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DECAYS OF THE Y ( 9 . 4 6 )  RESONANCE 
- RESULTS FROM PLUTO -

Gerhard Kni es 
Deutsches El ektronen-Synchrotron DESY 

Notkestr. 85 , D-2000 Hamburg 52 

El ectron pos i tron ann i h i l at i o n  events , measured by the PLUTO detector at ener­
g i es Q from 3 . 6  to 1 7  GeV at DORI S  a nd PETRA a re used to s tudy the properti es 
of hadro n i c  jets . We fi nd good agreement wi th the pi cture of qq pa·i r production 
and subsequent fi xed p ,  fragmentat ion . Evi dence for b qua rk producti o n  is di s ­
cussed. The Y ( 9 . 46 )  decays are i nvesti gated i n  the context of the 3-gl uon decay 
expected from QCD, on the bas i s  of charged tracks . We observe a n  i ncrease o f  
track mul ti pl i c i ty a n d  of s pheri c i ty as expected f o r  a 3-gl uon decay . A new mea­
sure for fl a tness as the consequence of an or ig i na l pl anar configurat ion i s  de­
fi ned . The Y events are compared to events from the nearby conti nuum , and from 
model ca l cul ations for qq jets , for phase s pace and for a 3-gl uon decay , ass um­
i ng g l uon fragmentat ion l i ke quark fragmentat ion . The 3-g l uon decay model com­
pares wel l wi th the data i n  many respects . 
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I .  I ntroduct i o n  
E l ectron-pos i tron anni h i l at ion experi ments i n  recent years have been very i nstru­
men ta l  i n  extendi ng our knowl edge on the fundamental fermions , both the quarks 
and the l eptons . The ann i h i l at i o n  i nto hadrons i n  parti cul ar i s  i mportant for our 
u nderstandi ng of the i nteracti ons between quarks and prov i des a frui tful test i ng 
ground for quantum chromodynami cs . The mos t  i mportant resu l ts are the observat ion 
of new quark fl avours through the format ion of resonances ( J/$ , Y ) and thresho l ds 
i n  the total cross sect i o n ,  the proporti onal i ty of the tota l cross sect ion to the 
square of the el ectric charges of the quarks above thresho l d  at the respect i ve 
energ i es , and the product ion o f  jets as a resul t o f  the l i mi ted p" hadro n i zati on 
of quark pa i rs 1 l . 

I n  th i s  tal k we wi l l  rev i ew the experi ments carried out with the PLUTO detector 
on e+e- anni h i l at ion i nto hadrons at the storage ri ngs DOR I S  and PETRA , a nd di s ­
cuss the s i g n i f i cance of the res u l ts .  I n  sect i o n  I I  we deal with the product ion 
o f  jets at energ i es from 3 . 6  to 17 GeV ,  and i n  sect ion I I I  the evi dence for a 3-
gl uon decay of the Y i s  rev i ewed . 

Fi g .  1 shows the l ayout of the storage ri ngs DOR I S  and PETRA and the synchrotron 
DESY at the DESY s i te i n  Hamburg . The storage ri ngs have been descri bed el se­
where2 l . DORIS has been runn i ng at energ i es from 1 . 5  to 5 GeV per beam , and PE­
TRA can at present be operated at energi es fr0m - 5 GeV up to - 14 GeV per beam . 

The PLUTO detector i s  o perated by the PLUTO col l aborat i on3 ) . The detector i s  shown 
i n  fig .  2 ,  and i s  descri bed e l sewhere4 l . It has a superconducting magnet wi th a 
sol enoi dal fi el d o f  1 . 7  tes l a  and 14 cyl i ndri cal proporti onal chambers for track­
i ng ,  and proporti onal tube chambers outs i de the return yoke for µ- i dent i f i cat ion . 
The PLUTO detector has been tak i ng data at DORI S  s i nce 1976 . I n  1977 shower coun­
ters were added . In 1978 it was moved to PETRA and a forward spectrometer as wel l 
as more hadron absorber i ron and a second l ayer of µ-chambers were added . Tabl e  1 
g i ves a break down of the data co l l ected at DOR I S  and PETRA . 

I n  fi g .  3 we s how the total cross sect ion for the anni h i l at ion of e+e- i nto ha­
drons , together wi th an account of the expected contri but ion from the various 
quark fl avours . 



Tabl e 1 Data co l l ected by PLUTO 

Data tak i ng Ecm L T No . o f  Eneutral - 1 -�!Qr�g�_riQ9 __ _ _______ ���-- -------Q�---------���Q!�---------- ---------
1976 3 . 1  ( J/tjl) 50 28 000 

3 . 6  600 3 500 wi th 
DORI S  3 . 7  { 1ji ' ) 160 30 000 l ead 

4 . 03 750 7 500 converters 

4 . 4  440 3 500 
5 . 0  700 4 200 

- - - - - -

1978 7 . 7  250 1 000 
9 . 4  180 4 7 0  wi th 

shower 
9 . 46 ( Y )  190 1 870 counters 

1979 13 42 . 6  96 
PETRA 17 88 . 3  108 

I I .  Production of jets i n  e+e- ann i h i l at ion 

I l . 1 .  How v i s i bl e  a re jets? 
I n  f ig .  4a two muHi prong events a t  CMS energ i es of 26 GeV a re s hown a s  exampl es  
of obvi ous col l i near j ets . I n  fi g .  4b a jet l i ke event i s  sketched together with 
the defi n i t i o n s  o f  var i ab l e s  used for the quanti tati ve descr ipt ion of jets . The 
col l i near j e t  character of events becomes v i s i b l e  when the average of the l ong itu­
d i na l  momenta a l ong the jet ax i s  becomes l arger than the average of the transver5e 
momenta . In perfectly i so tropi c events wi th a very l a rge mul ti pl i c i ty we find for 
a ny axi s < p ,, >  = <pl>//Z. When mul ti pl i c i ty i s  l i mi ted , e . g .  <ncharged> � 10 
there i s  in general an axi s wi th respect to whi ch < p ,, > > l/ { /Z) • <pl> , even 
though there is no genui ne jet fo rmat i o n .  For exampl e at Q = 9 . 46 GeV ,  charged 
tracks from phase-s pace events y i e l d  < p ,, > - 1 . 2  • <p l> .  Exper imental l y  j ets 
become a c l ear l y v i s i b l e  and domi nant feature on ly at energi es of 9 . 4  GeV ,  
where for the observed average val ues we read from fi g .  5 

Bel ow 5 GeV , the jet character of events i s  traceab l e on ly on a stati s t i ca l  bas i s  
by compari ng experimenta l d i stri but ions l i ke the s pheri c i ty or the i nc l u s i ve par­
ti c l e  momenta to phase s pace and j et mode l s .  From these facts the energy scal e of 
jet format i on can be rough l y  deduced : It takes an energy of more than - 4 GeV for 
each quark j et to become a c l early v i s i b l e  pattern i n  2 jet events , whereas 2 GeV 
per jet a re c l early not enough to make the jet  pattern i dent if iab l e .  
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I I . 2 .  Quanti ta t i ve topo l ogi cal propert i es of j ets 
The phys i c s  ques ti ons of i nterest i n  the context of j et product ion i n  e+e- ann i ­
h i l a ti o n  a re :  

( 1 )  D o  qq pa i rs fragment i nto hadrons wi th a constant ,  1 i mi ted · p  .!. when the jet 
energi es grow? 

( 2 )  Are there a ny effects caused by pas s i ng the thresho l d  for new quark fl avours -
i n  the energy range under d i scus s i on here for the b-quark? 

( 3 )  Are there QCD effects l i ke the expected g l uon b remsstrahl ung? 

Both (2 )  and (3 )  l ead to l es s  jetl i ke events , wi th l arger <p.!.> or s pheri c i ty .  F i g .  
6 shows the di agrams descri b i ng these proces ses . 

I n  ( 2) the weak decays o f  the pa i r  of heavy quarks bri ng i n  an addi ti ona l trans­
verse momentum , a nd the Lorentz boost i s  smal l er than for the l i ghter quark s .  

I n  ( 3 )  the g l uon bremsstrahl ung i ntroduces an addi t i onal P.!. to the quark a n d  gl uon 
before hadroni zati on .  Therefore , in one of the two hem i s pheres we can expect a 
broadeni ng of the jet ,  o r  even the formati on o f  2 j ets5 l . A separation of new 
heavy fl avour product ion and gl uon bremsstrahl ung can then be based on the fol l ow­
i ng features : 

( i ) jet broadeni ng i s  synunetri c ( heavy fl avour) or asy1T111etr i c  ( g l uon) , 

( i i )  heavy fl avour producti on adds new l arge P.!. ( s pheri c i ty) events whereas 
gl uon bremsstrah l ung i ncreases l arge P.!. and reduces sma l l p.!. events , 

( i i i )  the number of l eptons grows i n  new heavy fl avour events , 

( i v )  the energy dependence o f  these effects shows a sudden thresho l d  for new 
heavy fl avours and a gradual growth for g l uon b remsstrahl ung 5 l . 

1 1 . 3 . Jet measures and corrections 
For descri bi ng the properti es of jets we are goi ng to use the fol l owi ng quanti t ie s  
based o n  P.!. and p. : 

s pheri c i ty s 

thrust T 

jet openi ng ang l e  s i n 2 6  = 

M i n  f I Pf/I p2 
Max I 

l 

I E .  l 

l l 

I P - I l l I P l  
i 

s i n 2 6 ; f L  E i 

The summi ng i ndex i i n  our ana lys i s  runs over a l l charged tracks of an event6 ) . 
Ene rg ies  are ca l cu l a ted us i ng p ion masses . I n  theoretica l cal cu l ati ons , the ori gi -



na l  q ua rk axi s i s  the d1 rect ion of reference for p! and p ,. . I n  real events , the 
d i rect ion of  reference a re the s pheri c i ty and th rus t  axes as reconstructed from 
the cha rged track s .  The angl es between spher i c i ty and thrust axes a re pl otted i n  
fi g .  7 .  The experimental quanti t i es pl and p ,. are d i s torted by u s i n g  the experi ­
mental spheri c i ty or thrust axi s rather than the ' true ' quark axi s ,  by usi ng 
charged tracks on ly ,  by track measuremen t  errors , by detector acceptance , by tri g­
ger acceptance and off- l i ne event sel ecti o n ,  and by photon bremsstrah l ung i n  the 
i n i ti a l  state . 

The i mpact of  a l l these effects on the topo l ogi cal quanti t ies menti oned above has 
been i nvesti gated w i th s imul ated j et events . The observed val ues of the topo l og i ­
cal quanti ti es can then b e  corrected . The corrections for <p!> are typ i ca l l y  of 
the order of - 10 % .  The jet events were genera ted? )  a l ong the l i nes of the fi xed 
P! (<pl> = 0 . 3  GeV/c to the primary hadrons ) non perturbati ve quark fragmentation 
model of Feynman and F ie l ds ) ( FF model ) .  Th i s  model expl i c i t ly i ncl udes u, d and 
s quarks onl y ,  but i t  descri bes the experimental p! di stribut ion a l so above charm 
thresho l d .  The resul ts we are go i ng to show are corrected , i f  not l abel l ed "ob­
served" . 

I I . 4 .  Resu l ts 
The properti es of the transverse momenta a re shown i n  f i gs . Ba ( PI d i s tribution) 
and Sb (average pl ) . We observe that <p!> i ndeed grows a l i tt l e  b i t ,  by - 20 
MeV/c when go i ng from 7 . 7  to 9 . 4  GeV , a nd from 9 . 4  to 13 and 17 GeV . The l atter 
change can be understood from cross i ng over the b threshol d .  We f i nd the same <p!> 
at 13 and 17 GeV wi th i n  20 MeV/c . In fi g .  9 <pl> for d i fferent i nterva l s  of x ,, i s  
shown a t  7 . 7  and 1 7  GeV together wi th the expecta t ion from the F F  model . A t  17 GeV 
the data seem to have l arger <pl> at: more or l ess a l l x , , , than expected wi thout bo 
product ion .  

The d i str ibut ion of l ongi tudi nal momentum i n  fi g .  10 s hows s i gni fi cant devi ations 
from the FF parameteri zation for x "  > 0 . 4 .  These devi at ions however a re i ndepen­
dent of energy: the FF parameter i zat ion a l ways pred i cts ·l arger fl uxes beyond x ,, 
= 0 . 4  than are observed . The l engthen i ng of the p l a teau i n  rapi di ty when goi ng 
from 7 . 7  to 17 GeV ( fi g .  I la )  goes a l ong wi th the expecta tion from the FF model , 
and i ts avera9e val ue has the expected dependence on the energy , name ly <y> cr l n  Q 
( fi g .  l l b ) . 

Now we turn to vari abl e s  that comb i ne P! and p ,. .  I n  fi g .  12a we s how the energy 
dependence of  the average val ues for the openi ng angl e of energy fl ow i n  a jet ,  
< s i n 2 6 > ,  a nd i n  fi g .  12b and c we show <S>  and < l-T> together with the expectat ion 
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from the non perturbat i ve FF model and another non perturbati ve model that i n­
cl udes cc and bb thresho l d s9 ) . I t  i s  obvious tha t i ncl udi ng a bb threshol d  ( a t  Q 
= 10 GeV ) i s  favoured by the data . But there i s  no s i g n i f icant di sagreement wi th­
out i t .  Th i s  can be seen i n  fi g .  1 3  where we compare the experimental spheri c i ty 
di stri bution to the expectat ion9 ) from u ,  d ,  s and c quark product ion a t  9 . 4  GeV 
and to the expecta tions9 ) with and wi thout b quark production a t  13 a nd 17 GeV .  
Wi th the present stati s ti cs , there i s  n o  cl ear evi dence that the b quark contri ­
but ion i s  needed to descri be the data . 

Fi na l l y ,  i n  fi g .  14 we show the po l a r  ang l e di stribution of ( thrust- ) jet axi s at 
7 . 7  and 9 . 4  GeV . I t  agrees w i th the expected l+co s L a  behav i our . 

I n  s ummary we fi nd 

( 1 )  <p1� <S> , < l -T> show an energy dependence when goi ng from Q = 7 . 7  to Q = 17 

GeV that is con s i s tent w i th the production and non perturbati ve fragmenta­
tion of qq pai rs with a fi xed <p1> = 0 . 3  GeV/c to the pr ima ry hadrons . 

( 2 )  the agreement i s  improved when the product ion and weak decay of  bo qua rk 
pai rs i s  i nc l uded .  

( 3 )  the x , , di str ibut ion i s  cons i s tent with seal i ng ,  the rapi d i ty p l a teau i ncrea­
ses and <y> grows proportional to l n  Q .  

( 4 )  We fi nd no need o r  evi dence for jet broaden i ng from gl uon bremsstrah l ung . 

The a pparent absence of QCD effects agrees wi th a recent ana lys i s  of the s i ze of 
j et b roaden i ng due to g l uon rad i at ion lO) . I n  fi g .  15 we show the pred i c ted depen­
dence of <p1> on Q. The resu l t i s  that QCD effects are s ti l l  marg i na l  a t  Q < 15 

GeV ,  and tha t on ly at Q - 30 GeV do they become promi nent .  

I I I .  Decay properti es of t he  Y(9 . 46 ) 

I I I . 1 .  I ntroduction 
Acco rd i ng to QCD the strong decay of the Y ( 9 . 46 ) vector meson i s  an anni h i l a t i on 
of the bo bound s tate i nto gl uons . Anni h i l at ion i nto 1 gl uon i s  forbi dden by the 
co lour of gl uons , and ann i h i l at ion i nto a co lour wh i te 2 gl uon s tate by charge 
conjugat ion . Anni h i l a t i on i nto 3 and more gl uons however is pos s i b l e .  Assumi ng the 
3 gl uon ann i h i l a t i on ( f i g .  16 ) to be the domi nant strong decay1 1 )  one may then 
expec t ,  depen d i ng on deta i l s  of gl uon hadroni zat i o n ,  to observe 3-jet  events . 

There i s ,  however ,  the competi ng e l ectromagneti c ( E . M . ) decay ( fi g .  16 ) : 
Y � y � hadrons . The branch i ng fract ion for th i s  decay mode can be obta i ned from 



the E . M .  decay Y · • y + µ+µ- v i a  the re l at i o n  B ( Y  + y + hadrons ) 
R • B ( Y  + y + µ+µ- ) , w i th R = 4 and B ( Y  + µ+µ- ) = ( 2 . 2  ± 2 . 0 )  % .  

B ( Y  + y + hadrons ) 

B ( Y  d i rect hadron s )  

10 % ,  

( 1  - B ( Y  + y + hadrons )  � 9 0  % .  

Hence we find exper imenta l l y that - 9 0  % of the Y decay i nto hadrons i s  not 
through 1 y, a nd the quest i o n  we wan t  to study here i s  whether there is some e v i ­
dence for a 3-gl uon decay mode . 

I I I . 2 .  The Y data 
I n  fi g .  17 we show the total cros s sect ion for e+e- + hadrons a t  energ i e s  a round 
the Y mas s .  The width of the Y peak is due to the energy spread of the storage 
ri ng DORiS . In the Y peak range , i .  e .  "on" the Y,  we have 3 d i fferent contri bu­
t ions to mul ti hadron fi nal states , as i ndi cated in the d i agrams o f  fi g .  18 .  These 
are the 1 y a n n i h i l at i on events from the conti nuum { d i agram a ) , the E . M .  decay of 
the Y ( d i agram b ) ,  both wi th the s ame propert i es as those "off" the Y, and the 
events from the "d i rect "  decay of the Y ( d i agram c) . If i nterference effects can 
be negl ected the "d i rect" cross sect ion reads [ oµµ - oµµ J on off 

ad .  = a - a ff + 1 . 1 r  on o µµ 0off 
( I I I . 1 )  

I n  the fol l owi ng analys i s  we d i scuss the properti es o f  the events from the d i rect 
Y decays 1 2 ) . The correspond i ng "di rect "  di stri but ions ( i n  a ny vari ab l e  x) can be 
obta i ned by s ubtract i ng out the "l y" content from the "on" Y data b i n  by b i n ,  
us i ng the measurements "off" Y .  I ncl udi ng the l umi nos i ti es "on "  and "off" Y 
eq . ( I ! l . l ) l eads to 

dN [ 
Ox d i r  

dN I - 1 .  3 2  dN I 
Ox on Ox off 

I I I . 3 .  How to l ook for 3 g s tructure of  Y decays 

( I I I . 2 )  

We can di sti ngui s h  several l evel s of ev i dence for a 3-gl uon decay mode of  the Y .  
( 1 )  The c l eares t evi dence is seei ng events wi th 3 separated jets by eye . 

( 2 )  The 3 jets a re not ful l y  separated , but quant i tati ve 3-jet measures reveal 
an underl y ing 3-jet pattern i n  a stati st ica l  way . 

( 3 )  The 3 jets a re not ful l y  separa ted , but the events s ti l l  have a f l a t  s hape 
a s  rema i n s  of the ori gi nal pl anar confi gurat i on  of the 3 gl uons . 
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( 4 ) The ori g i nal pl anar 3-jet confi gurat i on is wa shed out compl etely duri ng frag­
mentation , e .  g .  the two l ower energetic jets never separate ,  but the j etti ­
ness of the events i s  degraded and track mul t ip l i c i ty i s  i ncreased a s  compar­
ed to the 2-jet events off Y .  On the other hand the events are s ti l l  d i ffe­
rent from uncorre l a ted fina l s tates . 

I n  the fol l owi ng secti ons we di scuss these l evel s of evi dence i n  the sequence 
( 1 ) ,  ( 4 ) , ( 3 ) and ( 2 ) . In do i ng so we compare the Y events to observed and to s i ­
mul ated 2-jet events off the Y ,  to s i mu l ated s pheri cal events assumi ng a di rect 
decay of the Y i nto p ions and kaons ( phase s pace ) , and to events s i mu l ati ng a 3-
g l uon decay1 3 l of the Y. Here we assume that g l uons fragment l i ke quarks , and a 
matri x el ement 14 l desc r i b i ng the Da l i tz p l o t  dens i ty for the decay of the Y i nto 
3 mas s l es s  g l uons . 

I I I . 4 .  Are there 3-jet events vi s i b l e  by eye? 
Seei ng jets requi res a l ready more than 3 GeV energy per jet for co l l i near quark 
jets as we have seen in section I I .  Gl uon jets may wel l be broader - how broad i s  
a very i n te rest i ng quest ion for g l uon fragmentat i on - and a 3-jet pattern i s  more 
compl i cated . Therefo re , we expect that c l early more than 3 GeV are needed per j et 
before we see a 3-j et s tructure "by eye " .  For 3 g l uon Y decays , however , QCD pre­
d i cts 14 l for the l owest energy jet an average energy of 2 GeV .  I n  fac t ,  the 
events do not exhi b i t  a vi s i b l e  3-jet pa ttern . 

I I I . 5 .  Are the Y events di fferent from conti nuum j ets and from phase s pace? 
In fi g .  19 we s how the (observed) s pher i c i ty and thrust ave rage val ues for the Y 
events and for "conti nuum" events at several energ i es . Tabl e 2 g i ves the val ues 
for s i mul ated phase space and 3-gl uon events at the Y energy . It i s  c l ear that 
the Y events are l es s  jet l i ke than the 9 . 4 GeV events , and at the same t i me more 
"jetty" than phase s pace events . Spheri c i ty and thrust average val ues of the Y 
agree wi th the 3-g l uon s imul ati on , and so do the s pher ic i ty and thrust d i stribu­
t ion ( fi g .  20 ) . Th i s  i nd i cates that quark and gl uon fragmentation may be s i mi l a r .  
However , here we a l so notice l i mi ts to the agreement between th i s  spec i f i c  3-gl uon 
model and the Y data : The 3-g l uon average val ues for pl and p ,. ( tabl e 2 ) are both 
s i gn i f i cant ly l arger than in the Y data . In compar i son to the cont i n uum j et events 
we fi nd that < p,. >  of Y events is s i zably sma l l er ,  whereas <pl> i s  not di fferent . 
The charged mul t i p l i c i ty i ncreases from 6 . 3  ±0 . 4  ( conti nuum) to 8 . 0  ±0 . 3 at the Y .  

I I I . 6 .  Are Y events fl at? 
In the preceed i ng paragraph we have seen that Y events a re more s imi l a r to 2-jet 
events than i sotrop i c  decays . Here we wi l l  d i scuss if the data provi de more spe­
ci fi c evi dence for a 3-jet o ri g i n  of the Y events . Even if the 2 l es s  energeti c 



Tab l e  Z : Mean obse rved va l ues for thrust ,  s pheri c i ty ,  0 1 ' F , I Pout I , p! ,  p ,, , 
acop l anari ty ,  tr i pl i c i ty ,  and 8 1 . For defi ni t i ons see text . The da ta 
on Y ( 9 . 46 ) and on conti nuum ( 9 . 4 0 )  are compared to events s i mu l a t i ng 
qq jets , 3-gl uon decay and phase s pace . Al so the corrected average 
cha rge mu l t i p l i c i ty for the data i s  i nc l uded . 

Z jet ( 9 . 40 )  Y ( 9 . 46 )  phase space 
MC data data MC MC 

1-<T> 0 . 16 0 . 18 ± . 0 1  0 . 24 ± . 0 1  0 . Z4 + . 01 0 . 2 7  ± . 0 1 

<S> 0 . 2 2  0 . 2 7 ± . 0 1  0 .  3 9  ± . 0 1  0 . 35 ± . 0 3  0 . 46 ± . oz 
<0 1 > 0 . 030 0 . 036+ . 002 0 . 056± . 003 0 . 050± . 005 0 . 067± . 005 
<F> 0 . 69 ± . 01 0 . 72 ± . 01 0 . 70 ± . 0 1  0 . 68 ± . 0 1  0 . 68 ± . 0 1  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

< f  pout f > ( MeV/c ) 0 . 1 1 5  
< p! > ( MeV/c ) :it 0 .  32 
<p 1 1 > ( MeV/c ) :it 0 . 72 

<A> 0 . 084 

1-<T3> 0 . 059 
<8 1> ( 0 )  73 . 7  

<NCH> 

0 . 1 18± . 003 
0 . 33 ± . 0 1  
0 . 62 ± . 02 
0 . 099± . 005 

0 . 063± . 002 
76 . 4  ± 1 .  2 

6 . 3  ± . 4 

¥ )  wi th respect to thrust ax i s .  

0 . 1 29± . 003 0 . 140± . 006 0 . 1 77± . 006 
0 . 34 ± . 0 1  0 . 38 . 0 1  0 . 4 7  ± . 0 1  
0 . 49 ± . 0 1  0 . 55 . 0 1  0 .  5 8  ± . 0 1 
0 . 15 ± . 0 1  0 . 14 . 0 1  0 . 16 ± . 01 

0 . 085± .003 0 . 089± . 00 1  0 . 098± . 00 1  
85 . 0  ± 1 .  2 87 . 6  ± . 5  9 1 .  7 . 3  

8 . 0  ± . 3 

jets from a 3-jet f i na l  s tate are not sepa rated track by track i n  s pace , but s ti l l  
have an effect i ve pa rti al sepa rat ion o n  the average , then these events are no 
l onger rotat iona l l y  symmetri c a round the i r  spheri c i ty axi s .  They woul d not be 
round , but fl a t .  Fl atness by i tsel f may not prove a 3-jet pattern , but i t  i s  a 
necess i c i ty .  Now we i ntroduce a quanti tat i ve defi ni t ion of fl atness .  A conveni ent 
frame work i s  provi ded by the e i genva l ues \i of the momentum tensor12 l . The quan­
t i t i es 

1 - ( I  I I .  3 ) 

meas u re the fract ion of the squa res of the momentum components o f  a l l tracks 
a l ong the di r ecti on k .  They are bound to o1 + Oz + o3 = l, and wi th \ 1 � \Z � \3 
we have 03 � Oz � o1 . They are rel ated to spheri c i ty by 

z 
01 + Oz = 1 5 · ( 1 1 1 . 4 )  

The s u m  o f  o 1 a n d  Oz mea sures the jetti ness of an even t ,  w i th o 1 + Oz O for ex­
treme jets , and 0 1 + Oz = j for perfect spheri ca l events . 

1 0 7  
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1 ne fl atness. of an event can be charac teri zed by 01 and Q2 . I f  0 1 = 02 then we 
f i nd a l ong a l l d i rect i ons perpend i cu l ar to the s pheri c i ty axi s the same val ue for 
the s um of squares of momentum components . We then have an event wi th a c i rcu l ar 
cross secti on perpend i c u l a r  to the spheri c i ty ax i s .  Events with 0 1 < 02 have an 
el l i pt ica l  cross sect i o n .  Al l events w i th the same rat�_'.lj��� have the same el ­
l i pt ica l shape . We therefore defi ne a s  fl atness 

F ( I  I I .  5) 

w ith F = 1 for extreme fl at events ( Q 1  = 0) and F = 0 for no fl atness  ( cyl i ndri ­
cal symmetry ,  Q1 = Q2 ) . Quanti t i es based on momentum components a l o ng a s i ngl e 
d i rect ion onl y ,  l i ke I Pout I , acopl anari ty15 l , or Q1 , do not di rect ly measure the 
fl atness o f  an even t .  

Events wi th a fi n i te number of fi nal s tate parti c l es i n  general wi l l  have a fl at­
ness F > O. In our ana lys i s  we want to fi nd out , whether the Y events exh i b i t a 
fl atness  that exceeds the b i a s  from sma l l track stati s ti cs .  

In tabl e 2 we compare the average val ues of F for the Y events , the 3-gl uon MC , 
the phase s pace MC , the 9 . 4  GeV events and the F . F .  MC . We fi nd a cons i s tent val ue 
of <F> in a l l 5 cases . In two of the model s ( phase s pace and FF ) there i s  no i nhe­
rent fl atness . Fl atness there i s  noth i ng but a b i as from fl uctuat i ons due to l ow 
track mul t i pl i c i ti es .  The fact that the 3 gl uon s i mu l ated events a l so y i e l d  the 
same average val ue for fl atness tel l s  us that at Y energ ies the b i as toward fl at­
ness from l ow track stati s t i c s  i s  much s tronger than any genu i ne effect from a 3-
g l uon decay , i f  gl uons fragment s i mi l ar to quark jets . 

So we f i nd the resul t that i n  the process of fragmentation no s i gni fi cant fl a tness 
i s  reta i ned in the charged tracks a s  a remnant of an ori g i na l pl anar confi gurat ion 
I n  anal ogy to sect ion 1 1 1 . 5 ,  where s pheri c i ty (- Q 1 + Q2 ) in the conti nuum events 
was found s i gn i ficantly smal l er than in the Y events , but <pL> val ues of both case! 
were cons i stent, we f i nd here that Q 1 i s  s i gni fi cantl y smal l er for the conti nuum 
events , but <pout> ' where Pout is t�e momentum component a l ong the Q 1 axi s ,  is con · 
s i s tent in both types of events . The pred i ct ion from the 3-gl uon model for the ave · 
rage val ue and for the di stri bution of Pout ( fi g .  2 1 ) agrees very n i ce ly wi th the 
Y data - i n  contrast to <pL> where agreement i s  margi nal . 

1 1 1 . 7 .  Di rect test for a 3-jet pattern 
A method16l des i gned to fi nd a pos s i b l e  3-jet pattern d i rect ly uses the quant i ty 
tri pl i ci ty :  



max{ [ I p .  [ + [ I P · [ + [ I t .  I l l f 1 t .  I 
i c 1 1 i c2 1 i c3 1 al l  1 ( I  I I . 6 )  

I t  can b e  l ooked a t  as thrust i n  3 d i rections ( see fi g .  2 2 ) . The subsets c£ of 
tracks have no tracks in common ,  are not empty , and conta i n  a l l tracks of the 
even t .  S i nce we here are us i ng charged tracks on l y ,  we i ntroduce an addi t ional 
momentum conserv i ng vector s uch that 

\ � 
� � p . (charged } + p ( bal ance) 

, , = 0 .  ( I I I . 7 )  

I ncl udi ng p( bal . ) makes sure that the 3-di rect ion vectors g£ ( see fi g .  2 2 )  fal l 
i nto a pl a ne a nd that for the angles 8 i we have I 8 i = 360° . T3 ranges between 
T3 = 1 for perfect 3-jet and perfect 2-jet events , and T3 = 3 • /3/8 = 0 . 65 for 
perfect s pheri cal events . The quanti ty thrust a l l ows then to di sti ngui sh between 
perfect 2-jet ( T  = 1 )  and perfect 3-jet ( T  < 1 )  events . The d i rections of the mo­
mentum sums of those s ubsets c� y iel d i ng the max imum i n  ( 1 1 ! . 6 )  are taken as the 
jet d i rections . 

Of course , i n  3-jet events wi th overl appi ng jets the method yie lds b i ased jet 
d i rections . Th i s  effect is accounted for by u s i ng s i mu l a ted events from the 3-
g l uon mode l . 

The resul ts we are goi ng to show here represent an unpubl i shed i ntermedi ate step 
of the analys i s  as of the date of th i s  tal k .  A more compl ete analys i s  i nc l ud i ng 
neutra l  parti c l es has been performed i n  the meant ime 17 l . 

I n  fi g .  22 we s how the d i str i bution of 1 3 and e 1 , the open i ng angl e between the 2 
jets wi th the l ower thrust ,  of the Y and 9 . 4  GeV events i n  compari son to the 3 re­
specti ve mode l s .  For both vari abl es we f i nd good agreement between the Y-data and 
the 3g-MC events , and a c l ear di fference to the phase space as wel l as to the con­
t i nuum data . As a check we a l so s how the res u l ts for qq-MC whi ch agree very wel l 
wi th those from the cont i nuum events . 

S i nce 8 1 + 82 + e 3 = 360° , and a l so e 1  � e2 � e 3 , the 2-di mens ional tr iangl e p lot 
i n  fi g .  23 shows the correl ated s 1  - e2  - s 3  d i str i but ion . Aga i n  we f i nd that Y 
decays and s imul ated 3-jet events popu l ate the e pl ane i n  a very s i mi l ar way , and 
are d i fferent from s i mul ated phase-space events . Other model s wi thout a 3-jet 
structure , e. g .  more compl i cated phase-space model s i ncl udi ng resonances are not 
rul ed out .  
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I I I .  8 . Summary 
We have prepa red a sampl e of Y decays where contri butions from the el ectromagnet ic 
decays i n to qq events are subtracted , a nd perfonned a fi rst ana lys i s  us i ng charged 
tracks o n ly .  

We  have compared the  Y decays to  events from the nearby conti nuum , a nd  to s i mul ated 
events from the FF quark-anti quark pa i r  fragmentat i o n  model , from a phase-space mo­
del a nd from a model for a 3-gl uon QCD decay , wi th gl uon fragmentat ion l i ke quark 
fragmentat i o n .  

There are c l ear d i fferences between t he  Y data a nd  the conti nuum events : 

( i ) l arger charged parti cl e mul ti pl i c i ty ;  

( i i ) reduced jetti ness ( a s  meas ured by thrust and s pheri c i ty ) . 

These effects are qual i ta t i ve ly expected as a d i fference between 3 g l uon a nd qq 
decays . 

The Y data are a l so i ncompati bel wi th a s i mpl e phase-space model . 

A compari so n  between the 3-gl uon model predi cti ons and the Y data shows good agree­
ment i n  many deta i l s ,  l i ke spheri c i ty ,  thrust ,  trip l i c i ty ,  the a ng l es between the 
3-jet d i rections (as obta i ned by the tri pl i ci ty method ) and a new quanti ty proposed 
to meas ure fl atness , as a consequence of an ori g i na l  p l a nar confi gurat ion . Thi s  
l a tter quant i ty ,  however ,  s hows no d i fferences for the average fl atness o f  Y events , 
phase-spase events , conti nuum events and qq s imul ated events . 

I apprec i a te the hel p and the d i scuss ions I hbd with many co l l eagues at DESY 
when prepari ng th i s  report .  
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PLUTO 

Fi g .  2 :  PLUTO detecto r .  Cro s s  sec t i o n  a l ong  the 
e+e- beam ax i s .  SAT = sma l l  ang l e tagger ( 20 - 70 
mrad , l umi nos i ty mon i to r ) , LAT = l a rge ang l e tag­
ger ( 70 - 250 mrad ) ,  EC and BA = endcap and bar­
rel s howe r counters ( >250 mra d ) . MCH = chambers 
fo r muon i denti fi cat i o n .  Fe = 60 + 40 cm i ro n  fo r 
hadron absorpti on . SC = s uperconduc ti n g  c o i l  ( 1 . 6 
tes l a ,  so l eno i da l  f i el d ) , PC = 14 cyl i nd r i c a l  
proport iona l  chambers fo r trac k i ng .  

r 

5 10 

I • PLUTO 
.t. TASSO 
• MARK J 

15 

l 

GeV 
ECM 

Fi g .  3 :  Total cross  sec t i on ( R )  fo r e+e- + ha-
drons as  mea s u red by PLUTO . At 1 3  and 1 7  GeV al s o  
mea s u rements b y  TASSO a nd MARK J a re i nc l uded . 
The shaded reg i o ns represent the contri but i ons 
from the  i nd i c a ted quark fl avors . 
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Fi g .  4a : Jet events at 27 GeV ,  
a s  seen b y  PLUTO . Upper s e t :  r-¢ , 
y-z and x-z projec ti ons . Lower 
pi cture , r-¢ projection wi th 
f i t ted tracks . 
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fi g .  4b :  Defi n i t i o n  o f  jet vari ab l es .  
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Fi g .  6 :  Di a9rams for f i rst order QCD process  
\g1UOrlrad i a t i o n )  a nd a decay c ha i n  in  bo 
producti o n .  
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F i g .  7 :  ( a )  Ang l e  ri between reconstructed thrust 
and  spheri c i ty axes . ( b )  Ang l e  Ci between l a r9est 
momentum and spheri c i ty a x i s  a t  Q � 9 . 4  GeV . 
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Fig .  Ba : Di stri bution  o f  the trans verse mom�ntum 
sq ua red . The so l i d l i ne i s  taken from ref .  1 and 
repres ents the pf d i stri b u t i o n  from the SLAC-LBL 
experiment at  energ i es between 7 and 7 . 8 Ge� . The 
data poi nts a re prel i mi nary resu l ts from PLUTO . 
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Fi g .  Sb : Average momentum o f  charged pa rti c l es 
and  o f  the components l ongi tud ina l  a nd transverse 
to the jet  ax i s .  The sma l l poi nts a re from the 
Feynman-F i el d  qq t1onte Carl o .  
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F i g .  9 :  Average transverse momentum versus x ,, for 
PLUTO data a t  7.7 and 17 GeV ( prel i m i nary ) . The 
curve i s  the Feynman-F i el d qq Monte-Carl o pred i c­
ti o n .  
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Fi g .  10 : Prel i m i na ry x ,, d i stri buti ons  from PLUTO . 
The sol id  l i nes correspond to the Feynman- F i el d  
qq Monte Carl o .  
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Fi g .  I l a :  Rap i d i ty d i str ibu ti o n  of PLUTO data a t  7 . 7  and  1 7 GeV and  Feynman-Fi el d qq Monte-Carl o 
c u rves . 
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e-nergy flow i n  a j e t .  

F i g .  1 2 b  a nd  c :  Average o f  s pheri c i ty and  of  
1 1 - thrus t ) . Sol i d  c urves a re from a non perturba­
t i ve qq model with u,  d ,  s , c and b quarks ( A .  Al i 
et a l . 9 ) ) 
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F i g .  1 3 :  Di fferenti a l  spheri c i ty d i stri butions  at  
ir--;-9.T( a ) ,  13 ( b ) ,  and 1 7  GeV  ( c ) .  Curves a re 
from re f .  9 .  In F i g .  b and c the c u rves for ( u ,  
d ,  s ,  c )  and ( u ,  d ,  s ,  c ,  b )  a re each norma l i zed 
to the data . 
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Fi g .  14 : Angu l a r  d i s tr i b u t i o n  o f  the jet  axi s .  The 
curves are fo r a = 1 i n  dN/dcosO  cr 1 + a cos 2 8 .  
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Fi g .  15 : QCD pred i c t i o n  ( re f .  5 )  fo r the energy 
dependence of  <pf > .  
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Fi g .  16 : Di agrams for the QCD and QED decay modes 
of the Y ( 9 . 46 ) .  

F i g .  18 : D i a grams for 
e+e- -• hadrons  a t  the  
Y ( 9 . 46 )  ene rgy . 
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F i g .  -�CJ_:_ l�ean observed spheri c i ty and  thrust a s  
func t i o n  o f  energy . 
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S = observed spher1city 
Fi g .  20 :  Di stri b u t i o n  o f  observed s pheri c i ty and 
observed thrust ;  off resonance , compa red to the 
Feynman-Fie l d qq model , and Yd i rect compa red to 

phase- space and 3-gl uon model . 
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F i g .  2 1 :  D i s tri buti o n  of I Pout  I w i th resvec t to 
the 01 pl ane for off Y and Ycti rect · Cu rves as i n  
F i g .  20 . 
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b )  c )  e ,  

F i g .  2 2 :  Tri pl i c i ty pl ots ; ( a )  defi ni t ion  of 
a ngles 8i between the 3 tri pl i c i ty a x i s  9 £ •  wi th 
the order i ng 81 < 8z < 83 ; ( b )  observed d i str ibu -
ti on of tri pl i c ffy ;  (c) observed d i stri but ion  o f  
t h e  ( sma l l es t )  angl e 8 1 . 
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