii th tota l charge 0 hav i ng one track 
i n  one hemi sphere and the other tracks i n  the oppo s i te hemi sphere . A tota l 
of two events at 13 GeV and one event at 17 GeV are rejected , compared to 
est imates of 3 and 2 . 5  events respect i ve ly .  H i gher mul t i pl i c i t i e s  (> 4 )  re
sul t i ng from T decay wi l l  contri bute l es s  than 1 event at each energy and 
are negl ected . 

5 .  Lumi nos i ty Measurement and Bhabha Scatter ing 

The l um i no s i ty i s determi ned from two i ndependent mea surements of the Bhabha 
cross sect i o n  at sma l l and l arge scatteri ng angl e s .  The sma l l  angl e l um i no
s i ty mon i tor consi sts of 4 arms with sma l l ( 4  * 1 6  cm2 ) and b i g  ( 9  * 19 cm2 ) 
sc i nt i l l ation counters and l ead g l a ss counters ( 12 rad i at ion l engths ) g i v i ng 
8 pos s i bl e  co inc i dences bet11een one sma l l  and one b i g  counter on the oppos i te 
arm .  The data are corrected for radi at ion effects . Large ang l e  Bhabha events 
a re detected in the central detector by re qu i ri ng two copl anar tracks in the 
tri gger l og i c .  In order to compute the cross section the fol l ow ing correcti ons 
are appl i ed :  

1 )  Externa l  radi at ion and energy l osses reduces the n umber o f  events . 

2 ) cS-rays , tri dent producti on ( e  -7 ey -7 eee) and i nternal radi ati on w i th pa i r  
producti on produce events wi th more than two tracks and are rejected by 
hard- and software cuts . 

3 )  Edge effects on the col l i neari ty cut and the l im i ted acceptance are taken 
i nto account .  

The correct ion factors are shown i n  fi g . 6  a nd  t he  cross secti on i s  gi ven i n  
fi g . 7  together wi th the Q E D  pred icti o n .  
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F i g . 6  Correct ion factors for 
Bhabha cross section 
a ) externa l radi ation energy 

l os s  
b )  a-rays 
c) external cascade 
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pa i r  production 
e )  edge effects 
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Fi g .  7 Bhabha cross sect ion 
s do/d� versus coso 
and QED pred i ct ion 

From the l umi no s i ty mon i tor we obta i n  a n  i ntegrated l um i nos i ty of 31 . 0 nb- l  

at 1 3  GeV and 39 . 2  nb- l  at 1 7  GeV . The resul t i ng l um i no s i ty for l a rge angl e 
0 0 - 1  - 1  scatteri ng ( 37 - 143 ) is (29 . 6  ± 3 . 0 )  nb and ( 39 . 2  ± 3 . 5 )  nb at 13 GeV 

and 17 GeV respect ive ly ( stati stical error onl y ) . The two measurements are 
i n  good agreement and we use the average val ue of 30 . 3  nb-l at 13 GeV and 
39 . 2  nb- l at 1 7  GeV w ith an estimated systemat ic uncerta i nty of no more 
than 10 % .  



6 .  Resul ts 

6 . 1 Tota l Cross Sect i on 

The total cross sect i on devi ded by the muon cross secti on R = aHad/a\1\1 
411a2 

( oµµ = 35 i s  determi ned from the data i n  i.he fol l ow ing way : 

No . of events f 
0Had = i n tegratedl um i noSTfY E-----rs. 

A Acceptance 
c Effi ci ency 
f factor for radi ati ve correction 

The acceptance i s  determi ned by a Monte Carl o computat i on u s i ng a j et 
mode1 8 • 9 l for the product i on proces s and propagat i ng the events through the 
detector i nc l udi ng the tri gger and the cuts d i scussed above . The pri nc i pa l  
features of the data are cons i stent w i th the pred i ctions from the j et model 
as di scussed bel ow . The computation y i el ded an acceptance of A = 0 . 77 a t  
13 GeV a n d  0 . 78 a t  17 GeV . 

The eff i c i ency i s  rietermi ned by the d i fferent components hav i ng the fol l ow
i ng va l ue s :  

Proport ional chamber 97 % per 1 ayer 
Dr ift chamber i nc l ud ing el ectron i c  fa i l ures 96 % 

Radi ati ve correcti ons requi re reduc i ng the observed cross secti ons by 8 % 

for both 13 and 1 7 GeV . 

The fina l val ues of R are 

R ( l3 GeV ) 5 . 6  ± 0 . 7  and R ( 17 GeV ) = 4 . 0 ± 0 . 7 ,  

( stat i st i cal errors onl y ) . Changing the cuts l eads to va l ues for R i n  good 
agreement w ith the val ues l i sted a bove and we est i ma te that our overa l l 
systemat i c  uncerta i nty i nc l uding the l uminos i ty mea surement , the two-photon 
proces s ,  T-pa i r  product ion , and detect ion effi c i ency i s  no more than 20 % .  

The rel a t i ve systemat i c  error for the 2 energ ies i s  l ess than 1 0  % .  These 
va l ues for R are in reasonabl e agreement with the val ues reported by the 
PLUT03 ) ( 5 . 0  ± 0 . 5  and 4 . 3  ± 0 . 5 ) and MARK J4 )  ( 4 . 6  ± 0 . 5  and 4 . 9  ± 0 . 6 ) 
col l aborations . 

The na i ve quark model pred i cts R = 3 . 7  for energi es wel l above b thresho l d. 
The val ue for R at 17 GeV i s  i n  agreement w i th thi s  predi cti on ; the R val ue 
a t  13 GeV coul d be somewhat hi gher ( fi g .  8 ) . 
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Fi g .  8 Total hadron ic cross section d i v i ded by po i ntl i ke muon cross section 
versus C . M .  energy . Above b thresho l d the na i ve quark model pre
d i cts R = 3 . 7  as i nd i cated by the dashed l i ne .  

6 . 2  Spher i c i ty and thrust 

It has been conjectured that hadron production i n  e+e- ann i hi l at ion proceeds 
by quark pa i r  product ion wi th the quark fragmen ting i n to two roughly col l i near 
jets of hadrons .  Oatal O )  at l ower energ i es from SPEAR and DOR IS support thi s 
pi cture . We have analyzed our data i n  order to see i f  these features pers i st 
a l so at PETRA energ ies . 

Severa l variabl es , which can be used to characterize the production process 
have been proposed . Here we eva l uate the data us ing spher i c i ty1 1 l and 
thrust12 l defi ned a s  fol l ows : 

Spheri c i ty 
. 2 

3 . l ( p� ) 
S = l mm -�

L ( P1 ) 2 
. Here pi i s  the momentum of a part i -

c l e  and pi i s  i t s  transverse component wi th respect to a gi ven axi s .  S ap
proaches 1 for an i sotropic event and 0 for a j et l i ke event . 



Thrust13 ) T = max 
I I  P :, 1  i 
-� where p 11 i s  the momentum component 
I P, , 

a l ong a given ax i s .  Both sums are ta ken over a l l  observed part i c l es . T i s  
a measure o f  the maxi mum d i rected momentum. I t  approaches i for a n  i sotropic 
event and 1 for a j et l i ke event . 
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SPH E R I C  I T Y  

Fi g . 9  The s pheri c i ty d i stri buti on 
( 1/N ) dN/dS of the data at 13 GeV and 

The norma l i z ed spheri c i ty di stri 
butions ( l/N ) dN/dS are p l otted 
i n  fi g .  9 for 13 GeV and 17 GeV 
separate l y .  The d i stri butions pea k 
at l ow S and shr ink with i n 
crea s i ng C . M .  energy as expected 
for jet l i ke events . 

At 13 GeV the mean va l ue of the 
s pher i c i ty is 0 . 24 ± 0 . 02 com
pared to 0 . 19 ± 0 . 03 at 17 GeV . 
These va l ues are i n  agreement 
with the val ues obta i ned by 
PLUT03 ) ( 0 . 26 ± 0 . 02 and 
0 . 22 ± 0 . 02 ) at the same energ ies .  
The 1 7  GeV val ue i s  sma l l er than the 
va l ue of 0 . 2 7  ± 0 . 01 found13 ) at 
9 . 4  GeV . The mean thrust val ues 
are 0 . 85 ± 0 . 0 1 and 0 . 87 ± 0 . 01 
at 13 GeV and 17 GeV respect ive ly, 
compared to 0 . 824 ± 0 . 005 at 
9 . 4  Gev13 ) . Fig . 10 shows the energy 
dependence of S as measured i n  th i s  
and the other experiments . The 

1.0 average S is decreas i ng from a val ue 
of 0 . 4  at 4 GeV to 0 . 2  at 1 7  GeV . 
Thi s  demonstrates that the events 
become more jetl i ke as the energy 
i ncreases . Thi s fi gure a l so i nd i ca-

17 GeV. The di stributions are normal i zed 
to the total number of events N ob
served at each energy . 

tes the expected ri se of spheri c i ty 
if the thresho l d  for pai r produc i ng 
the s i xth quark t i s  passed . The data 
i ndi cate that 17 GeV i s  mos t l i ke ly 
bel ow the tt thresho l d .  

9 I 
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6 . 3  Transverse Momenta and Jet Angu lar  Di str ibut i on 

Fi g . 10 Energy depen
dence of the mean 
spher i c i ty .  Wi th in
creas ing  energy the 
events become more jet-
1 i k e .  The expected 
r i se of the m�an speri
c i ty due to tt produc
tion  at threshol d i s  
i nd i cated on the r ight 
s i de . 

The i ncreasi ng jetti nes i s  a consequence of the fact that the transverse 

momentum wi th respect to the jet axi s i s  constant or  g rows only s l owly with 

energy , whereas the l ong i tudi nal momentum i nc reases rapi d ly  wi th energy. We 

have determi ned the average val ues <pl.> and <p11> defi ned wi th respect to the 

spheri c i ty jet axi s .  We find wi thout correcting for acceptance effects 

<p_t> = 0 . 31 ± 0 . 01 GeV/c at 13 GeV and 0 . 34 ± 0 . 0 1  GeV/c at 17 GeV.  The average 

val ue of the l ongi tudinal momentum wi th respect to the axi s i ncreases from 

0 . 68 ± 0 . 05 GeV/c  at 13 GeV to 0 . 92 ± 0 . 05 GeV/c at 17 GeV . 

The s i mpl e jet pi cture wi th spin 1/2 q uarks predi cts that the angul a r  d i s 

tri bution of  the j e t  axi s shoul d b e  proportiona l t o  1 + cos2e.  The angul ar  

di stri buti on of the  jet axi s ( defi ned by s pheri c i ty )  has been pl otted i n  

fi g .  1 1  for the combined 13 GeV a n d  17  G e V  data . A maximum l i ke l i hood f it  to 

the form 1 + acos2e y ie l ds a =  1 . 7  ± 0 . 7 ,  cons i s tent wi th 1 + cos2e .  
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F i g .  1 1  The angu l a r  
d i stribution of  t h e  sphe
r i c i ty a x i s  for the 13 
GeV and 17 GeV data 
summed . Pl otted i s  the 
number of events versus 
cose. The sol i d  l i ne i s  
a best f i t  to the data 
of the form 1 + acos02 
with  a = 1 . 7  ± 0 . 7  

6 . 4 I nc l u s i ve Hadron Production and Test for Scal i ng 

Approxi mate s ca l e  i nvari ance i s  an important property of deep i nel asti c el ec

tron hadron s catteri ng . In  anal ogy one expects s ca l e  i n vari ance to hol d a l so 

in e+e- anni h i l ati on .  For h i gh part i c l e  energ i es E >> m sca l e  i nvari ance l eads 

to the fol l owing express i on 14l for the i nc l us i ve cross secti on as a function 

of the scal i ng vari a b l e  x = 2E//S: 

do - 1 -ax =  3oµµ x ( - F 1 ( x )  + 0 x F2 ( x ) ) 

Here F1 and F2 are tre two i n dependent s tructure functi ons . 

I f  s ca l e  i nvari ance i s  ful fi l l ed the shape of do/dx shou l d have the energy 

dependence as oµµ - l/s and therefore s · do/dx shoul d be energy i n de pendent .  

S i nce the parti c l e  mass i s  not determi ned , we use the quant i ty s do/dxp wi th 
xp = p/ pbeam · The i nc l us i ve cross sections a re determined by usi ng the detec

tion effi ci ency computed wi th the jet mode1 8 • 9 l . The data a re corrected for 

l osses due to decay i n  fl i gh t  and absorption , assumi ng the parti cl es to be 

p ions . The decay correcti ons are l es s  than 9 % and the absorpti on l eads to a 

correction on the a verage of 4 %. A correct ion i s  appl i ed for the beam gas 

contri buti on . The i nc l usi ve cross secti ons meas ured at  13 and 17 GeV are 
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pl otted in fi g .  12. Al so s hown are the data measured by the DASP col l abora
tion15 l at 5 GeV. 

100.---.--..,.---.---.--......---.---r----. 

o 5 GeV DASP 
x 13 GeV } this exp. . 17 GeV 

0.1 "---·'----'----'---'----L----'L.....-...L.-j.J..---' 
0 0.2 0.4 0.6 0.8 

Fi g . 12 The i nc l u
s i ve cross sect ion 
s do/dxp summed over a l l charged hadrons 
versus xp=P/Pbeam 
at 13 GeV and 17 GeV. 
The data are com
pared w i th the cross 
sect ion measured by 
the DASP col l abora
t ion 1 5 > . Bel ow 
x < 0 . 2  the 13 GeV 
dRta are above the 
1 7  GeV data. 

The data are con s i s tent wi th scal i n g  for xp � 0 . 2  and C . M .  energ i es between 
5 . 0  GeV and 1 7  GeV . The cross sect i ons at 13 GeV and 17 GeV are wel l above the 
data at 5 GeV for xp < 0 . 2 .  Such a v i o l a ti on of scal i ng i s  expected and i t  
gi ves r i se to i ncrease i n  mul t i pl i ci ty w ith s .  However ,  a t  smal l xp ( xp � 0 . 2 )  
the cross section a t  13 GeV i s  about 4 0  % above the cross section a t  1 7  GeV , 
whi ch i s  a 2 s tandard devi at i on e ffect , i nc l udi ng a systemat i c  uncertai n ty of 
10 % in the rel ati ve normal i zat ion . Thi s excess at smal l x

p 
is surpri s i ng s i nce 

from the energy dependence one expects an effect i n  the oppo s i te d i recti o n .  
Thi s and the l arge R val ue observed at 1 3  GeV i s  remi n i scent of the be-
havi our seen above charm threshol d i n  the 4 GeV reg ion ,  and it mi ght i n d i 
cate copious bb  product ion . 



I f  we pl o t  the same data i n  terms o f  the i nvar i ant cross  sect ion 

3 
E d o _ E do 
ct? - 4np2 Op 

the data bel ow 4 . 5  GeV can be approx imated by a n  exponent ia l :  

.----. .ofr , c:  �. 
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Fi g . 13 The i nvar i ant 
cross  sec tion 
E/4np2 do/dp summed 
over a l l  c harged 
hadrons versus E. The 
hadrons are assumed 
bei ng pions . At h igh 
energ ies the data 
cannot be descri bed 
by a s i ngl e exponentia l 
funct ion . 

where b i s  of the order 4 . 5  - 5 . 5  Gev-1 . I f  sca l e i nvar ia nce hol ds b shoul d 
decrease w ith i ncrea s i ng energy b - � because 
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Fi g . 13 shows the DASP data at 5 Gev1 5 )  and our data at 13 GeV and 17 GeV . 

The data at hi gher energies can�ot be descri bed by a s i ngl e exponentia l . 

Two exponential s with s l ope 4 a nd 1 . 8  are needed . One poss i bl e  expl anation 

of this behaviour mi ght be i l l ustrated in the fol l owing  fi gure : 

I ea ding particle 

E leading part i cle 

Quarks fragment i nto a number of phys i cal parti cles . At h igh  C .M . energ i es 
l eadi ng partic l es carry a l a rger fracti on of the quark momentum than the other 
parti c l es made of qua rks from the sea . I t  appears from fi g .  13 that at 17  GeV 

l ead ing parti cl es a re domi nant above -1 - 1 . 5  GeV. 

7. Concl us i ons 

- Our measurement of R at 17  GeV C . M .  energy i s  consi stent wi th the nai ve 

model p redi ction for u ,  d, s ,  c ,  b q uarks . The val ue at 13 GeV i s  perhaps 

somewhat h igher.  

- The measured average spheri c i ty shows that events become more jet-l i ke at 

h igher  energ i e s .  

- A t  17  G e V  the tt threshol d  i s  probably not yet reached . 



- The jet angu l ar d i s tri buti on i s  cons i s tent wi th the quark model pi cture 
where hadrons a re produced by a pa i r  o f  s p i n } q uarks . 

- The s i ng l e  i nc l us i ve spectra show scal i ng for x > 0 . 2 between 5 and 17 GeV . 
- At 13 GeV a s i zabl e fraction of bb product i on may be present .  
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