
H a 7  TO PXASWP QUARK EELICITI&S I N  e+e- m R O N S  

Laboratoire de 1 '~ccdlkra teur  ~ i n e ' a i r e  

UniversitQ Paris - Sud, 91405 ORSAY CTDEX, France 

* 
~dpartement de Physique 1lath6matique 

U . S .T .L., 34060 IdONTPf5LLI,:R C ZDISX, Prance 

Abstract : In order t o  reach completely the vector and ax ia l  couplings 

of the  neutral  currents t o  quarlrs we propose t o  measure quark h e l i c i t i e s  

from the ]?olarizations oC the  ieadinq spin one mesons or or' the  leading 

+ - 
baryons of the  Sets. Applications a r e  given f o r  e e 2 jets where 

large degrees of polarization a re  obtained from Y - Z interference. 

211/78/', 2 

NovemSer 7978 

* 
Physique iath&matique e t  ~hLorique, &pipe de recherche associge au CNRS 



5 .  Introduction 

+ - 
One of t h e  most important goals of e e ann ih i l a t ion  a t  

high energy is t o  revea l  t h e  s t r u c t u r e  of t h e  neu t ra l  cu r ren t s  of 

leptons and quarks. This is a v i t a l  infornlation f o r  t h e  assignement 

1,2 J 
OC these  fermions i n  t h e  rnult iplets  of t h e  gauge grou& . For exam- 

p l e  i n  3U(2) ;< U( 1) t h e  neu t ra l  current  has t h e  form 

I3  2 Jen~ 
J O = J  - s i n  ; t h e  measurement o 2 h e  vector and a x i a l  p a r t s  

k? 

of determines t h e  3" component o i  t h e  weak isospin  ( I 3 )  of 

t h e  left-handed and of t h e  right-handed feruions.  Such an information - -, 
is already p a r t l y  containedLZ' i n  t h e  unpolarized angular d i s t r i b u t i o n  

do 4- - + 3 ( e  e and q but  a complete disentangling of t h e  vector 

- 
an6 a x i a l  couplings of t h e  Z boson t o  and qq requ i res  pola- 

r i z a t i o n  measurements. This has h e n  a1reoe.y studiedL2' i n  t h e  case  

+ -  + -  + - 
OE leptons ( e  e P P and 7 7 ) . We discuss here t h e  case  of 

quarks ( e'e- qq) . 
From h e l i c i t y  conservation a t  t h e  Y and Z v e r t i c e s  it is 

well-known t h a t  s t rong r e s t r i c t i o n s  on t h e  quark h e l i c i t i e s  a p p a r  

( A  = - - is only allowed) and i n  addi t ion we know t h a t  vector-axial  
9 Q 

in ter ferences  oE Y and Z amplitudes lead t o  l a rge  values f o r  t h e  

degrees of polar iza t ions .  ;ile give i n  Sect. 2 t h e  complete formulas 

for t h e  cross-sections,  densi ty  matrix and degree of po la r i za t ion  i n  

+ - 
t h e  general  case ( e  e Fermion + antifermion) with polarized 

4 
e beams. 

The important point  is however how t o  measure t h e  quark pola- 

r i za t ions .  We answer t h i s  question using the  proper t ies  of t h e  j e t  

2 r-31 mechanism. The ( I  + cos 8) d i s t r i b u t i o n  observed i n  

+ - 
e e + Y  2 j e t s  shows us t h a t  t h e  sp in  of t h e  quark is an infor-  

2 

ination which is conserved a l l  along t h e  j e t  development ; it is qene- 

- 
r a l l y  expected t h a t  t h i s  development (proceeding by s o f t  qq c rea t ions )  



conserves the  other quark quantum num'>ers l i k e  f lavoursr  CJe expect 

here  t h a t  h e l i c i t y  w i l l  a l s o  he conserved. The process is s i r ~ ~ i l a r  t o  

t h e  s c a t t e r i n ?  oP East e l ec t rons  throurjh inatter ; a t  high energy t h e  

- 
vector couplincs (he re  of t h e  gluons creat ing t h e  s o f t  qq p a i r s )  

conserves h e l i c i t y .  The f i n a l  ques t ion is how t o  measure it a t  t h e  

end of the  chain. Be show i n  Sect. 3 t h a t  t h i s  quark h e l i c i t y  is e x a c t l y  

transr'erred t o  t h e  leading vector or a x i a l  3esons or te t h e  leading 

sp in  baryons. An analys is  of t h e  decay d i s t r i b u t i o n s  of these  leading 

- I 

mesons ( P  + 2 1 7  , K -+~(n. , 7 +?IT , L'I or A,  -+5n ,... 1 or  baryons 

C' 
( A  + p + < ,  + -t. T o , .. .) can show t h i s  h e l i c i t y  conservation 

and measure the  degree oL po la r i za t ion  of t h e  i n i t i a l  quarks. '.Je ca l -  

cu la te  t h i s  d e ~ r e e  i n  t h e  d i f f e r e n t  cases an?. give i t s  angular d i s t r i -  

bution f o r  Low and kii5h enerr,ies and around t h e  Z peak. It reaches 

CC 
very h i ~ h  values i n  many cases (hyperons A , and charged ?aesons). 

" inal ly  a s  a !ly-product we apply t h i s  property of h e l i c i t y  

+ - 
conservation t o  t h e  quasi-2-?>orly l i m i t  e e 5 + - 1  f a r  a b w e  

threshold.  This leads t o  t h e  r e s u l t  t h a t  a s y r ~ ~ ~ t o t i c a l l y  

+ - + - .  
0 ( e  e ' spin  0 -t sp in  (3) anc! 0 ( e e - spin  1 + spin  ? ) nust  vanish 

.t. - 
more rapidly  than Q(e e + s p i n  ': -;- spin  0) and gives cons t ra in t s  

among the  various sp in  couplings. 

-1- - - 
3. The production wocess  e e Y l  Z " fS 

' ~ J i th  the  usual  point - l ike  couplings of thcc photon : 

( C , f = - ' ,  f o r  f = r  and 3 - 2  or - + f o r  f = q )  
i 3 2 - P 5 and of the  Z boson : e v V ( a  - ilsy )u 

[4 1 
(a and b given i n  t a b l e  I f o r  t h e  LJ-S-G-I-# model ) 

+ - - 
we get  t h e  general  e e -+ f f  anpli tude : 



2 
D Z = s - n l  + i m  . 

Z Z Z 

Neglecting t h e  fersdon txass mr , w e  g e t  t h e  d i f r ' e ren t i a l  
i 

cross-section f o r  a r b i t r a r y  h e l i c i t y  s t a t e s  : 

I I 2 o = -(I-i?h*)(hl-h)(:tcos 8 )  -k i ( h 1 - h ) ( i - h h l )  cos €3 
2 1. 

+_ 

The case  of unpolarized i n i t i a l  e  is obtained hy using h = h'  = 0. 

If  t h e  f i n a l  po la r i za t ion  is not  observed, one s e t s  = 0 ani! an 

o v e r a l l  f a c t o r  2 f o r  each of the  F ina l  p a r t i c l e s .  

The densi ty  matrix 02 t h e  f i n a l  2srnion is qiven by : 



= - {( ?-hht ) (h +A,.) (.;+cosl'8) + i(h-ht) (:+A ) cos 8 I .,. 2 1 2  

( ' :-A ,) ( -:-c0s58) - -$( i-hh' ) ( h  ,+k,) cos 9 1 

and where oo o0 , 0; r lCer t o  t h e  quan t i t i e s  i n  aq(2)  taken for Y '  A 

A = A 1  = 0. 

Final ly  t h e  degree of po la r i za t ion  of t h e  f i n a l  fermion 

5- = Pf(++)  - Pf(- - )  is : 
r 

with : 

/ Ty = - 2(ht-h) cos @ 

Notice t h a t  5ecause of t h e  f a c t o r s  (;+X,h ) and ( A l + L 2 )  we have 
d 2 

P(+-) = P(-+) = 0, which r e f l e c t s  h e l i c i t y  conservation (when m is 
f 

neglected) a t  t h e  Y and 2; ver t i ces .  



3 .  I-Ielicity p roper t i e s  of t h e  j e t  mechanism 

kJe suppose t h a t  aEter having Seen created with a point-l ike 

coupling, t h e  quark and t h e  antiquark evolve Eastly e!?zittiny s o f t  

- 
gl-uons which c r e a t e  qq p a i r s  wl~ich f i n a l l y  recombine i n t o  so--t 

haclroiis, see  Zi5. I. A t  each s t e p  05 t h e  chain a s  t h e  qunr!: ( o r  ant i -  

quark) remains highly enerc;etic and undeElected the  vector coupling 

t o  t h e  qluon conserves the  quark h e l i c i t y .  A t  t h e  end of the  chain t h e  

- 
quark q catches a s o r t  antiquark q' an$ "rni t he  leading hadron 

oE molnentwn rr, t h a t  we consider.  In t h e  case o i  a leadinc; vector or  - 1: 
%. a x i a l  meson I3 with pH p >> mH8 p t h e  f i n a l  ver tex  

q -. w - - 5 'i - 
v(q1) /J! + Y , CH. (pq-p- ) . . lu( g) conserves h e l i c i t y  i n  t h e  sense t h a t  

H' H 
q1  n1 

H 
longi tudinal  h e l i c i t y  s t a t e s  = 0 a r e  depressed ( l i k e  - ) and 

I1 
E; 

t h a t  only ?\ = ? A  = * is  allowed i n  t h i s  l i n ? i t .  
H 9[ 

The mesons H is produced with 2 amplitudes : 

-I- - - - -t - - 
e e qq t h e  f a s t  q catchiilr; a s o f t  q1 z.nd e e " q 'q '  the  f a s t  

- 
q' catchin5 a s o f t  ci. ::xcept 3-n t h e  very Limiting case oi' a quasi- 

9 - 
2-body Grocess e e + N H 1  discussed i n  Sect. 5, these  two an~pl i tudes  

do not i n t e r f e r  because they occur i n  very d i s t a n t  ]:inenlatical domains ; 

- 
t h e  overlap of t h e  systems associated with B(qql)  i n  t h e  j e t s  i n  

these  two amplitudes correspon3s t o  t h e  process 

- 
( f a s t  q + s o f t  q l )  ( f a s t  $;I -I- s o f t  <) which is an exot ic  ex- 

change and the re fo re  vanishes quickly a t  hiqh energy. So t h e  ~ 0 5 a b i l i t y  

- 
of gett inc;  I I ( q q r  ) is ohtainecl '.y sumnung the  pro7,a!7ilities of 

f -  - f -  - - e e -S qq and of e e -) q'ql  using eq(2,:,4) with - - Q~~ 

q1 - 
a- = - a and b- = -' ' 3 . The densi ty  rimtrix of t h e  sp in  one 

cT1 q '  
q' 

q1 - - 
meson H is Einal ly  simply : 



0 0 

0 '= ' -  (--) 
qi-q' 1 

0 
where P - rer 'ers t o  eq(3) where t h e  q u a n t i t i e s  a an? C a r e  

q+c; ' - - 
taken ?>y sm~uniny f = q and f ql. 

i 
The saifie kind OF arsmnent works f o r  a leading spin  - 2 baryon. 

In t n i s  c a s e  t h e  chain enZs as shown i n  Eis. ( 2 )  ; Eor a law-lying 

'; + (7 ) !zaryon s t a t e  the  diq~uark system is i n  an = 0 s t a t e s  ; i t s  

t o t a l  spin  can be .C; = 0 or ;; = '3 ; ?or S = 0 we have o'cviously 

h =i ; For f = "  5 
. i n  t!le leading case 13 >> m 

n q  PI3 -9  B I p(,,,,,) 

w e  have again h e i i c i t y  conservation a t  t h e  B(qlq")q vertex 
m 
S 

and up . to  - correct ions  we qe t  A = = * . The baryon 
Pn q 2 
i > 

-I- - - - - 
B(qq'q1') is produced with 2 arripl-itudes ( e  e -) qq , q'q' , qNq" 1. 

-: - - 
Here a l s o  apar t  :from t h e  quasi-?-body case e e " RR , these ampli- 

tudes do not i n t e r f e r  Secause the  overlaps Z.ike 

- - - - - 
(fast q + sof t  q'y") ( f a s t  q1 + sor't qqP') a r e  neq!.igi5le a t  

- - - 
hiyh enerqy (even i f  t h e  f lavours 02 q and q1 or  q" are  t h e  

same t h e i r  col.ours shoulrl Se ciifferent and we have s t i l l  a11 exo t i c  

coloureil exchange). YJe have then t o  s u ~ ~ x  t he  3 2 roFa5 i l i t i e s  with 

- 
f = q , q' , qa' and t h e  Gensity rnatrix 02 t h e  l ead ins  baryon is siiaply : 

One has now t o  Zind a way of measuring these  haiirons polar i -  

zat ions.  The existence of a 1 = * I po la r i za t ion  of t h e  spin 'i meson 

can imtedia te ly  be seen i n  s t rong decays l i k e  P 2m , 
A 

W o r  A.; -' 377 , 1:' + KT , . . . e tc .  L e t  us c a l l  N ( R ~ , c ? ~ , )  t he  

--f 

ciirection with respect  t o  t h e  axis  of t h e  j e t  p e i t h e r  of t h e  
q 



.. ---- 
r e l a t i v e  momentum p - p:) OF the  2-body i'ina!. s take  or oE t h e  

* ,- 

. > 
norlnal- pi *' p j  t o  tlie plane of t11c 3-lsody Einal s t a t e  i n  t h e  meson 

r e s t  system ; t h e  f i n a l  a n a l y z i n ~  i n a t r i ~  is then : 

and t h e  anqular d i s t r i b u t i o n  of t h e  decay is  proportional  t o  

3 2 
TI( PA) = l ( p ( + - + ) + p ( - - ) )  s i n  'Qg f P(OO) cos gl i  

2 

- sinz.@ (Re o(-:-)cos :?C> + In,  P(+-) s i n  :CF ) 
11 17 N 

I 

- - " cos 29 (1- q(-;-O) cos + Im P(+O) s i n  TT 
,G N ' 1: 

- 'ie P(0-) cos :? - Iii P ( 3 - )  s i n  VB) . 
pr 

I n  t h e  case 0.5 an unpolarizei7. sp in  4 p a r t i c l e  Tr(Fnl) = f . In  t h e  
i 

case 01 a s p i n  'i p a r t i c l e  without longi tudinal  h e l i c i t y  : 

And i n  t h e  spec ia l  case of our j e t  erfiission : 

SO we have here a c lean t e s t  of t h e  n-echanism by ver i fy ing experi- 

mentally t h a t  t h e  angular d is t r ibuLion of t h e  decay >rror?ucts of a 

leadinc  sp in  : meson is in$-eed Fn sinz'@. with respect  t o  t h e  j e t  
I.? 

axis .  But we cannot measxe t h e  actual. degree of polar iza t ion 

= P - P -  i n  t h i s  way. This rerr_uires a par.:-ty v io la t ing  analy- 

zing matrj-x, i .e .  a weal: decay oP t h e  ha6ron. For exanl~ple i f  the  I-ep- 

-I- -. + - 
t o n i c  decay of t h e  v e c t o r  mesor- V -' + v( v) cot-lil he oI?served 

+ 
then t h e  forward-backward asymmetry i n  the  distrilou.tion vrould 

be exact ly  equal t o  t h e  degree of polar iza t ion 5 . 
This is a l s o  the  csse  of a baryon decaying weakly 

0 ( A  + p + IT- , z+ -+ p + n , . . . e t c )  where the  Zorward-bachard aspme- 

t r y  is exact ly  , a bein9 t h e  well-lcnown asymtnetry pararieter of 

non-1eptonj.c hyperons decayr5' ; t h i s  is proba3,ly t h e  bes t  experimental 

way of reaching t h e  a c t u a l  v a l u ~  of 7 . 



We have t o  d i s t ingu i sh  3 cases  of leading mesons : - - - - - *o 
t o p  l i k e  : n n ,  c c ,  tt , u c ,  ... e x :  $ , S , ... 

- - - - K * ~  
down l i k e  : dd , ss , bb , 6s  , ... e;: : V , , , ... 

- r 0 ( the  r,li:xed cases (un "x) / 1: 2 Like PO , r A,. , 

a r e  exactly obtained 3y averaqinq t h e  r e s u l t s  f o r  t o p  and f o r  down 

cases  ) . 
- - - - + "+ a+ <:+- 

charc;eG : :d , us  , ccl , cs , ... e:c : P , R , I) , P , .. . . 
In  the case 02 5aryons we consider f o r  b rev i ty  only t h e  

oos t  i n t e r e s t i n ?  cases A (ui!s) and. xi (uus) . 
The c o e f f i c i e n t s  of i n t e r e s t  f o r  using eq. (2) ,  ( 3 )  and ( 6 )  

a r e  given i n  t a b l e  I1 where we r e c a l l  f o r  comparison t h e  cases  of 

+ - - -; - ; L-kL,- 
neu t ra l  and charqecl leptons production e e + vv and e e 

The angular d is t r ibu. t ion of tile degree of polar iza t ion takes  t h e  gene- 

f 
r a l  f o m ~  i n  t h e  case of uiipolarized e beams : 

We show i n  f i q .  7 i ts  value Tor leptons, nssons and baryons f o r  

+ - 
e e energ.:-es %-& = 30, LO, 50, '. 00 and '-00 GeV assuntLnq ~n = 90 GeV 

2 
3 

and s in-@. = 0.2,': . 
ul 



, I- - 
I n  t h i s  case  oC i n i t i a l  unpolarized e Seams 5 is a l -  

ready non n e g l i g i j l e  a'c l e t r a  energies  and it reaches high values 

quickly beyond these  energies. 

Obviously Larcjer values of 5 can be obtained by polar i -  

j: 
zing longi tudinal ly  t h e  i n i t i a l  e 5eans ( i .  e. h = - 11' = * I )  s e e  

eq. ( 4 )  ; i n  such a case one has 5 1  = i i n  t h e  forward and back- 

ward d i rec t ions .  This could give a c l e a r  t e s t  of tile model. 

5 .  The quasi-;-body l i m i t  

A s  a final. remark we - t ry  t o  apply t h i s  h e l i c i t y  conserva- 

t i o n  lxechanism f o r  g e t t i n g  the  asymptotic behaviour or' the  guasi-2- 

+ - 
body production e e -: i I + H z .  '!e suppose t h a t  Ear alxve t h e  thresholcl 

(where pH >> n ) t h e  doxinant process is s t i l l  t h a t  of ifig. ( 4 )  
:I 

and t h a t  h e l i c i t y  conservation 02 t h e  quarks can again apply. Notice 

that c o n t r a r i l y  t o  t h e  general case  02 Sect. -2 one has here t o  aCcl 

t h e  two or  t h r e e  art:plitudes (and not the p r o b a 5 i l i t i e s )  taking i n t o  

account the  pecul iar  sp in  and Flavour colid3inations of t h e  If an6 3' 

quark bound s t a t e  wave f u n d i o ~ s .  Nevertheless t h e  predict ion of 

h e l i c i t y  conservation is -that -the f i n a l  s t a t e  ( H i 1 ' )  ran only be i n  

h e l i c i t y  s t a t e s  ( A H  = 0 , - - - + 1) o r  ( A  =j- '6 , = 0 ) .  
1-1 

This 

corresponds t o  the  f a c t  t h a t  a~y l~ lp tok ica l ly  

do + - - 
- dhl ( e  e c> I ~ H I ) &  - qq) which contains only ( 14-cos2@) 

terms and in ter ference  terms i n  cos @ 5ut no s in26 terms. 

+ - .  
The consequence is t h a t  o ( e  e sp in  0 -1- spin  O ) ,  ex : 

- I - -  + -  + - + - 
e e , 1 K , 3 , . and o ( e  e " s p i n  4 -I- spin  I), ex : - - + - .  + ,> ..* ,t <t 

e e '. P P- , I< I<" , D l? , . . . vanish more rap id ly  a t  high energy 

+ - + - 
than o ( e e  + s p i n  i + s p j n O ) ,  e x :  e e  "nw, .iin,ilI Pa, E') I a-• 

In acldition the  couplings t o  t h e  sp in  .E -I- s p i n  O s t a t e s  must be 

such t h a t  only hII = 0 and A = L appear. This is automatically 
11' 



rt + 
t h e  case f o r  vector couplinos -mT' (ex : Y + 1 + 0 , TTW, A, 6,. . .) 

j lV p3 
l i k e  E ~J,, a p  g ; but  f o r  a x i a l  cor~plings AYP 

+ T. 

(ex : Y -: 'i--+ 0'' , q.8 , ?c,  ... ) l i k e  

g l  (v.A~; -b V . 1  A . p  ) + q (V.pA A.pV - V.ApV.p ) t h i s  requires  a 
V V 2 - - A 

' 6  ! 
r e l a t i o n  hetween the  two couplings , e i t h e r  g ,  0 or a t  l e a s t  

These r e s u l t s  a r e  v a l i d  only aslm.r~totically, i .e .  far  above 

t h e  threshold  ; t h i s  is why the+,  a r e  d i f f e r e n t  from the  ones discussed 

* * *  
recen t ly  for t h e  D:/ DD̂  / D 73 r a t i o s  by many authorsr7' who used 

var ious  assu~n;ations about the 11eliciky a r~~pl i tudes  near threshold. 

This worlc has :]sen uncl.ertaken r?urinq t h e  L :PSU'ZIGii STUDY 

a t  Les Ho~~ches ( ' i97E) and benefiterl iron1 t h e  exci t ing atmosphere of 

this meetin?. 
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Figu re  1 : The jet development w i t h  a  l e ad ing  meson. 

F igure  2 : The jet development w i th  a  l e ad ing  baryon. 

F igure  4 : The quasi-2-body formation e'e- -+ H + H ' .  



Figure  3 : Angular d i s t r i b u t i o n  of degree 5 of p o l a r i z a t i o n  of f i n a l  l ep tons ,  
l e ad ing  mesons and baryons ( i n  t h e  ca se  of unpolar ized ef beams) : 

- l ep ton  R- --a ud mesons 
- 

. - - - - - - uu mesons - - - A (uds) 

. . . dd mesons - - - C (uus) 




