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ABSTRACT

H adronie  p ro d u c t io n  o f charm has  been  i n v e s t i g a t e d  u s in g  a n~ beam 

in c id e n t  on a n u c leo n  t a r g e t  a t  mcnsenta o f  200 and 250 OeV/c. At 200 

GeV/c th e  t o t a l  c r o s s  s e c t i o n  f o r  th e  p ro d u c t io n  o f ch arg ed  D* m esons. 

^olD**) + or(D*” ) j ,  was m easured to  be 8 .4  ± 2 .8  jib. At 250 GeV/c th e  

r e s u l t  was 0 .8  ± 2 . 9  pb . The average  o f  th e s e  v a lu e s .  4 .6  ± 2 .0  pb. 

co rre sp o n d s  to  a t o t a l  charm p ro d u c t io n  c r o s s  s e c t i o n  o f  8 .8  ± 3 .8  pb. 

R e s u l t s  a re  a l s o  r e p o r te d  on the  p r o d u c t io n  o f s t a t e s  t h a t  decay  i n t o  A  

-  n p a i r s .
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C h ap te r  I  
iNimooDcnoN

1 .1  WgY MEASURE CHARM PRODUCTION CROSS SECTIONS?

The t h e o r e t i c a l  m o t iv a t io n  f o r  th e  i n t r o d u c t i o n  o f charm i n  1970 was 

to  so lv e  a problem in  weak i n t e r a c t i o n  th e o r y .  S p e c i f i c a l l y ,  a f o u r th  

quark  f l a v o r  was in t r o d u c e d  to  e x p la i n  th e  s u p p re s s io n  o f s t r a n g e n e s s  

changing  n e u t r a l  c u r r e n t  i n t e r a c t i o n s  such as  th e  decay  — > pAp"

which v i o l a t e d  no known o r  p o s t u l a t e d  c o n s e r v a t io n  la w s .^  Today th e  

s tu d y  o f  charm p r o d u c t io n  in  h ad ro n -h a d ro n  i n t e r a c t i o n s ,  b o th  experim en­

t a l l y  and t h e o r e t i c a l l y ,  i s  aimed p r i m a r i l y  tow ard in c r e a s in g  o u r  under­

s ta n d in g  o f  th e  s t ro n g  i n t e r a c t i o n .  T h is  change i n  em phasis im p l ie s  no 

i ro n y  w h a tso e v e r .  R a th e r ,  i t  i s  a d i r e c t  r e s u l t  o f  th e  su c c e ss  of the  

d is c o v e ry  and i n t e r p r e t a t i o n  o f  th e  new p a r t i c l e s  in  c o n v in c in g  p h y s i ­

c i s t s  t h a t  th e y  were on th e  r i g h t  t r a c k  in  u n d e rs ta n d in g  th e  weak and 

e le c t ro m a g n e t ic  I n t e r a c t i o n s  and th e  s t r u c t u r e  o f had ro n s .

S e v e ra l  o th e r  developm ents  o f  th e  l a t e  1 9 6 0 's  and e a r l y  1970 ' s  were 

a l s o  r e s p o n s ib l e  f o r  th e  new s y n t h e s i s .  One was th e  SLAC-MIT e l e c t r o n  

on n u c leo n  deep i n e l a s t i c  s c a t t e r i n g  e x p e r im e n ts .  The dependence o f  the  

s c a t t e r i n g  am p li tu d e  o n ly  on th e  fo u r—momentum t r a n s f e r ,  known as 

B jorken  s c a l i n g ,  was i n t e r p r e t e d  as  ev idence  t h a t  the  nuc leon  c o n ta in e d  

f r e e  p o i n t l i k e  c o n s t i t u e n t s  which were g iv en  th e  name p a r to n s .  A nother 

developm ent was the  p ro o f  o f  th e  r e o o r m a l i x a b i l i t y  of non -A b e lian  quan­

tum gauge f i e l d  t h e o r i e s .  A t h i r d  was th e  d is c o v e ry  o f  weak n e u t r a l  

c u r r e n t  i n t e r a c t i o n s . %

^ S .L . Glashow, J .  I l i o p o u l t t s ,  and L. H a ia n i ,  Phys. Rev. D %, 1283
(1 9 7 0 ) .
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P r i o r  to  th e s e  d e v e l e v e n t s  d o u b ts  l i n g e r e d  o v e r  two o f  th e  most 

p ro m is in g  id e a s  o f  th e  p re v io u s  decad e . The weak i n t e r a c t i o n  was w e ll  

d e s c r ib e d  a t  low e n e r g ie s  by th e  o ld  f o u r - p o i n t  i n t e r a c t i o n  th e o r y  of 

Ferm i, b u t  t h a t  th e o ry  was known to  be in a d e q u a te .  Because th e  th e o ry  

d e s c r i b e s  a f o u r - p o i n t  i n t e r a c t i o n ,  th e  c ro s s  s e c t i o n  grows l i n e a r l y  

w i th  th e  c e n te r  o f  mass en e rg y :  a  -  o ' s .  B as ic  c o n s i d e r a t i o n s  o f  p o in t  

s c a t t e r i n g ,  however, show t h a t  th e  c ro s s  s e c t i o n  has  a u n i t a r i t y  bound 

w i th  a ~ 1 / s .  So a t  s — 1/G -  (500 OeV)^ th e  Fermi th e o ry  v i o l a t e s  u n i ­

t a r i t y .  An a t t r a c t i v e  model, w ith  th e  added f e a t u r e  o f  u n i fy in g  th e  de­

s c r i p t i o n  o f  th e  weak and e le c t ro m a g n e t ic  i n t e r a c t i o n s ,  was dev e lo p ed  by 

Weinberg^ and Salam .^ Aside fr<m be in g  a n o n -A b e lian  gauge th e o ry ,  whose 

r e n o r m a l i z a b i l i t y  was s t i l l  i n  q u e s t io n ,  t h i s  model a l s o  s u f f e r e d  fr«m 

th e  l i m i t a t i o n  t h a t  i t  o n ly  a p p l ie d  to  l e p t o n s .  Hadrons were ig n o re d .

The second id e a  d e a l t  w i th  the  s t r u c t u r e  o f  h a d ro n s .  The dynamics o f  

th e  s t r o n g  i n t e r a c t i o n  c o u ld  o n ly  be p a r t i a l l y  e x p la in e d  th ro u g h  use  of 

s e v e r a l ,  p u r e ly  phenom enolog ica l c o n c e p ts ,  b u t  the  sp e c tro s c o p y  o f the  

h ad ro n s  had been  s u c c e s s f u l l y  f i t  i n to  a model of meson and ba ryon  

s t a t e s  made up o f  a p p r o p r ia t e  co m b in a tio n s  o f  qua rks  and a n t iq u a r k s  

s e rv in g  as  r e p r e s e n t a t i o n s  o f  th e  L ie  group SU(3). I t  was n o t  c l e a r ,  

however, w he ther  th e  q u a rk s  were c o rp o re a l  e n t i t i e s  whose dynamics could  

be an a ly z e d  o r  on ly  m a th em atica l  c o n s t r u c t s .

^ The d e b a te  over how th e se  p ie c e s  f i t  t o g e th e r  j u s t  a t  th e  tim e th e  J / f  
was d is c o v e re d  i s  covered  i n  M.K. G a i l l a r d ,  B.V. Lee, and J .  R osner, 
Rev. Mod. P h y s . ,  H ,  277 (1 9 7 3 ) .

^ S. W einberg, Phys. Rev. L e t t . ,  ig ., 507 (1 9 6 7 ) .

* A. Salam in  gliqumilKZ PftRUfflg JhSSHJi' Prooeodiua#  a l  £ lb  Nobel g m -
oosium , e d i t e d  by N. S vartho lm  (S tockholm : A lm qvist and l i k s e l l , 1 9 6 8 )
p .  367 .
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The t i t l e  o f  th e  1970 G la sh o w -I l io p o o ln s -M a ia s i  p ap e r  was "Weak In ­

t e r a c t i o n s  w i th  LeptOtt-Hadron Symmetry." I t s  aim was t o  show t h a t  any 

model o f  th e  weak i n t e r a c t i o n s  a p p l i c a b l e  t o  l e p to n s  co n ld  a l s o  be ap­

p l i e d  t o  h ad rons  by t r e a t i n g  th e  qnarks  i n  th e  same manner as  th e  model 

i n  q u e s t i o n  d e a l s  w i th  th e  l e p t o n s .  I n s t e a d  o f c o n s t r u c t i n g  th e  weak 

c u r r e n t s  among th e  o bserved  h a d ro n s ,  th ey  were c o n s t r u c te d  among th e  

q u a rk s . An i n t e g r a l  p a r t  o f  th e  t r e a tm e n t  was th e  a d d i t i o n  o f  th e  charm 

quark  t o  be th e  p a r t n e r  in  a charge  c u r r e n t  i n t e r a c t i o n  o f  th e  s t r a n g e  

q u a rk ,  j u s t  as  th e  two d i f f e r e n t  n e u t r i n o s  were o f  th e  two charged  le p ­

to n s .

The e x c i tem e n t  over th e  d is c o v e ry  o f  th e  J / f  i s  r e a d i l y  u n d e rs ta n d a ­

b l e .  Once th e  charmonium s t a t e s  and s e v e r a l  b a re  charm s t a t e s  were d i s ­

covered  i t  became c l e a r  t h a t  th e  c l a s s i f i c a t i o n  o f  s t a t e s  under SU(3) 

symmetry co u ld  be ex tended  to  SU(4) ( a l b e i t  g r e a t l y  p e r tu rb e d  by the  

la r g e  mass o f  th e  charm q u a r k ) . The quark  model became almwst u n iv e r ­

s a l l y  accep ted . Quarks were gradually  i d e n t i f i e d  w ith  the partons in ­

f e r r e d  fr<m the  s c a l i n g  e x p e r im e n ts ,  and th e  Glashow-W einberg-Salam mod­

e l  became known as  th e  s ta n d a rd  m odel.

The su c c e ss  o f  a gauge th e o ry  in  d e s c r ib in g  th e  weak i n t e r a c t i o n  and 

in  u n i fy in g  i t  w i th  e lec tro m ag n e t ism  encouraged  th e  a t te a q i t s  t o  app ly  

s im i l a r  id e a s  to  th e  s t ro n g  i n t e r a c t i o n .  In  p a r t i c u l a r  i t  was what was 

known as  the  no n -A b e lian  n a tu r e  of th e  models t h a t  t h e o r i s t s  found most 

a t t r a c t i v e .  To u n d e rs ta n d  th e  c e n t r a l  f e a t u r e s  o f  th o se  t h e o r i e s  i t  i s  

i n s t r u c t i v e  to  w r i t e  down a model L ag ran g ian  d e n s i t y :
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The q ' s  r e p r e s e n t  th e  fe rm io n  f i e l d s ,  and th e  F* r e p r e s e n t s  th e  f i e l d  

s t r e n g t h  t e n s o r  o f  th e  in te r m e d ia r y  gauge b o so n s ,  a n a lo g o u s  to  th e  pho­

to n s  o i  QED. T h is  c l a s s  o f  L ag ran g ian  d e n s i t y  was f i r s t  s tu d ie d  by Yang 

and M i l l s  in  1954 .^  U n like  QED which c o n ta in s  o n ly  one gauge boson , a 

n o n -A b e lian  gauge th e o ry  r e q u i r e s  a s  many gauge bosons as  t h e r e  a r e  gen­

e r a t o r s  o f  th e  r e g u l a r  r e p r e s e n t a t i o n  o f  the  group u n d er  which th e  fun­

dam ental fe rm ions  t r a n s fo rm ,  and i t  must be i n v a r i a n t  under t ra n s fo rm a ­

t i o n s  o f  th e  form:

A (*) -  A *<*)|*— > U(x)A (x)D“^ (x )  + -^au <x)it p 2 p g p

q(x) — > U (x)q (x )

where th e  U 's  a r e  u n i t a r y  m a t r ic e s  which can  have d i f f e r e n t  v a lu e s  a t  

d i f f e r e n t  p o i n t s  in  s p a c e - t im e .^  That i s  what i s  meant by the  term  lo c a l  

gauge in v a r i a n c e .  In  o rd e r  to  in s u r e  t h i s  p r o p e r ty ,  in  a d d i t i o n  t o  the  

term s i n  th e  f i e l d  s t r e n g t h  t e n s o r  f a m i l i a r  from QED

P* -  a A* -  a A*}tn it n u p

t h e r e  i s  a term

abc^b ^c 
P n

where f*bc r e p r e s e n t s  th e  s t r u c t u r e  c o n s ta n t s  o f  th e  symmetric u n i t a r y  

group in  q u e s t i o n ,  and g i s  the  c o u p l in g  c o n s t a n t .  A nother way o f w r i t ­

ing t h i s  term  i s

5 C.N. Yang and R. M i l l s ,  Phys. Rev. 96 , 191 (1 9 5 4 ) .
^ The T m a t r i c e s  r e p r e s e n t  th e  a l g e b r a i c  s t r u c t u r e  of th e  symmetry

tro n p .
T«.T*>J -  i fb c Y C

o r  SUT2) th ey  a re  the  P a u l i  m a t r i c e s ;  fo r  SU(3) th e  Gell-Mann m a t r i ­
c e s .
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The commutator does n o t  v a n i s h :  t h i s  i s  th e  meaning o f  non-A hexian . 

T h is  e x t r a  te rm , a p ro d u c t  o f  th e  gauge f i e l d s  and co u p lin g  c o n s t a n t ,  

means t h a t  th e  gauge bosons i n t e r a c t  among th e m se lv e s .  D nlike th e  neu­

t r a l  p h o to n , th e y  a re  c h a rg ed .

When th e  fundam enta l L ag ran g ian  d e n s i t y  i s  r e c a s t  i n t o  i t s  phenomeno­

l o g i c a l  form , a p p e a l in g  consequences  emerge. For th e  weak i n t e r a c t i o n ,  

where th e  u n d e r ly in g  gauge group i s  SU (2), th e  s e l f  i n t e r a c t i o n  i s  i n t i ­

m a te ly  r e l a t e d  t o  th e  e x i s t e n c e  o f  e l e c t r i c a l l y  charged  weak bosons t h a t  

when r a d i a t e d  o r  absorbed  f l i p  th e  weak i s o s p i n  (o r  change th e  f l a v o r )  

o f  th e  fundam enta l f e rm io n s .  The m a t r ix  s t r u c t u r e  d o es ,  however, a l s o  

c a l l  f o r  a n e u t r a l  boson  w i th  th e  consequen t n e u t r a l  c u r r e n t  i n t e r a c ­

t i o n s .  I t  was t h e i r  p r e d i c t i o n  t h a t  was th e  m ajor trium ph o f the  

W einberg-Salam model.

There  a r e  charged  and n e u t r a l  bosons i n  th e  th e o ry  o f th e  s t ro n g  in ­

t e r a c t i o n  as v e i l ,  b u t  h e re  th e  most rem ark ab le  m a n i f e s t a t i o n  of the  

s e l f  i n t e r a c t i o n s  among th e  gauge bosons i s  a sy m p to t ic  f ree d tm . At v e ry  

s h o r t  d i s t a n c e s ,  o r  e q u i v a l e n t l y ,  a t  v e ry  l a r g e  momentum t r a n s f e r s ,  th e  

e f f e c t i v e  c o u p l in g  c o n s ta n t  o t th e  th e o ry  v a n ish e s  and th e  quarks  behave 

a s  i f  th ey  were f r e e ,  t h a t  i s ,  in  acco rd  w ith  th e  s c a l i n g  p r o p e r t i e s  of 

the  deep i n e l a s t i c  s c a t t e r i n g  e x p e r im e n ts .  T h is  p r o p e r ty  o f  the  th e o ry  

was d i s c o v e re d  th ro u g h  th e  a n a l y s i s  o f  th e  r e n o r m a l i z a t io n  group equa­

t i o n  f o r  th e  T an g -M ills  L a g ra n g ia n .^  S ev e ra l  h e u r i s t i c  e x p la n a t io n s  o f  

the  phenomenon e x i s t , b u t  none a re  c o n v in c in g .*

^ David J  Gross and Prank W ilczek , Phys. Rev. L e t t . , Jjg,, 1343 (1973);
H. David P o l i t z a r ,  Phys. Rev. L e t t . , iS., 1346 (1 9 7 3 ) .

* The p o p u la r  e x p la n a t io n  o f  an a n t i s c r e e n i n g  e f f e c t  due to  th e  r a d i a ­
t i o n  by th e  quarks  o f  some o f t h e i r  charge  i n  th e  form o f  g luons  f a i l s
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The f i e l d  t h e o r e t i c  d e s c r i p t i o n  o f  th e  s t ro n g  i n t e r a c t i o n  r e q u i r e s  

th e  s p e c i f i c a t i o n  o f  a d eg ree  o f  freedom an a lo g o u s  t o  charge  o r  f l a v o r .  

Throughout th e  1960 ' s  t h e r e  was m ounting ev id en ce  t h a t  th e  quarks  had an 

i n t e r n a l  d eg ree  o f  freedom which co u ld  tak e  on t h r e e  v a lu e s .  T h is  e x t r a  

degree  o f  freedm a, la b e le d  c o l o r ,  e x p la in e d  such  v a r i e d  phenomena a s  th e  

a p p a re n t  v i o l a t i o n  o f  th e  r e l a t i o n s h i p  between s p in  and s t a t i s t i c s  in  

hadron s p e c t ro s c o p y ,  th e  m is s in g  f a c t o r  o f  t h r e e  in  th e  c a l c u l a t i o n  of 

the  decay r a t e  o f  th e  n* i n t o  two p h o to n s ,  and th e  l a r g e  v a lu e  o f  R, th e  

r a t i o  o f  hadron  to  muon p ro d u c t io n  i n  e*e"" a n n i h i l a t i o n  e x p e r im e n ts .

The l a s t  o f  th e s e  examples i l l u s t r a t e s  th e  way d i f f e r e n t  s t r a n d s  con­

v e rg ed . The q u a n t i t y  R, which to  f i r s t  o rd e r  i n  QED i s  s im ply  th e  sum 

of the  sq u a re s  o f  th e  e l e c t r i c  ch a rg es  over a l l  th e  v a r i e t i e s  o f  q u a rk s ,  

was a l s o  c e n t r a l  to  th e  acc e p tan c e  o f  th e  quark  m odel. One co u ld  see  

c l e a r l y  th e  r i s e  i n  R beyond th e  charm th r e s h o ld  i n d i c a t i n g  t h a t  a new 

degree  of freedom was a v a i l a b l e .  L a te r  th e  anom alously  l a r g e  in c r e a s e  

in  E p ro v id ed  th e  f i r s t  c lu e  f o r  th e  e x i s t e n c e  of th e  t lop ton .®

The name c o lo r  i s  h ig h ly  s u g g e s t iv e .  I t  i s  a h id d en  d eg ree  o f  f r e e ­

dom; on ly  c o lo r  s i n g l e t  s t a t e s  a re  found in  n a t u r e .  In  th e  case  of 

baryons one can v i s u a l i z e  th e  th r e e  q u a rk s ,  each  o f  a d i f f e r e n t  p r im ary  

c o lo r ,  combining t o  form a w hite  o r  c o l o r l e s s  s t a t e .  By choosing  SDO) 

w ith  th e  t h r e e  r e p r e s e n t in g  th e  th r e e  quark  c o lo r s  to  be th e  L ie  group 

in  th e  T a n g -H i l l s  L ag ran g ian  and by d e n o tin g  th e  e i g h t  m s s s le s s  v e c to r  

gauge bosons as  g lu o n s ,  th e  g lue  h o ld in g  th e  h ad ron  t o g e t h e r ,  one a r -  

r i v e s  a t  quan tnsr-ch romodynamios (QCD), th e  le a d in g  c a n d id a te  f o r  a th e o -

to  take  i n t o  accoun t th e  f l a v o r  number dependence o f  the  e f f e c t .  A 
more s u i t a b l e  e x p la n a t io n ,  based  on an an a lo g y  to  m agnetism, can  be 
found l a  F . W ilczek , Ann. Rev. N uo l. and P a r t . S c i . 3 2 . ( t o  be pub­
l i s h e d )  .

® M artin  P e r l  in  Ann. Rev, og N uo l. and P a r t . S o i . , Vol, 30 ,  e d i t e d  by 
J .D . Jackson  Jki JÜL* (P a lo  A l to ;  Annual Reviews I n c . ,  1980) p . 299.



ry  d e s c r ib in g  th e  s t ro n g  i n t e r a c t i o n .

There  i s  a b ig  d i f f e r e n c e  betw een w r i t i n g  down a L a g ra n g ia n  which de­

s c r i b e s  u n o b serv ed , and p o s s i b l y  u n o b s e rv a b le ,  quarks  and making p r e ­

d i c t i o n s  t h a t  a re  e x p e r im e n ta l ly  v e r i f i a b l e ,  even g iv e n  th e  e x p e c t a t i o n  

t h a t  a sy m p to t ic  freedom  w i l l  p ro v id e  a domain where th e  c o u p l in g  con­

s t a n t  i s  sm all enough t o  make p e r t u r b a t i o n  th e o ry  u s e f u l .  I t  m ust a l s o  

be k e p t  i n  mind t h a t  much o f th e  s t r u c t u r e  o f  th e  con tem porary  quark  

model view o f  h ad ron  p h y s ic s  ( i n c lu d in g  th e  id ea  o f  had rons  composed o f  

v a len c e  quarks  su rrounded  by an e v e r  changing  sea  o f  q u a rk s , a n t iq u a r k s ,  

and g lu o n s )  s ta n d s  indep en d en t o f  QCD.

I t  i s  in  t h i s  c o n te x t ,  p o s s e s s in g  a c a n d id a te  s t ro n g  i n t e r a c t i o n  

th e o ry  b u t  w i th  many q u e s t i o n s  abou t th e  th e o ry  and ab o u t th e  n a tu r e  of 

hadrons  s t i l l  open, t h a t  we l i s t  s p e c i f i c  r e a s o n s  f o r  i n v e s t i g a t i n g  

charm p r o d u c t io n  u s in g  hadron  beams.

Under th e  assum ption  t h a t  th e  f r a g m e n ta t io n  o f  a charm (o r  o th e r  

heavy) quark  i n t o  an o b s e rv a b le  hadron  does l i t t l e  t o  a l t e r  th e  energy  

and momentum o f  t h a t  q u a rk ,  th e  o b s e r v a t io n  o f  charmed s t a t e  p ro d u c t io n  

ap p ro x im a tes  the  o b s e r v a t io n  of i n t e r a c t i o n s  a t  th e  quark  l e v e l .  Ihe  

v a l i d i t y  o f  p e r t u r b a t i v e  QCD p r e d i c t i o n s  o f  s t ro n g  i n t e r a c t i o n  dynam ics, 

as w e l l  a s  th e  v a l i d i t y  o f  o th e r  m odels , should  be t e s t a b l e  b ased  on 

m easurem ents o f  charm p r o d u c t io n .  These ex p e r im en ts  should  in c lu d e  b o th  

m easurem ents o f  t o t a l  charm p r o d u c t io n  and of charm p ro d u c t io n  as  a 

fu n c t io n  o f  such k in e m a tic  v a r i a b l e s  as  c e n te r  o f  mass e n e rg y , t r a n s ­

v e r s e  momentum, and r a p i d i t y .  In  t h i s  sense  m easu ring  charm p r o d u c t io n  

i s  u s e f u l  in  th e  same way as a re  e x p er im en ts  which m easure s in g le  p a r t i ­

c l e  p r o d u c t io n  a t  l a r g e  t r a n s v e r s e  momentum o r th o se  which m easure th e  

p r o p e r t i e s  o f  QCD j e t s .
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U n d ers tan d in g  th e  s p e c t ro s c o p y  o f  th e  charmed s t a t e s  i s  a s  im p o r ta n t  

as m easu ring  th e  r a t e  o f  charm p r o d u c t io n .  S p e c tro sco p y  i s  im p o r tan t  

b o th  i n  d e te rm in in g  w h e th er  a l l  th e  s t a t e s  p r e d i c t e d  by th e  SU(4) symme­

t r y  e x i s t  and i n  making q u a n t i t a t i v e  t e s t s  o f  p o t e n t i a l  models b a sed  on 

p e r t u r b a t i v e  QCD by m easuring  th e  t r a n s i t i o n s  among th e  s t a t e s .  So f a r  

no h a d r o t t i c a l l y  p roduced  charm s t a t e  has  e v e r  been  d e t e c t e d  t h a t  has  n o t  

been p r e v io u s ly  seen  i n  an e*e"  i n t e r a c t i o n .  T h is  i s  m a in ly  a r e s u l t  o t 

th e  h ig h  l e v e l  o f  th e  h a d ro n ic  background w hich overshadows charm p ro ­

d u c t io n  by a f a c t o r  o f  o r d e r  one thousand  making i t  h a rd  to  d e t e c t  a 

s t a t e  u n le s s  th e  e x p e r im e n te r  knows a p p ro x im a te ly  where to  look  and de­

s ig n s  th e  t r i g g e r  to  a c t  as  a f i l t e r  f o r  i t .  N o n e th e le s s ,  e x p e r im e n te rs  

have been u s in g  h ad ron  beams w i th  f i x e d  t a r g e t s ^ ^  to  s e a rc h  fo r  s t a t e s  

t h a t  do n o t  coup le  to  th e  pho ton  such as th e  , and th e r e  a re

p la n s  t o  ta k e  advan tage  o f  th e  a b i l i t y  o f  h ad ron  s to r a g e  r i n g s  to  p ro ­

v id e  a f i n e l y  tuned  beam of v a r i a b l e  energy  to  s e a rc h  f o r  charmonium 

s t a t e s  in  th e  n e a r  f u t u r e I f  th e  r e c e n t  measurements o f  large  charm 

c ro s s  s e c t i o n s  a t  th e  CESN ISS a re  c o n v in c in g ly  co n firm ed , hadron  beams 

may y e t  dom inate charm s p e c t ro s c o p y .

There  a r e  o th e r  m o t iv a t io n s  which do n o t  f i t  i n t o  th e  o v e r s im p l i f i e d  

scheme p r e s e n te d  so  f a r .  I t  would be i n t e r e s t i n g  to  see  w he ther the  

m ixing scheme r e p e a t s  i t s e l f  in  th e  D"-U*, p ro v id in g  a n o th e r  lab o ­

r a t o r y  in  which to  s tu d y  CP symmetry and i t s  v i o l a t i o n . A n o t h e r  sug­

g e s t i o n  i s  t o  e x p l o i t  th e  equa l s e m i le p to n ic  b ra n c h in g  f r a c t i o n  o f  the

A lf re d  Mike H a i l in g ,  Ph.D. t h e s i s .  P r in c e to n  U n iv e r s i t y ,  1982 (unpub­
l i s h e d )  .
0 .  B a s s m p i e r r e ,  t a l k  g iv e n  a t  XVII R encon tre  de M oriond, 
LAPP-EIP-82-02 ( t o  be p u b l i s h e d ) .
L im its  on D*-0*. mixing have been  r e p o r te d  by A. Bodek. gjt. JlI*» U. 
R o ch e s te r  r e p o r t  000-3065-315 ( t o  be p u b l i s h e d ) .

-  8 -



charm q u a rk  i n t o  e l e c t r o n s  and muons a s  a p o s s ib l e  source  o f  h ig h  energy  

e l e c t r o n  n e u t r i n o s  f o r  weak i n t e r a c t i o n  e x p e r im e n ta t io n .^ *

More p r o s a i c a l l y ,  u n d e rs ta n d in g  th e  dynamics o f  charm p ro d u c t io n

should  h e lp  in  d i s c o v e r in g  and m easu ring  th e  p r o d u c t io n  o f h e a v ie r  f l a ­

v o r  s t a t e s .  F i n a l l y ,  th e  l e v e l  o f  charm p ro d u c t io n  must be u n d e rs to o d  

b ecause  i t  i s  a background to  o th e r  i n t e r a c t i o n s .  Of most co n ce rn  a t

p r e s e n t  i s  th e  e x p e c ta t io n  t h a t  th e  1  and Z bosons w i l l  be d is c o v e re d

th rough  t h e i r  l e p t o n i c  d e ca y s ,  and charm (a long  w i th  b eau ty )  i s  th e

p r i n c i p a l  u n c a l i b r a t e d  com peting so u rce  o f  h ig h  t r a n s v e r s e  momentum le p ­

t o n s .

1 .2  MODELING HADBCmC CHAHM PRODUCTIF
Because the  charm quark  has  a mass o f  abou t 1 .5  GeV, a charmed s t a t e

can o n ly  be ob se rv ed  fo l lo w in g  a c o l l i s i o n  a t  r e l a t i v e l y  h ig h  en e rg y . 

The fundam enta l  q u e s t i o n  which a l l  t h e o r i e s  o f  charm p ro d u c t io n  most an­

swer i s  w he ther th e  c o l l i s i o n  c r e a t e s  th e  charm q u a rk  and a n t iq u a r k  o r  

w hether they  a re  a l r e a d y  p r e s e n t  in  the  sea  and a re  l i b e r a t e d  in  the  

c o l l i s i o n .  I t  w i l l  be shown t h a t  th e s e  two p o s s i b i l i t i e s  isq)ly  d i f f e r ­

e n t  d i s t r i b u t i o n s  in  energy  and momentum of th e  charmed q u a rk s  emerging 

from th e  i n t e r a c t i o n .

As s t a t e d  in  th e  l a s t  s e c t i o n ,  th e  d e t e c t i o n  o f  charmed h ad rons  ap­

p ro x im ate s  the  d e t e c t i o n  o f  th e  emerging heavy quarks  whose k iB em atic  

d i s t r i b u t i o n s  can be p r e d i c t e d  by th e  th e o ry .  U n fo r tu n a te ly ,  th e  coar- 

p le x  s t r u c t u r e  o f  b o th  th e  i n i t i a l  and f i n a l  s t a t e  hadrons has  so f a r  

p rev en ted  c a l c u l a t i o n s  o f  charm p ro d u c t io n  c ro s s  s e c t io n s  more p r e c i s e  

than  to  w i th in  a f a c t o r  o f  t e n .  In  f a c t  moat models o f  charm p ro d u c t io n  

were c r e a t e d  to  e x p la i n  e x p e r im e n ta l  r e s u l t s ,  and agreem ent between e x -

F erm ilab  p ro p o sa l  625. V.Y. Lee, spokesman.
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p é r im e n t  and th e o r y  i s  g e n e r a l ly  a r e s u l t  o f  th e  tu n in g  o f  th e  parame­

t e r s  o f  th e  th e o r y .  To see  why t h i s  i s  th e  c a se  i t  i s  i n s t r u c t i v e  to  

o u t l i n e  w i t h i n  th e  framework o f  QCD how charm p ro d u c t io n  c r o s s  s e c t io n s  

a re  e s t im a te d .

S e v e ra l  a ssu m p tio n s  must be made a t  th e  s t a r t .  I h e  manentum t r a n s f e r  

i n  th e  charm p ro d u c in g  o r  l i b e r a t i n g  i n t e r a c t i o n s  i s  h ig h  enough so t h a t  

o n ly  th e  lo w e s t  o rd e r  QCD Feynman d iagram s need be c o n s id e re d .  The 

heavy q u a rk s  r e s u l t i n g  from th e  i n t e r a c t i o n  w i l l  a lm ost always evo lve  

in to  a p a i r  o f  had rons  one w i th  charm +1 and th e  o th e r  w i th  charm - 1 ;  a 

bound, h id d e n  charm s t a t e ,  such as  th e  J / f .  i s  formed o n ly  when th e  in ­

v a r i a n t  mass o f  th e  ccT p a i r  i s  below th e  t h r e s h o ld  f o r  DD p ro d u c t io n .  

In  th e  f r a g m e n ta t io n  o f  the  charm quark  i n t o  h a d ro n s ,  th e  i n t e r a c t i o n s  

r e q u i r e d  t o  e s t a b l i s h  th e  c o lo r  n e u t r a l i t y  o f  th e  f i n a l  s t a t e  a re  domi­

n a ted  by i n t e r a c t i o n s  among low en e rg y  g luons  which do n o t  im part s ig ­

n i f i c a n t  momentum to  th e  heavy q u a rk s .  Taken to g e th e r  th e se  assum ptions  

a re  a more p r e c i s e  statm aem t o f  th e  u n d e r ly in g  b e l i e f  t h a t  o b se rv in g  

charmed h ad rons  i s  l i k e  o b se rv in g  charm q u a rk s .  They a l s o  imply t h a t  

p r e d i c t i o n s  can o n ly  be made o f  th e  t o t a l  charm c ro s s  s e c t i o n  and n o t  of 

th e  c r o s s  s e c t i o n s  f o r  th e  p r o d u c t io n  o f p a r t i c u l a r  s t a t e s .

At a c e n t e r  o f  mass en erg y  squared  s .  th e  t o t a l  charm p ro d u c t io n  

c ro s s  s e c t i o n  in  a c o l l i s i o n  betw een hadron  A and hadron  B can be ex­

p re s s e d  a s :

s ) “  ^  //dX jdx jO ^  , ( s ' ) f ^ * ( x i , Q  ) f ^ ^ ( x , ,Q  ) /< x ^ x , )  ( 1 .1 )

The s u b s c r i p t s  1 and 2 r e f e r  to  a quark  o r  g luon  from hadron  A and B re ­

s p e c t i v e l y .  The summation i s  ov e r  a l l  the  d i s t i n c t  su b p ro c esse s  co n -
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t r i b n t i a g  t o  c h a r s  p ro d u c t io n .  The f  f u n c t io n s  a re  th e  p r o b a b i l i t y  o f  

f in d i n g  w i t h i n  each  h ad ro n  a q u a rk  o r  g luon  w i th  th e  f r a c t i o n a l  lo n g i tu ­

d in a l  n o s e n tu a  z when e z a a in e d  w i th  a probe o f momentum t r a n s f e r  Q*.

o i . a ( s ' )  i s  th e  square  of th e  QCD m a t r ix  e lem ent f o r  the  su b p ro cess  

where s* i s  a f u n c t io n  o f  s ,  x i .  and x s .

The lo w es t  o r d e r  QCD p ro c e s s e s  a r e  i l l u s t r a t e d  in  F ig u re  1 .  where q 

s tan d s  f o r  any l i g h t  ( in c lu d in g  s t r a n g e )  quark , g r e p r e s e n t s  a g lu o n , 

and o d e n o te s  a charm q u a rk .  They d e s c r ib e  b o th  th e  c r e a t i o n  o f  th e  

charmed p a i r :  qq — > oc and gg — > c o ,  and th e  e x c i t a t i o n  o r  l i b e r a t i o n  

of the  charm q u a rk :  qc — > qc and gc — > gc .

In  th e  case  o f  f l a v o r  c r e a t i o n  s '  -  x ix s s  and th e  domain o f  i n t e g r a ­

t i o n  i s  th e  r e g io n  where s '  > (Z sg )^ .  Charmonium s t a t e s  a re  c r e a te d  

p r i n c i p a l l y  in  th e  s u b s e t  o f  t h a t  r e g io n  where s ’ < (2sg))^. For th e  

f l a v o r  e x c i t a t i o n  d iag ram s th e  r e l a t i o n s h i p  between s ’ and th e  x ^ ’ s i s  

co m p lica ted  by th e  m ass iv en ess  o f  the  i n t e r a c t i n g  charm quark  and may be 

tak en  to  be s '  = xxxas +

W ithout do ing  any c a l c u l a t i o n s  we can e x t r a c t  from E q u a tio n  (1 .1 )  in ­

fo rm a tio n  on which mechanism dom ina tes  charm p r o d u c t io n .  The e a r l i e s t  

models*^^ ignored  th e  m a t r ix  e lem en t and t r i e d  to  d e s c r ib e  charm produc­

t i o n  as a probe o f th e  charmed s e a .  making e s t im a te s  b ased  on e x t r a p o la ­

t i o n s  o f  s t r a n g e n e s s  p r o d u c t io n .  In  term s o f  E q u a tio n  ( 1 . 1 ) .  they  con­

c e n t r a t e d  on o n ly  f ° .  A n a ly s is  o f  th e se  p a r to n  d e n s i t y  fu n c t io n s  based  

on deep i n e l a s t i c  s c a t t e r i n g  ex p e r im en ts  c o n t r a d i c t e d  t h i s  e x p la n a -  

t i o n .^ *  The i n f e r r e d  charm s t r u c t u r e  f u n c t io n s  were too  sm all to  accoun t

D. S iv e r s .  N ucl. Phys. fflM » 95 (1 9 7 6 ) .  (121%); N. I s s u a a i S  i M
I-M . P a i l l a r d , m & i .  S M »  334 (1976); A. Donnachie and P.V.
U n d s h o f f .  N ucl. Phys. B112 233 (1 9 7 6 ) .
The s t r u c t u r e  f u n c t io n s  were d e te rm ined  by A. Boras and K .J .F .  Gaem-
e r s .  Nuol. Phys. B132. 249 (1978);  The a p p l i c a t i o n  to  charm was by
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LOWEST ORDER QCD CHARM PRODUCTION PROCESSES

: x :
a) quark annihilation

c

b) gluon fusion

:x
c) quark excitation

F ig u re  1: Lowest O rder QCD Cherm P ro d o o tio n  P ro c e s se s
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f o r  J / f  and prompt l e p to n  p r o d u c t io n .  T h is  f a i l u r e  l e d  t h e o r i s t s  to  

c o n c e n t r a te  on th e  f l a v o r  c r e a t i o n  p r o c e s s e s  and fo r c e d  th e  a p p l i c a t i o n  

o f  QCD.l*

The n ex t q u e s t i o n  was w he ther  i t  was l i g h t  quark  a n n i h i l a t i o n ,  the  

QCD an a lo g  o f  th e  D r e l l  Yan mechanism o f  l e p to n  p a i r  p ro d u c t io n  i n  Q ^ ,  

o r  g lu o n -g lu o n  f u s io n  which dom ina ted . A gain , th e  answer c o u ld  be de­

te rm ined  w i th o u t  c a l c u l a t i n g  th e  m a t r ix  e le m e n ts .  The ob se rv ed  a n g u la r  

d i s t r i b u t i o n  o f  muon p a i r s  from J / f  decay  c o n t r a d i c t s  th e  model o f  7 / f  

p ro d u c t io n  dom inated  by l i g h t  q u a rk  a n n i h i l a t i o n . I t  was a l s o  known 

t h a t  h a l f  th e  momentum o f  a p r o to n  was c a r r i e d  by th e  g lu o n s .  T h is  l e d  

one group t o  th e  c o n c lu s io n  t h a t  g luon  f u s io n  was the  dominant charm 

p ro d u c t io n  mechanism in  p r o to n - n n c le o n  i n t e r a c t i o n  t o  th e  e x c lu s io n  o f 

the  o t h e r s ,  and t h a t  the  dominance would in c r e a s e  w i th  th e  beam e n e rg y .  

In  a n t i c i p a t i o n  o t  f u tu r e  charm m easurements th e y  p r e s e n te d  th e  f i r s t  

c a l c u l a t i o n  o f  th e  gg — > cc c o n t r i b u t i o n  to  h ad ro n io  charm produc­

t io n .^®

A more d i r e c t  t e s t  o f  which mechanism dom inates  would be to  compare

the  r a t i o  o f  J / f  p ro d u c t io n  u s in g  a n t i p r o t o n  o r  p io n  beams, which have

v a len c e  a n t i q n a r k s ,  w i th  t h a t  u s in g  a p ro to n  beam. A s im ple  a n a l y s i s  o f

J / y  p ro d u c t io n ^ *  a t  th e  SPS shows t h a t  w i th

B.L. I o f f e ,  Phys. Rev. L e t t . ,  35.* 1389 (1 9 7 7 ) ;  and by V.A. Novikov, 
jJL-# Annals o t  P h y s ic s ,  105 . 276 (1 9 7 7 ) .

One o f th e  r e l a t i v e l y  e a r l y  QCD p a p e r s ,  B.L. Combridge, Nuol. Phys. 
B151. 429 (1 9 7 9 ) ;  d id  s t r e s s  th e  e x c i t a t i o n  d iag ram s, b u t  s in c e  he 
used th e  Bnras-Gaemers p a r a m e te r i z a t i o n s ,  t h e i r  r e l a t i v e  c o n t r ib u ­
t i o n  was n o t  l a r g e  a t  th e  e n e r g ie s  o f  th e  con tem porary  charm s e a rc h ­
e s .

B.L. I o f f e ,  p £ .  c i t . . r e f e r e n c e  15 .

H.M. G eo rg i ,  i l .  i i * *  Annals o f  P h y s ic s ,  114. 273 (1 9 7 8 ) .

J .  B ad ie t  â i - * ? r99ff9d lB if  a £  5  l a t f n u t i o t t t i  Saa lf iaaf tA  
SR M lk  M m k j  EàXâiSâ* ü â â â ia a *  f i t o o a a i a . 1980, e d i t e d  by L. Durand 
and L.G. Pondrcm (New York: American I n s t i t u t e  of P h y s i c s ,1981)
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R{x) » ( d a / d x ) - / ( d a / d x )  •  2 .0  a t  x ■ 0 
P P

and u s in g  s t r u c t u r e  f u n c t io n s  d e r iv e d  from th e  CDHS e x p er im en t ,  in  p ro ­

to n -n n c le o n  i n t e r a c t i o n s  g lu o n  f u s io n  a c c o u n ts  f o r  69 p e rc e n t  o f  th e  J / f  

p ro d u c t io n  and i n  a n t i p r o t o n -  n u c le o n  i n t e r a c t i o n s  f o r  35 p e r c e n t .  Thus 

b o th  p r o d u c t io n  mechanisms c o n t r i b u t e  s i g n i f i c a n t l y .  Even b e f o r e  t h i s  

was made c l e a r ,  many a u th o r s  in c lu d e d  b o th  mechanisms i n  t h e i r  c a l c u l a ­

t i o n s .

In  o rd e r  to  a p p r e c i a t e  th e  d i f f e r e n c e s  among th e  v a r io u s  c r o s s  sec ­

t i o n  c a l c u l a t i o n s ,  one needs  to  examine th e  te rm s i n  E q u a tio n  (1 .1 )  i n  

more d e t a i l .  The co m p u ta t io n  o f  th e  d iagram s i n  F ig u re  1 a re  s t r a i g h t ­

fo rw ard  a p p l i c a t i o n s  o f  th e  QCD Feynman r u l e s ,  though th e  summations 

over the  f l a v o r  and c o lo r  in d i c e s  make them more co m p lica ted  th a n  t h e i r  

Q£D c o u n t e r p a r t s . 21 The u n c e r t a i n t i e s  a r i s e  in  choosing  what v a lu e s  to  

use fo r  A  and ng in  th e  -exp ress ion  f o r  the  s t ro n g  c o u p l in g  c o n s ta n t

u^= 12j i / [ (32 -n ^) log (Q */A )]

and in  th e  ch o ice  o f  th e  charm q u a rk  m ass, m^.

The p a r to n  d e n s i t y  f u n c t io n s  a r e  more d i f f i c u l t  to  h a n d le .  R e c a l l  

t h a t  a s  Q* i n c r e a s e s ,  th e  e f f e c t i v e  c o u p l in g  c o n s ta n t  grows s m a l l e r ,  a l ­

lowing th e  r a d i a t i o n  o f  ever s o f t e r  g luons  and v i r t u a l  q u a rk  a n t i - q u a r k  

p a i r s ,  r e v e a l in g  s u c c e s s iv e  l a y e r s  o f  h ad ro n ic  s t r u c t u r e .  The momentum

p . 201.

2^ The e a r l i e s t  p u b l i s h e d  c a l c u l a t i o n  o f  th e  q% — > c?  m a tr ix  e lem ent i s  
J .  Babcock, D. S i v e r s ,  and S. Wolfram, Phys. Rev. D 1&, 162 (1 9 7 8 ) .  
O ther r e p r e s e n t a t i v e  p a p e rs  in c lu d e  C.E. C a r lso n  and R. Suaya, Phys. 
L e t t .  S ü ,  329 (1979);  R. Winder and C. M ichae l,  N ucl. Phys. B173. 
59 (1980);  and Ï .  Afek, C, L eroy , and B. M a rg o l is ,  Phys. Rev. D 2 2 . 
86 (1 9 8 1 ) .

2^ For a com prehensive rev iew  of QCD see W. M arciano and H. P a g e ls ,  Phy­
s i c s  R e p o r ts ,  36C. 137 (1 9 7 8 ) .
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of the  had ro n s  mnst be p a r t i t i o n e d  among th e  e v e r  growing number o f  p a r ­

t o n s ,  s u b j e c t  o n ly  to  th e  c o n s t r a i n t  o f  t o t a l  momentum c o n s e r v a t io n :

^ ^ d x x Q  f * ( z ,Q  ) j  -  0 .

QCD p r e d i c t s  th e  e v o lu t io n  o f  th e  p a r to n  d e n a i t i e s  a s  Q* i n c r e a s e s  once 

they  a re  known a t  some Q#*, b u t  t h e i r  v a lu e s  as f u n c t io n s  o f z must be 

p a ra m e te r iz e d  on th e  b a s i s  o f  e x p e r im e n ts .

The two s o r t s  o f  ex p e r im en ts  from which t h i s  in fo r m a t io n  i s  e x t r a c t e d  

a re  deep  i n e l a s t i c  l e p to n -n n c le o n  s c a t t e r i n g  and (D re ll-Y an )  le p to n  p a i r  

p ro d u c t io n  in  h a d ro n -h a d ro n  c o l l i s i o n s .  Deep i n e l a s t i c  s c a t t e r i n g  w i th  

n e u t r in o s  p ro b e s  th e  quarks  i n  a n u c leo n  w i th  th e  weak c u r r e n t ;  s c a t t e r ­

ing w ith  e l e c t r o n s  o r  muons o r  m easuring  l e p to n  p a i r  p ro d u c t io n  i n  ha­

d ro n ic  c o l l i s i o n s  p ro b es  th e  quarks  w i th  th e  e le c t ro m a g n e t ic  c u r r e n t .  

By m easuring  th e  k in e m a t ic  d i s t r i b u t i o n s  o f th e  l e p to n s ,  one can i n f e r  

those  o f  th e  quarks  w i th  which th ey  i n t e r a c t e d .  In  e i t h e r  case  th e  

gluon# a re  i n v i s i b l e  to  the  p ro b in g  i n t e r a c t i o n ,  and t h e i r  d i s t r i b u t i o n  

i s  assumed to  be th e  c<mplement o f  what i s  o b se rv ed .

In  s o r t i n g  o u t  how much each  q u a rk  c o n t r i b u t e s  t o  th e  t o t a l  momentum, 

more assum ptions  must be made. For a n o n s t ra n g e ,  noncharmed had ro n , th e  

v a len c e  quarks  a r e  a t  any Q* a l l  a s s ig n e d  th e  same momentum f r a c t i o n .  

The v a len c e  quarka  a re  what i s  r e f e r r e d  t o  as  i n t r i n s i c  components o f  

the  h a d ro n s .  T ha t means a s  Q* goes to  0 , a l l  th e  f ^ ' s  v a n is h  e x c e p t  f o r  

those  r e p r e s e n t i n g  th e  v a le n c e  q u a rk s .  Host charm p ro d u c t io n  c a l c u l a ­

t i o n s  t r e a t  th e  v a le n c e  q u a rk s  i n  acco rd  w i th  the  t r a d i t i o n a l  e i g h t - f o l d  

way. fo r  example th e  p ro to n  i s  a s s ig n e d  uud w i th  / f® (x ,0 )d x  « 2 /3  and 

/ f ‘*(z.O)dx -  1 /3 .
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I ,

One e x c e p t io n  to  t h i s  consensus  i s  th e  group p ro p o s in g  th e  n o t io n  o f  

i n t r i n s i c  c h a rm .22 o rd e r  to  e x p la i n  th e  o b s e r v a t io n  o f  u n e x p e c te d ly

la rg e  charm p ro d u c t io n  c ro s s  s e c t i o n s  a t  th e  CERN ISK w i th  th e  charmed 

p a r t i c l e s  c a r r y in g  l a r g e  f r a c t i o n s  o f  th e  l o n g i t u d i n a l  momentum, th ey  

c o n s id e r  th e  p r o to n  # t  Q* -  0 t o  be a s u p e r p o s i t i o n  o f  s t a t e s  such as 

tuud>, iuudg>, |uudd3>, w i th  a component in  tuudcc> o f  o r d e r  two p e r c e n t .  

T h is  model, w i th  i t s  v e ry  low e f f e c t i v e  t h r e s h o ld  i n  Q*. f o r  charm evo­

l u t i o n ,  has consequences  beyond charm p ro d u c t io n  i n  h a d ro n -h a d ro n  i n t e r ­

a c t i o n s .  I t  has  been  a p p l ie d  t o  e x p la i n  th e  anom alously  sm all s c a l e  

b re a k in g  in  r e c e n t  r e s u l t s  i n  p-N deep i n e l a s t i c  s c a t t e r i n g  r e s u l t s  o f  

the  European Muon C o l l a b o r a t i o n .23 I t  i s ,  however, u n s u c c e s s f u l  i n  ex­

p la in in g  th e  t o t a l  dimuon c ro s s  s e c t i o n  m easured  i n  th e  same e x p e r i ­

m e n t.2*

The quarks  i n  th e  sea  a r e  known a s  th e  e x t r i n s i c  q u a rk s .  At v e ry  

h ig h  Q* we e x p ec t  th e  q u a rk  sea  to  be symmetric i n  SD(N) where N i s  th e  

number o t f l a v o r s .  In  m odeling  t h e i r  momentum d i s t r i b u t i o n ,  th e  main 

c o m p lic a t io n  i s  in  d e te rm in in g  a t  what Q* th e  SD(N) f l a v o r  symmetry 

b reaks  down. O bv iously  f o r  Q* l e s s  th a n  (2sig)2 t h e r e  w i l l  be no charm 

quarks  in  the  s e a ,  and th e  s i t u a t i o n  i s  s i m i l a r  f o r  b o th  s t r a n g e n e s s  and 

the  heavy f l a v o r s  beyond charm. Those c a l c u l a t i o n s  which s t r e s s  th e  

charm e x c i t a t i o n  d iag ram s and w hich do n o t  r e l y  on i n t r i n s i c  charm a re  

v e ry  s e n s i t i v e  to  th e  way f®(x,Q*) t u r n s  on . The e x t r i n s i c  quarks  a r e  

expec ted  t o  have on ly  a v i r t u a l  e x i s t e n c e ,  and t h e r e f o r e  have  a f r a c -  

t i o n a l  l o n g i t u d i n a l  momentum peak in g  n e a r  x * 0 .  The same h o ld s  t r u e

22 S . J .  Brodsky, P . Boyer, C. P e te r s o n ,  and N. S a k a i ,  Phys. L e t t .  93B.
451 (1 9 8 0 ) .

23 D.P. Roy. Phys. Rev. L e t t .  4 1 ,  213 (1 9 8 1 ) .
2A J . j .  A nbert jJL. (European Muon C o l l a b o r a t io n )  (3EHN-EP/81-161 ,

1981 ( t o  be p u b l i s h e d ) .
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fo r  th e  h a rd  g luons  which c o n v e r t  i n t o  ch arm -an tich a rm  p a i r s .  T h is  i s  

what le a d s  most c a l c u l a t i o n s  t o  p r e d i c t  c e n t r a l  p r o d u c t io n .

One model t h a t  c h a l l e n g e s  t h i s  a ssu m p tio n  i s  known as  th e  e x t r i n s i c  

charm model^S which was a l s o  in v e n te d  to  e x p la i n  th e  ISR d a t a .  This  

model supposes t h a t  a t  Q* "  ( 2mq)2 when th e  charm q u a rk  s t a r t s  t o  ap p ea r  

i n  th e  s e a ,  th e  c o n s t r a i n t  t h a t  th e  c o n s t i t u e n t s  rem ain  bound w i t h i n  th e  

hadron im p l ie s  t h a t  th e  charm a n t i - c h a rm  p a i r s  t r a v e l  w i th  th e  same ve­

l o c i t y  a s  th e  v a le n c e  q u a rk s . Because o f  t h e i r  l a r g e  m ass, th e s e  qua rks  

c a r r y  most o f  th e  momentum o f  th e  h a d ro n .  The charm q u a rk s  w i l l  th en  

fragm ent i n to  h ad ro n s  a t  r e l a t i v e l y  l a r g e  x .  As Q* c o n t in u e s  to  grow, 

more c o n s t i t u e n t s  w i l l  be a b le  t o  s h a re  th e  momentum, and th e  peak  o f  

th e  f r a c t i o n a l  l o n g i t u d i n a l  momentum d i s t r i b u t i o n  o f th e  charm quarks  

w i l l  e v e n tu a l ly  app roach  x -  0 .  T ha t i s ,  c e n t r a l  p r o d u c t io n  w i l l  domi­

n a te  n e a r  t h r e s h o ld  and a t  v e ry  h ig h  e n e r g i e s ,  b u t  i n  an  in te r m e d ia te  

re g io n  fo rw ard  p r o d u c t io n  w i l l  d o m ina te .

The w>st r e c e n t  c a l c u l a t i o n s  u s e ,  in  a d d i t i o n  t o  th e  d e n s i t y  func­

t i o n s  p a ra m e te r iz e d  from e x p e r im e n ta l  d a t a ,  d e t a i l e d  QCD c a l c u l a t i o n s  o f  

t h e i r  e v o lu t io n  and o f  th e  i n i t i a l  and f i n a l  s t a t e  i n t e r a c t i o n s  u s in g  

Monte C ar lo  t e c h n iq u e s .23 Xhe i n i t i a l  m o t iv a t io n  f o r  t h i s  work was to  

t e s t  th e  e x t r i n s i c  charm h y p o th e s i s ,  b u t  th e  te c h n iq u e s  a re  much more 

w ide ly  a p p l i c a b l e .

The t h e o r e t i c a l  u n d e rs ta n d in g  o f  h ad ro n ic  charm p ro d u c t io n  can  be 

summarized as f o l l o w s .  P r e s e n t  t e c h n i q w s  a re  l i m i t e d  t o  rough  e s t i ­

mates o f  th e  t o t a l  charm p ro d u c t io n  c ro s s  s e c t i o n .  I n d iv i d u a l  charmed

23 V. B arg er ,  F. E a lz en .  and W.Y. Keung, Phys. Rev. D 2 4 , 1428 (1 9 8 1 ) .
23 R. O dorico . U n iv e r s i ty  o f  Bologna R eport  IFUB 8 2 /3 ,  1982 ( t o  be pub­

l i s h e d ) ;  P. M azzanti and S. Wada, U n iv e r s i ty  o f Bologna R ep o r t  8 2 /9 ,  
1982 ( to  be p u b l i s h e d ) .

-  17 -



S ta te s  canno t be han d led  s e p a r a t e l y .  QCD charm c r e a t i o n  mechanisms a re  

s u f f i c i e n t  t o  e x p la i n  bound and open charm p r o d u c t io n  a t  SPS and FNAL 

e n e r g ie s  ( e x c e p t in g  th e  r e s u l t s  o f  one exper im en t t o  be d e s c r ib e d  in  th e  

n ex t s e c t i o n ) .  F la v o r  e x c i t a t i o n  p ro c e s s e s  a re  n e c e s s a ry  to  e x p la in  th e  

r e p o r te d  in c r e a s e  i n  c ro s s  s e c t i o n  a t  ISR e n e r g i e s .  F u tu re  work in  t h i s  

s u b j e c t  must ta k e  i n t o  more c a r e f u l  accoun t th e  mechanisms by which a 

s in g le  quark  becomes a had ro n .

1 .3  IRE EXPERIMENTAL SITPATION

Although th e  c r o s s  s e c t i o n  f o r  th e  p ro d u c t io n  o f open charm i s  much

g r e a t e r  th a n  t h a t  o f  th e  bound charm s t a t e s ,  d e t e c t i n g  open charm has  

been much more d i f f i c u l t .  U nlike th e  J/Tf w i th  i t s  e a s i l y  observed  de­

cays in to  o p p o s i t e ly  charged  l e p to n  p a i r s ,  decays  of open charm s t a t e s  

produce had rons  which b le n d  i n t o  th e  la r g e  c o m b in a to r ia l  background . 

Six y e a r s  a f t e r  th e  d is c o v e ry  o f  open charm i n  e+e" i n t e r a c t i o n s , 27 th e  

,1  p i c t u r e  o f  h ad ro n ic  charm p r o d u c t io n  i s  s t i l l  f rag m e n ta ry .

' ÎI Three b a s ic  e x p e r im en ta l  te c h n iq u e s  a re  maployed. They a re  m easuring

th e  r a t e  o f  prompt s in g le  l e p to n  p ro d u c t io n  in  h ad ro n -h ad ro n  c o l l i s i o n s ,  

v i s u a l l y  o b se rv in g  th e  t r a c k s  o f  p a r t i c l e s  w i th  l i f e t i m e s  o f  s e v e r a l  

t e n th s  o f  p ic o seco n d s  in  a bubble  chamber, s t re am e r  chamber, em uls ion , 

o r  s i l i c o n  d e v ic e ,  and s e a rc h in g  f o r  enhancements i n  i n v a r i a n t  mass d i s ­

t r i b u t i o n s  o f  th e  ex p ec ted  decay p ro d u c ts  o f  s t a t e s  c o n ta in in g  a charm 

q u a rk .  The c o n t r i b u t i o n  o f  each  o f  th e se  ty p es  o f ou r e x p er im en ts  to  

th e  c u r r e n t  u n d e r s t a nding i s  o u t l i n e d  b e l o w .2®

27 For a rev iew  see Gerson G oldhaber and James E. Wiss in  Ann. Rev, o f  
N uol. and F a r t . S o l . , Vol. 30 , e d i t e d  by J .D .  Jack so n  £ l>  (P a lo  
A lto :  Annual Reviews I n c . ,  1980) p . 337 .

2® I  have r e l i e d  h e a v i ly  on th e  fo l lo w in g  s e t  o f  rev iew s:  Clemens A.
Reusch in  P roceed ing#  s i  .Samfii: I n s t i t u t e  s r  P a r t i c l e  P h v i i c s . 8LAC, 
1981, e d i t e d  by Anne Mosher (S ta n f o rd :  SLAG, 1982) p .  195; F ra n c is
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Prompt l e p to n  exper im en t*  m easnre charm by d e t e c t i n g  th e  l e p to n s  p ro ­

duced i n  th e  weak decay  o f  charmed h a d ro n s .  At b e s t  th e y  o n ly  p ro v id e  

i n d i r e c t  in fo r m a t io n  on th e  charm c r o s s  s e c t i o n ,  f o r  t h e r e  i s  no way o f  

t e l l i n g  from what s t a t e  a p a r t i c u l a r  l e p to n  was e m i t te d  o r  even i f  i t *  

o r i g i n  was from a charmed p a r e n t .

Of m ost i n t e r e s t  a re  th e  r e c e n t  r e s u l t s  o f  s e v e r a l  prompt l e p to n  ex­

p e r im e n ts  o f  th e  beam dump v a r i e t y .  In  th e s e  ex p e r im en ts  a p ro to n  o r  

p io n  beam i s  fo cu sed  o r  dumped on a t a r g e t  t h a t  i s  dense enough and 

t h i c k  enough t h a t  th e  b u lk  o f  the  had ro n s  produced  i n  th e  b e a m - ta rg e t  

i n t e r a c t i o n s  w i l l  be absorbed  w i th in  th e  t a r g e t .  T h is  way siost o f  th e  

le p to n s  t h a t  emerge from th e  t a r g e t  w i l l  th em se lv es  be th e  p ro d u c ts  o f  

decays o f  s h o r t  l i v e d  s t a t e s  produced  i n  th e  b e a m - ta r g e t  i n t e r a c t i o n s ,  

t h a t  i s  th e y  w i l l  be produced  p ro m p tly  and n o t  be th e  decay p ro d u c ts  o f  

lo n g e r  l i v e d  p io n s  and k ao n s .  Two m ethods a re  used  to  s u b t r a c t  the  

non-prompt background . The r a t e  o f  l e p to n  p r o d u c t io n  from p io n ,  kaon, 

and v e c to r  meson decay , m u l t i p l i e d  by th e  a ccep tan ce  o f  th e  experim en t 

fo r  those  l e p to n s ,  i s  c a l c u l a t e d  and s u b t r a c t e d  from th e  t o t a l  d e te c te d  

r a t e .  The o th e r  method i s  t o  ru n  th e  ex p er im en t w i th  a t a r g e t  o f  v a ry ­

ing d e n s i t y  and to  d e te rm in e  th e  prompt l e p to n  r a t e  by e x t r a p o l a t i n g  th e  

measurements to  co rre sp o n d  to  a t a r g e t  o f  i n f i n i t e  d e n s i t y  and ze ro  

th ic k n e s s .  When u s in g  th e  e x t r a p o l a t i o n  m ethod, th e  p ro d u c t io n  o f  vec­

to r  mesons, which a re  ex tre m e ly  s h o r t  l i v e d ,  must s t i l l  be e s t im a te d  and 

s u b t r a c te d  from th e  t o t a l .  The agreem ent between th e  two s u b t r a c t i o n

W aller l a  ggRggflâia&i Sîl H  ggBPflAlBB S& E lem en ta ry  P g l t j -
e l e  P h y s ic s , e d i t e d  by Z. Ajduk and K. Doroba (Warsaw: 1981) p .  141;
S .L . O lsen , t a l k  g iv en  a t  Second Conference  on Forward C o l l i d e r  Phy­
s i c s . Madison W isco n s in . Ü. o f  R o ch es te r  R eport COO 3065 324, 1981
( to  be p u b l i s h e d ) ;  and D. T r e i l l e  in  P lÆ g je g l i i t  f i l  l à f i  l a l M M l i J a r
Al giggLgf iaa fia i&a&fia aai Ehfiisa laiazmfilifimm ai Iii& Easiii?!»
Bonn, 1981, e d i t e d  by W. P f i e l  (Bonn: U n iv e r s i ty  o f Bonn, 1981) p .
750.
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methods i s  g e n e r a l l y  r e a s o n a b le ,  b a t  i n  e i t h e r  case  th e  s y s te m a t ic  

u n c e r t a i n t i e s  can be com parable t o  the  s i z e  o f  th e  s i g n a l .

When a n a ly z in g  th e s e  e x p e r im e n ts ,  a l l  o f  th e  prompt s i n g l e  l e p to n s  

rem a in in g  a f t e r  the  background s u b t r a c t i o n  a re  assumed to  come f r im  

charm. A lthough  th e  s e m i le p to n ic  b ra n c h in g  r a t i o s  o f  th e  d i f f e r e n t  

charmed p a r t i c l e s  a s  m easured i n  e+e" m achines v a ry  g r e a t l y ,  most n o ta ­

b ly  in  th e  charged  v e r s u s  n e u t r a l  D m esons, and a l th o u g h  th e  r e l a t i v e  

p r o d u c t io n  r a t e s  i n  hadron  beams o f  th e  d i f f e r e n t  s t a t e s  have n o t  been  

m easured , an av erag e  b ra n c h in g  f r a c t i o n  o f  t o t a l  charm to  l e p to n s  o f  

e ig h t  p e r c e n t  i s  commonly used  i n  i n f e r r i n g  th e  charm c r o s s  s e c t i o n .

At th e  Super P ro to n  S y n ch ro tro n  (SPS) a t  CERN, th r e e  such exper im en ts  

s i t  i n  tandem. They a r e ,  s t a r t i n g  c l o s e s t  to  th e  dump, th e  BEBC bubble  

cham ber,29 th e  OfflS®® i ro n  t o r o i d  c a l o r i m e t e r ,  and th e  CHARM®! 

g r a i n  m arb le  c a l o r i m e t e r .  Theae e x p er im en ts  can a l l  ru n  s im u l ta n e o u a ly .  

They d e t e c t  n e u t r in o s  produced  i n  a copper dump abou t 800 m e te rs  up­

s tream  of th e  f i r s t  d e t e c t o r .  The r e s u l t s  o f  th e se  e x p e r im en ts  a re  

shown in  T ab le  1 ta k e n  from the  rev iew  by T r e i l l e .  These exper im en ts  

a l l  seem to  fa v o r  a c e n t r a l  p r o d u c t io n  mechanism f o r  charm w ith  a t o t a l  

c r o s s  s e c t i o n  f o r  400 GeV/c i n c id e n t  p ro to n s  o f  10 to  20 m ic ro b a rn s .

Two o u ts ta n d in g  problem s in  th e  i n t e r p r e t a t i o n  o f  th e se  ex p er im en ts  

z o i a i n .  The sm all a n t i - n e u t r i n o  s ig n a l  ( a c t u a l l y  c o n s i s t e n t  w i th  z e ro  

in  the  CnraS ex p er im en t)  would n o t be ex p ec ted  i f  the  s ig n a l  was dom inat­

ed by sym m etric , a s s o c i a t e d  DD p r o d u c t io n .  A lso , a l l  t h r e e  o f  th e se  ex­

p e r im e n ts  g iv e  a Ue/n* r a t i o  o f  l e s s  th an  u n i t y  in  c o n t r a d i c t i o n  to  th e

29 Big European Bubble (Chamber: Aachen-Bonn-CERN-IC London-O xford-Saolay  
C o l l a b o r a t io n .

30 CERN, Dortmund, H e id e lb e rg ,  S a c la y ,  C o l l a b o r a t io n .
31 CERN-Hamburg-Amsterdam-Rome Moscow C o l la b o r a t io n .
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TABLE 1 

CERN Beam Dump R é s u l ta

o (p p  ->  D0I) 
f o r  E (du /dp* ) -  (1 -  ix i)*exp(~ 2p j) , 

a .08 b ra n c h in g  f r a c t i o n ,  and a l i n e a r  A dependence

CHARM BEBC CDHS

18 ± 6 pb 17 ± 4 pb ~ 10 pb

w ith  V g/ve  “  1 w ith  ^ a  ^  « 2 . 3
Yc

equal s e m i le p to n ic  b ra n c h in g  f r a c t i o n s  to  e l e c t r o n  and muons o f  th e  

charm q u a rk .

At F e rm ilab  th e  CCFRS®2 exper im en t e s t i m a te s  th e  charm o ro as  s e c t i o n  

by m easuring  p r o s p t  s i n g l e  muons. T h is  ex p er im en t used  350 GeV/c p ro ­

to n s  and 278 GeV/o p io n s .  They see no ev id en ce  f o r  th e  d i f f r a c t i v e  p ro ­

d u c t io n  o f  charm or f o r  i n t r i n s i c  charm a t  anywhere n e a r  th e  one p e r c e n t  

l e v e l  p r e d i c t e d  by i t s  proponents.®® Based on a c e n t r a l  p ro d u c t io n  model 

th ey  f i n d  a t o t a l  c ro s s  s e c t i o n  o f  

a le e )  * 22 ± 9 i tb s rn s /n u c le o n

and cr(D0) -  16 ± 4 p b a rn s /n u c le o n .

P r e l im in a r y  r e s u l t s  from F e rm ilab  £613,®^ an ex p e r im en t m easuring  

prompt n e u t r in o s  from th e  i n t e r a c t i o n  o f  400 GeV/c p r o to n s  on tu n g s te n  

f in d

o(D0) -  17 .2  ± 2 . 2 ( s t a t . )  ± 3 .4 ( s y s )  p b a rn s .

®2 C ai.  T e c h . , C hicago , F e rm ilab ,  R o c h e s te r ,  S ta n fo rd  C o l l a b o r a t i o n .
®® A. Bodek fiZ j I , . ,  0 . o f  R o ch e s te r  R eport  COO 3065 307, 1982 ( t o  be 

p u b l i s h e d ) .
®A R.C. B a l l  i t  j g l . , 0 .  o f  M assa c h u se t ts  R eport  ÜM HE 81 -4 8 , 1981 ( t o  be 

p u b l i s h e d ) .
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U nlike  CDHS, th e y  f in d  an a n t i n e n t r i n o  f lu x  2 .9  s ta n d a rd  d e v i a t i o n s  from 

z e ro  and a v / v  r a t i o  o f  .8  ± .3 5 .

B road ly  sp ea k in g ,  th e  r e s u l t s  from F e rm ilab  a re  i n  agreem ent w i th  th e  

e a r l i e r  r e s u l t s  from CERN b o th  in  te rm s o f  t o t a l  c ro s s  s e c t i o n  and p ro ­

d u c t io n  mechanism. One o th e r  p o s i t i v e  r e s u l t  i s  fr<m Serpukhov.®® In ­

t e r p r e t i n g  th e  d a ta  u s in g  th e  same assu m p tio n s  a s  th e  CESN e x p e r i ­

ments,®^ they  m easure a c ro s s  s e c t i o n  

cr(DD) « 7 .5  ± 6 p b a rn a /n u c le o n  

f o r  70 GeV/o p r o to n s .  No p o s i t i v e  prompt muon s i g n a l s  have been  found 

a t  lower e n e rg ie s .® 7

M easuring th e  decay  l e n g th  i s  a t  p r e s e n t  th e  o n ly  way o f  d e te rm in in g  

th e  l i f e t i m e s  o f  s h o r t  l i v e d  p a r t i c l e s ,  and i t  i s  t h i s  t a s k  t h a t  th e  

v i s u a l  te c h n iq u e s  have p r i n c i p a l l y  a d d re s s e d .  V ertex  o b s e r v a t io n  te c h ­

n iq u es  must be a b le  to  r e s o lv e  t r a c k s  a t  th e  l e v e l  o f  t e n s  o f  m icrons  i n  

o rd e r  to  p ic k  o u t  th e  decays  o f  charmed p a r t i c l e s  which have l i f e t i m e s  

of o rd e r  10“ !® aeconds.®®

The m ajor drawback in  u s in g  such d e v ic e s  t o  m easure t o t a l  charm c ro s s  

s e c t io n s  i s  t h a t  because  p a th  l e n g th  i s  the  o n ly  means o f  s e l e c t i n g  

charm c a n d id a t e s ,  th e  sample i s  b ia s e d  toward lo n g e r  l i v e d  e v e n t s .  The 

low beam i n t e n s i t i e s  n e c e s s a ry  f o r  c l e a n ,  e a s i l y  r e a d a b le  v e r t e x  p i c ­

t u r e s  means t h a t  such ex p er im en ts  have r e l a t i v e l y  slow d a ta  c o l l e c t i o n  

r a t e s .  The la c k  o f p a r t i c l e  i d e n t i f i c a t i o n  and th e  i n v i s i b i l i t y  o f  n en -

®3 A.B. A sra tyon  jU ..,  R iy s .  L e t t .  79B. 497 (1 9 7 8 ) .

®3 V. G e i s t ,  t a l k  g iv en  a t  l a t g y a i l t ifiBt l  Gomference fia Ü J J l  laSüUZ 
P h v a io # . SfiaM â. 1979, CEEN/EP 79-78 (1 9 7 9 ) .

®7 John LeSocoo i n  HEP-80. M adison, p . 252.
®® These te c h n iq u e s  a re  rev iew ed a long  w ith  p r e d i c t i o n s  o f  f u tu r e  d e v e l­

opments i n  G. B e l l i n i  f i i  g i , . .  P h y s ic s  R ep o r ts  83C. 1 (1 9 8 2 ) .
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t r a i s  w i t h i n  th e  d e t e c t o r  stakes i t  d i f f i c u l t  t o  d e te rs t in e  th e  i d e n t i t y  

o f  the  p a r e n t  s t a t e .  N o n e th e le s s ,  when one o f  th e s e  d e v ic e s  i s  coup led  

w i th  an e l e c t r o n i c  s p e c t r c a e t e r  to  c r e a t e  what i s  c a l l e d  a h y b r id  s y s -  

test, a more com ple te  e v e n t  r e c o n s t r u c t i o n  i s  p o s s ib l e  th a n  i n  any o th e r  

s o r t  o f  h ig h  en erg y  p h y s ic s  e x p e r im e n t .

One example of th e  u t i l i t y  o f  t h i s  m a r r ia g e  i s  th e  sm all  bubb le  chasr- 

b e r  LESC coup led  w i th  th e  European H ybrid  S p e c tro m e te r .  Based on expo­

s u r e s  to  b o th  p r o to n s  and p io n s  a t  a momentum o f  360 GeV/c, th ey  measure 

a c r o s s  s e c t i o n  i n  t h e i r  k in e m a t ic  r e g io n  o f  a cc e p tan c e  of 

o(D^) “  12*3 ± 3 pbarn

where th e  ev en t  p a t t e r n  fo l lo w s  a c e n t r a l  p ro d u c t io n  m e ch an ism .®9

The c o n c e p tu a l ly  au>st s t r a i g h t f o r w a r d ,  b u t  p r a c t i c a l l y  most d i f f i c u l t  

t e c h n iq u e  i s  bump h u n t in g :  lo o k in g  f o r  enhancements i n  i n v a r i a n t  mass 

d i s t r i b u t i o n s  o f  th e  ex p ec ted  decay  p ro d u c ts  o f  charmed s t a t e s .  I t  

seems t h a t  in  o r d e r  f o r  t h i s  type  o f  ex p er im en t to  su cc e ed ,  t h e r e  must 

be an e x t r a  re q u ire m e n t  i n  th e  t r i g g e r  beyond what i t  needed to  d e t e c t  

th e  p a r t i c l e s  i n  th e  mass p l o t .  I t  can  be th e  re q u ire m e n t  o f  an e x t r a  

l e p to n  in  th e  t r i g g e r  which i s  assumed to  come from the  p a r t n e r  p a r t i c l e  

i n  an a s s o c i a t e d  p ro d u c t io n  mechanism, o r  i t  can be th e  e x p l o i t a t i o n  o f  

some o th e r  k in e m a t ic  f e a t u r e  o f  th e  system  b e in g  s t u d i e d .

So f a r  no d i r e c t  open charm s ig n a l  has been o b se rv ed  a t  AGS e n e r g i e s .  

The most s t r i n g e n t  upper l i m i t  has  been  s e t  a t  th e  Brookhaven M u lt ip a r ­

t i c l e  S p e c tro m e te r  i n  an  exper im en t u s in g  a 16 GeV/c beam in c id e n t  on 

a hydrogen  t a r g e t . ^ ^  They r e p o r t  an upper l i m i t  a t  95 p e r c e n t  c o n f id en ce

I 39 Qooted from T r e i l l e ,  th e se  r e s u l t s  were su b m itted  to  th e  EPS I n t e r n a ­
t i o n a l  C onference  on High Energy P h y s ic s ,  L isb o n , 1981.
S.V. Chung pj. J t l . ,  Phys. Rev. L e t t .  785 (1 9 8 2 ) .
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l e v e l  o f  2 .4  nenobax iis /nuc leon  c r o s s  s e c t i o n  f o r  th e  i n c l u s i v e  p ro d u c ­

t i o n  o f  D*~ For the  e x c lu s iv e  p ro c e s s  

n-p —> D*-Ao
t h e i r  upper l i m i t  i s  1 .3  n a n o b a rn s /n u c 1eon . T h is  r e s u l t  c o rre sp o n d s  to  

a t o t a l  charm c r o s s  s e c t i o n  o f  600 m ic ro b a rn s .  The absence  o f  a s ig n a l  

a t  t h i s  s e n s i t i v i t y  i s  n o t  s u r p r i s i n g  i f  one assumes t h a t  th e  r a t i o  o f  

bound t o  open charm p r o d u c t io n  i s  o n ly  w eakly  dependen t on e n e rg y , f o r  

th e  J / f  p ro d u c t io n  c r o s s  sec tion^®  r i s e s  t h r e e  o r d e r s  o f  m agnitude be­

tween c e n te r  o f  mass e n e r g ie s  6 GeV and 20 GeV.

A side from th e  P r in c e to n -S a c la y —Torino-BNL c o l l a b o r a t i o n  whose work 

w i l l  be d e s c r ib e d  in  t h i s  t h e s i s ,  two groups have r e p o r t e d  measurements 

o f  h a d ro n ic  charm p ro d u c t io n  in  f i x e d  t a r g e t  e x p e r im e n ts .  A group u s in g  

the  Chicago C y c lo tro n  Magnet F a c i l i t y  a t  F e rm ilab  h a s  r e p o r t d  a s ig n a l  

f o r  th e  o b s e r v a t io n  o f  charged  D m e s o n s . ^2 x  217 GeV/c n e g a t iv e  p io n  

beam was in c i d e n t  on a hydrogen t a r g e t .  The t r i g g e r  r e q u i r e d  the  d e te c ­

t i o n  o f  a p ro to n  r e c o i l i n g  a g a i n s t  a system  o f  mass betw een 3 .0  and 6 .5  

GeV headed fo rw ard  th ro u g h  the s p e c t ro m e te r  and o f a s i n g l e  muon which 

was supposed t o  have o<»e from th e  s e m i le p to n ic  decay  o f  a s s o o ia t e d l y  

p roduced D mesons. They found abou t SO ev en ta  above th e  background in  

th e  i n v a r i a n t  mass d i s t r i b u t i o n s  w i th  the  d i s t r i b u t i o n

in  Feynman x peak in g  around x -  0 . 4 .  c o n s i s t e n t  w i th  a d i f f r a c t i v e  model 

o f  charm p r o d u c t io n .  Based on such a model they  r e p o r t  

o(D"*T)“ ) ■ 6-10  ±  4 p b a rn s /n u c le o n .

A! J .Q .  B ranson , i l l -»  Phys. Rev. L e t t .  3 J | ,  1331 (1 9 7 7 ) .  

^2 L . J .  l o e s t e r  f i l  g i .  in  BEP-80, M adison, p . 190.
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T h is  ex p er im en t i s  r e l a t i v e l y  i n a e n s i t i v e  to  n e u t r a l  D mesons because  

o f  t h e i r  low s e m i le p to n ic  b ra n c h in g  f r a c t i o n .  T hat means th e  r e p o r t e d  

r e s u l t  does n o t  in c lu d e  th e  c o n t r i b u t i o n  o f  ,0 * 0 * , a i ^  D*D~ p a i r s .

In c lu d in g  a l l  th e s e  co m b in a tio n s  y i e l d s  a charm p r o d u c t io n  c ro s s  s e c t i o n  

o f  abou t 40 p b a m s ,  in  poor agreem ent w i th  b o th  th e  beam dump consensus  

and th e  o th e r  bump h u n t s .

The ACOiOR c o l la b o ra t io n * ®  u sed  a l a r g e  a p e r tu r e  m ag n e t ic  spectrom e­

t e r  a t  th e  CERN SPS. T h e i r s  was an u n s e p a ra te d  175 and 250 GeV/c n~ 

beam i n c id e n t  on a b e r y l l iu m  t a r g e t .  The t r i g g e r  r e q u i r e d  an  e l e c t r o n  

w hich , as  i n  th e  l a s t  experim en t d e s c r ib e d ,  was assumed to  come from a 

se m i le p to n ic  D d e cay , a M  th e  sp e c t ro m e te r  was d e s ig n e d  to  r e c o n s t r u c t  

th e  decay  o f  i t s  p a r t n e r .  The t r i g g e r  was d e s ig n e d  so t h a t  i t  sup­

p re s s e d  th e  s ig n a l  by about a f a c t o r  o f  10 ( th e  averag e  s e m i le p to n ic  

b ran c h in g  f r a c t i o n )  w h ile  s u p p re s s in g  th e  background by a f a c t o r  o f  100. 

They observed  an enhancement when lo o k in g  f o r  D * 's  r e s u l t i n g  from the  

decay

D*'*’ — > D* « * , 0* — > XT" I t '* ’ (and i t s  complex c o n ju g a te  i n t e r a c t i o n ) . * *

A h i n t  o f  a s ig n a l  a t  th e  D*. was a l s o  ob serv ed  i n  th e  uncu t K it d i s t r i ­

b u t i o n s .  Assuming a c e n t r a l  p r o d u c t io n  mechanism th e y  i n f e r  a c ro s s  

s e c t i o n  o f

a(D*'*'+X) + o(D*“ +X) « 9-10  ± 3 p b a rn s /n u c le o n ,  

and a o(D0) "  13-18 ± 5 p b a rn s /n u o le o n .

*® A m sterdam ,B risto l,C E R N ,C racow ,M unich ,R utherford . C. D a u m fiX jJ , . ,  pa­
p e r  c o n t r i b u t e d  to  EPS I n t e r n a t i o n a l  C onference on High Energy Phy­
s i c s ,  L isbon , 1981.

** The d e t a i l s  o f  t h i s  method o f  a n a l y s i s  w i l l  be d e s c r ib e d  in  connec­
t i o n  w i th  our ex p e r im en t .

-  25 -



Fooz g roup# working a t  th e  CERN I n t e r s e c t i n g  S to rag e  R ings  have r e ­

p o r te d  o b s e r v a t io n a  o f  charmed s t a t e s  a s  enhancem ents i n  i n v a r i a n t  mass 

d i s t r i b u t i o n s .* ®  A lthough  th e  r e s u l t s  o f  th e  v a r io u s  e x p e r im e n ts  v a ry  

w id e ly ,  w i th  t h a t  o f  no s in g l e  ex p er im en t b e in g  overwhelming i n  te rm s  o f 

s t a t i s t i c a l  s i g n i f i c a n c e  o f  th e  s ig n a l  o r  o f  mass o r  w id th  d e f i n i t i o n ,  a 

consensus  i s  m e r g in g  t h a t  th e  t o t a l  open charm c r o s s  s e c t i o n  i s  o f  th e  

o rd e r  of a m i l l i b a r n .  That c o r re sp o n d s  t o  a r i s e  i n  c r o s s  s e c t i o n  over 

th e  f i x e d  t a r g e t  ex p e r im en ts  o f  a f a c t o r  o f  f i f t y  w i th  a r i s e  i n  c e n t e r  

of mass energy  o f a f a c t o r  o f  t h r e e .  Such a s t e e p  in c r e a s e  i s  n o t  ex­

p e c te d  so f a r  from th e  charm a n t i - c h a r m  q u a rk  p a i r  p ro d u c t io n  th r e s h o ld  

and i s  u n p a r a l l e l l e d  i n  th e  bound charm c ro s s  s e c t i o n  which s t a r t s  to

p l a t e a u  a t  around a* /*  « 30 GeV. A nother s t r i k i n g  f e a t u r e  o f  the  d a ta

i s  th e  cop ious  p r o d u c t io n  o f  charmed b a ry o n s  p r i n c i p a l l y  in  th e  fo rw ard  

( l a r g e  xp) d i r e c t i o n  i n  a d d i t i o n  t o  th e  e x p ec ted  c e n t r a l l y  p roduced  DD 

p a i r s .  I t  was b o th  th e  s i z e  and z  d i s t r i b u t i o n  o f  th e  charmed p a r t i c l e s

t h a t  m o t iv a te d  th e  i n t r i n s i c  charm model.

There  i s  c a u se ,  how ever, f o r  s k e p t i c i s m  i n  a c c e p t in g  th e s e  m easure­

ments a t  fa c e  v a l u e . C ross s e c t i o n  e s t i m a te s  f o r  t o t a l  charm b ased  on 

o b s e r v a t io n s  o v e r  l i m i t e d  k in e m a t ic  r e g io n s  a re  h ig h ly  model d e p en d e n t .  

More p e r t i n e n t  to  t h i s  s e t  o f  ex p e r im en ts  i s  how t r i c k y  c a l c u l a t i o n s  o f 

s e n s i t i v i t y  can become when c u t s  t h a t  have no s t ro n g  p h y s ic a l  m o t iv a t io n  

A. D t io t#  a re  a p p l ie d  to  th e  d a ta  s o l e l y  w ith  th e  i n t e n t  o f  enhancing  th e  

s i g n a l .  Two examples shou ld  i l l u s t r a t e  th e  p o i n t .

The CCHK ex p er im en t i n  s e a rc h in g  f o r  th e  decay

*3 They a re  th e  A achen-C ER N -H arvard-M unich-N orthw estern-R iverside  Col­
l a b o r a t i o n ,  the  UCLA-Saclay C o l l a b o r a t io n ,  the  CERN-College de 
F r a n c e - H e id e lb e r g - I a r l s r u h  C o l l a b o r a t io n ,  and th e  Bologna-CEXN-Fras- 
c a t i  C o l l a b o r a t io n .  The most com plete  summary o f  t h e i r  r e s u l t s  i s  
c o n ta in e d  in  th e  rev iew  by Beusch.
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D+ — > r  n+ n+

in tro d u c e d  a re q u ire m e n t  t h a t  th e  X~ n'*’ have a mass c o n s i s t e n t  w i th  t h a t  

o f  th e  Z * (8 9 0 ) .* ^  Only a f t e r  t h a t  o u t  d id  an  enhancement a p p e a r ,  y e t  th e  

D a l i t s  p l o t  f o r  D* decay  i s  f l a t . *7 Measured b ra n c h in g  f r a c t i o n s  n o t ­

w i th s ta n d in g ,  in  c a l c u l a t i n g  the  c r o s s  s e c t i o n  th e  e x p e r im e n te r s  assumed 

t h a t  t h e r e  i s  a 60 p e r c e n t  c o n t r i b u t i o n  t o  D^ d ecay . A co m p le te ly  

f l a t  D a l i t z  p l o t  would su g g e s t  t h a t  th e  enhancement was f o r t u i t o u s ;  a 

sm all b u t  r e a l  component, k ,  i n  X*" would im ply a c ro s s  s e c t i o n  l a r g e r  

by a f a c t o r  o f  . 6 / k .

More r e c e n t l y  th e  BCF c o l l a b o r a t i o n  m easured  DD* p a i r s  a t  th e  S p l i t  

F i e ld  Magnet f a c i l i t y . * *  The D was tag g ed  th ro u g h  i t s  decay  

D — > e~ r*" + a n y th in g .

The v a lu e  used  f o r  t h i s  b ra n c h in g  f r a c t i o n  o f  4 .3  p e r c e n t  has  n ever  been 

m easured , and i t s  e s t i m a t i o n  in v o lv e d  a v e ra g in g  over s e v e r a l  c h a n n e ls .  

The XT' n'*' i n v a r i a n t  mass d i s t r i b u t i o n  was s t u d i e d .  Because a l l  hadron  

i d e n t i f i c a t i o n  was done by time o f  f l i g h t ,  a c u t  had to  be made on *p of 

th e  p io n  to  avo id  c o n ta m in a t io n  from f a s t  fo rw ard  " l e a d in g "  p r o to n s .  

The o r i g i n a l  mass d i s t r i b u t i o n  shows a peak n ea r  th e  D* m ass. I t  was 

su b se q u e n t ly  enhanced beyond th e  f i v e  s ta n d a rd  d e v i a t i o n  l e v e l  by the  

im p o s i t io n  o f  a t r a n s v e r s e  momentum c u t  p^(E~n'*') > 0 . 7  GeV/c. (See F ig ­

ure  2 . )

^ W. G e is t  i n  P y p g g g d in if  S l  i B l U t B l S  SR P a r t i c l e  P h v s i c s t
Chromodvnamics. 8LAC. 1979, e d i t e d  by Anne Mosher (S ta n f o rd :  

SLAC, 1980) p .  314 .

*7 M. S. W i th e r e l l  in  P ljgçgff^iaU  f i l  Ibfi l U l i l  W g l B â t i f i a # !  Conference  
fifi B&Pfy&mfBt#! I l i f iB  S o e c tro so o n v , E & ,  1980. e d i t e d  by S.U. Chung 
and S . J .  Lindenbaum (New York: American I n s t i t u t e  o f  P h y s ic s .  1981) 
p .  285 .

** M. B a s i l e ,  f i l i l . ,  CERN-EP/81-73 ( t o  be p u b l i s h e d ) .
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H«re. a l  though th e  p re a ea o e  o f  th e  s ig n a l  i s  c l e a r ,  th e  e f f e c t  o f  a l l  

th e  c n t s ,  e s p e c i a l l y  th e  f i n a l  one , on th e  s e n s i t i v i t y  i s  q n i t e  h a rd  to  

e s t i m a te .

A nother sou rce  o f  c o n fu s io n  a r i s e s  i n  comparing th e s e  charm c ro s s  

s e c t i o n s  w i th  th e  r e s u l t s  o f  ISR prompt l e p to n  e z p e r im e n ts .  S e v e ra l  

I m easurements o f  th e  e /n  r a t i o  a t  a p^ o f o r d e r  1 GeV g iv e  a r e s u l t  o f

I abou t 1 to  2 X A t t r i b u t i n g  a l l  o f  th e s e  e l e c t r o n s  to  charm

I y i e l d s  a t o t a l  charm p ro d u c t io n  o f  o rd e r  100 m ic ro b a rn s .  T ha t i s ,  th e

I prompt e l e c t r o n  e x p e r im en ts  imply a c r o s s  s e c t i o n  a t  l e a s t  an  o rd e r  of
I
I m agnitude s m a l le r  th a n  th e  mass peak  ex p e r im en ts  m easu re .  A f i n a l  oom-
1
I p l i c a t i o n  i n  th e  i n t e r p r e t a t i o n  o f  th e s e  ex p e r im en ts  i s  th e  p o s s i b i l i t y

I t h a t  scnae o f  th e  r e p o r t e d  charm s i g n a l s  a r e  in  f a c t  e x c i t e d  hyperon
j
I s t a t e s  which have th e  same decay s ig n a t u r e s  as charmed p a r t i c l e s .

The need f o r  f u r t h e r  work i n  r e l i a b l y  d e te rm in in g  th e  s i z e  and shape 

1 of a l l  heavy f l a v o r  p r o d u c t io n  i s  u n d e rsc o re d  by th e  c o n t ro v e r s y  s u r ­

round ing  th e  r e p o r t e d  o b s e r v a t io n  o f  a b e a u t i f u l  baryon.^®  The BCF c o l ­

l a b o r a t i o n  c la im s  th e  o b s e r v a t io n ,  w h ile  th e  ACBHFV c o l l a b o r a t i o n  a l s o
i
) working a t  th e  S p l i t  F i e l d  Magnet u s in g  b a s i c a l l y  th e  same a p p a ra tu s  r e ­

p o r t  a n u l l  r e s u l t .  The two g roups have been  a n a ly z in g  each  o t h e r ' s  

d a ta  hoping t o  f i n d  th e  source  o f  th e  d i s c r e p a n c y .^ ^  What has  been  

le a r n e d  from t h i s  e x e r c i s e  so f a r  i s  t h a t  s c i e n t i f i c  e n t e r p r i s e  can 

s t i l l  le av e  ro c»  f o r  p a r t i s a n s h i p .

P. Perez  a l  l l -  Phys. L e t t .  112B. 260 (1 9 8 2 ) ;  M. B a s i l e  jLt A i-* 
CERN-EP/81-92 , 1981 ( t o  be p u b l i s h e d ) ;  F . f .  B usser A i . ,  Nuol. 
Phys. m i l ,  189 (1 9 7 6 ) .
A. Z ic h io h i ,  CERN EP/82 -3 0 , 1982 ( t o  be p u b l i s h e d ) .

51 M. B a s i le  A t  A i - ,  CERN-EP/81-150. 1981 ( t o  be p u b l i s h e d ) ;  D. D r l j a r d  
A t A i.»  CERN-EP/82-31, 1982.
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1 .4  THIS KIPKRIMEWT

The ex p er im en t d e s c r ib e d  i n  t h i s  t h e s i s  was d e s ig n e d  to  m easure charm

p r o d u c t io n  by o b se rv in g  th e  i n t e r a c t i o n s

n"N — > D*+ X, D*+ — > D* — > K“ n+ and

— — “"0 ^
R N — > D X, D — > D R. D — > K « .

The and th e  D* have charm +1 w ith  v a le n c e  quarks  cd and cu re s p e c ­

t i v e l y .  The r a t i o n a l e  f o r  choosing  t h i s  i n t e r a c t i o n  was to  e x p l o i t  th e  

sm all mass d i f f e r e n c e ,  145 .3  ± .4 HeV, betw een th e  and th e  D*. In

th e  z e ro  momentum frame o f r e f e r e n c e  t h e r e  i s  o n ly  5 .7  MeV o f  k i n e t i c  

energy  a v a i l a b l e  i n  th e  D* d ecay . When b o o s te d  back  t o  th e  l a b  frame 

th e  p io n  momentum i s  r e l a t i v e l y  low:

Pn -  •

The m easured b ra n c h in g  f r a c t i o n  f o r  t h i s  decay  node i s  60 p e r c e n t .  

R e q u i r in g  a slow p io n  in  the  t r i g g e r  in  c o in c id e n c e  w i th  a X n p a i r  i s  

th er e fo re  a promising way of suppressing  the background r e l a t i v e  to  the  

s ig n a l .  The small mass d i f f e r e n c e  a ls o  im p lies  that once beyond th resh ­

o ld  th e  e x c i t e d  v e c to r  s t a t e s  w i l l  be produced a s  c o p io u s ly  a s  th e  pseu­

d o s c a le r  ground s t a t e s ,  and even more so i f  the  r e l a t i v e  p ro d u c t io n  

r a t e s  fo l lo w  2J+1 w e ig h t in g .

The exper im en t to o k  p la c e  a t  th e  Fermi N a t io n a l  A c c e le r a to r  L ab o ra to ­

ry  w ith  p a r t i c i p a n t s  from P r in c e to n  U n iv e r s i t y ,  CEN S a c lay ,  INFN T o r in o ,  

and Brookhaven N a t io n a l  L a b o ra to ry .  Teo s e t s  o f  d a ta  were ta k e n ,  the  

f i r s t  in  su m m er-fa l l  1979 w ith  a beam momentum o f  200 GeV/c, the  o th e r  

in  December, 1980 a t  250 GeV/e. The r e s u l t s  o f  th e  200 GeV/o ru n n in g ,  

which have a l r e a d y  been r e p o r t e d , 52 shown in  F ig u re  3 . With a t o t a l

i n t e g r a t e d  f lu x  o f  9 x 10^^ p io n s  and assuming a c e n t r a l  p ro d u c t io n

52 V.L. F i t c h ,  s i  M l’ Phys. Rev. L e t t .  Ü ,  761 (1 9 8 1 ) .
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mechanism

dxdp^ A(1 -  |x |  ) e x p d . l p ^  )

we found a c r o s s  s e c t i o n

o(D*) -  l /2 [ tf(D *+ ) + o(D*” >] -  4 .2  ± 1 ,4  j iba rns .

The c o r re sp o n d in g  d i f f e r e n t i a l  c ro s s  s e c t i o n s ,  th e  c a l c u l a t i o n  o f  w hich 

i s  n o t  model d ep en d e n t ,  a re

do /d y  “  1 .6  ± 0 .5  pbarn  

and do /dx  » 1 .1  ± 0 .4  p b a rn .

The r e s u l t s  o f  th e  250 GeV/e ru n n in g  w i l l  be p r e s e n te d  fo l lo w in g  a de­

s c r i p t i o n  o f  th e  a p p a r a tu s  and th e  a n a l y s i s  p ro c e d u re s .
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C hap ter  I I  
APPABATDS

2 .1  OVEHVIEf OP THE SPECTBOMETER

The f o n r - a m  P r in o e to s r -S a c la y  a p e c t ro m e te r  was d e s ig n e d  to  d e t e c t  a l l

th r e e  p ro d u c ts  o f  th e  D* — > n"*” D*. D* — > K~ n'*’ (and i t s  charge  co n ju ­

g a te )  i n t e r a c t i o n ,  w i th  maiimnm a cc e p tan c e  n e a r  Feynman z  » 0 .  Between

th e  200 GeV/c ru n n in g  p e r io d  and th e  250 GeV/c ru n n in g  p e r i o d  s e v e r a l  

m o d i f i c a t io n s  were made to  th e  a p p a r a tu s .  The aim of th e  m o d i f i c a t io n s  

was tw o fo ld :  t o  i n c r e a s e  th e  r a t e  a t  which d a ta  cou ld  be ta k e n  and to  

improve th e  mass r e s o l u t i o n . T h e  v a r io u s  o(m ponents o f  th e  a p p a ra tu s*  

w ith  an em phasis  on th e  m o d i f i c a t io n s  in t ro d u c e d  f o r  th e  second ru n ,  

w i l l  be d e s c r ib e d  fo l lo w in g  an overview  o f th e  s p e c t r o m e te r .

The la y o u t  o f  th e  a p p a ra tu s  i s  shown i n  F ig u re  4 .  J u s t  downstream o f 

the  segmented b e ry l l iu m  t a r g e t ,  a wide a p e r tu r e  m agnet, w hich  had p r e v i ­

o u s ly  been named Henry B ig g in s ,  d e l i v e r s  420 MeV/c momentum i n  th e  v e r ­

t i c a l  d i r e c t i o n .  P a r t i c l e s  o f  1 to  3 GeV/o momentum, such a s  th e  c a s ­

cade p io n  from th e  D* decay , a re  b e n t  up o r  down i n t o  one o f  th e  two 

slow p io n  s p e c t ro m e te r  arm s. The n and E from the  D* decay  a re  d e te c te d  

in  th e  double  arm forw ard  s p e c t r o m e te r .  A ll  fo u r  arms u sed  p l a s t i c  

s c i n t i l l a t o r  hodosoopes f o r  t r i g g e r i n g  and d r i f t  chambers f o r  t r a c k i n g .  

Each forw ard  arm was f u r t h e r  equ ipped  w i th  two Cerenkov c o u n te r s  f o r  

p a r t i c l e  i d e n t i f i c a t i o n ,  and a BH109 magnet w ith  a t r a n s v e r s e  momentum 

k ic k  o f  ap p ro x im a te ly  650 MeV/c, f o r  momentum a n a l y s i s .  Downstream of 

th e  l a s t  s e t  o f  d r i f t  chambers was a muon f i l t e r  which c o n s i s t e d  o f

For a d e s c r i p t i o n  o f  d e t a i l s  o f  th e  s p p a r a tu s  n o t  d e s c r ib e d  h e re  see 
S teven  S. Sherman, Ph.D. t h e s i s ,  P r in c e to n  U n iv e r s i t y ,  1980 (unpub­
l i s h e d )  .
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t h r e e  3 fo o t  segm ents o f  s t e e l  i n t e r l a c e d  w i th  hodosoopes . D e te c t io n  o f  

mnon p a i r s  e n ab le d  ns to  use  th e  J / f  as a c a l i b r a t i o n  s ig n a l  f o r  b o th  

beam f l n z  and mass s c a l e .

In  th e  hope t h a t  th e  charm p ro d u c t io n  c ro s s  s e c t i o n  r i s e s  f a s t e r  w i th  

en erg y  th a n  does th e  h a d ro n ic  background , we e l e c t e d  to  r e p e a t  th e  ex­

p e r im en t a t  250 OeV/c. th e  h i g h e s t  beam moment™ a t  which we co u ld  be 

s u p p l ie d  w ith  enough in c id e n t  beam f lu x  to  s a t u r a t e  ou r d a ta  t a k in g  ca­

p a b i l i t y .  For an i n c id e n t  p io n  beam momentum o f  250 GeV/c. th e  opening 

a n g le  f o r  a D* decay  o c c u r in g  p e r p e n d ic u la r  t o  th e  beam a x i s  in  i t s  cen­

t e r  o f  mass frame o f  r e f e r e n c e  i s  161 m i l l i r a d i a n s  w i th  th e  p io n  t r a v e l ­

ing  a t  an a n g le  o f  86 m i l l i r a d i a n s  to  th e  beam. The two f a s t  arms had 

an open ing  a n g le  o f  150 m i l l i r a d i a n s  symmetric abou t th e  beam a x i s .  

Having th e  open ing  an g le  o f  the  s p e c t ro m e te r  s m a l le r  th a n  th e  decay  

open ing  an g le  makes th e  a ccep tan ce  o f  th e  s p e c tro m e te r  peak s l i g h t l y  

fo rw ard  o f  x — 0 .  T h is  was done d e l i b e r a t e l y ,  because  i t  a l s o  s e rv e d  to  

b o o s t  th e  av erag e  momentum of an a c c e p te d  p ro d u c t  o f  a D* decay  from 11 

to  12 GeV th e re b y  i n c r e a s in g  th e  f r a c t i o n  o f  e v en ts  in  which a d e f i n i t e  

p a r t i c l e  i d e n t i f i c a t i o n  co u ld  be made.

In  o rd e r  t o  c a l c u l a t e  the  g eom etr ic  a cc e p tan c e  of th e  a p p a r a tu s ,  i t  

was s im u la te d  by a Monte C ar lo  program w ith  th e  D* b e in g  g e n e ra te d  ac ­

co rd in g  to  the  d i s t r i b u t i o n : * *

a n  ,
dxdp^* (1 1x1) e x p d . l p ^  )

** The X dependence assumes c e n t r a l  p ro d u c t io n  in  acco rd  w i th  a s im ple  
power law . The p^ dependence, when e x p re ssed  in  te rm s d o /d p ^ ^  « 
e x p ( - p p ^ ) ,  g iv e s  a v a lu e  f o r  8 "  1 .9 ,  co rre sp o n d in g  to  th e  p^ depen­
dence o f  J/iy p ro d u c t io n  as measured in  r e f e r e n c e  41 .
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The a cc e p tan c e  o f  th e  f a s t  arms a s  a f u n c t io n  o f  th e s e  v a r i a b l e s  i s  

shown in  F ig u re  5 . Note t h a t  over th e  narrow  range  of ou r  a c c e p ta n c e ,  

t h e r e  i s  a c t u a l l y  n e g l i g i b l e  d i f f e r e n c e  betw een a ( l - | x | ) 3  d i s t r i b u t i o n  

and one t h a t  i s  f l a t ,  so t h a t  th e  model dependence i s  e a s i l y  f a c to r e d  

o u t o f  our a cc e p tan c e  and c r o s s  s e c t i o n  c a l c u l a t i o n s .
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ACCEPTANCE AS A FUNCTION OF X
BASED ON 5 0 0 ,0 0 0  MONTE CARLO GENERATED EVENTS
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F ig u re  5: Geom etric  A cceptance  o f  th e  S pec trom ete r»
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2 . 2  BEAM

The exper im en t wee run  i n  th e  h ig h  i n t e n s i t y  l a b o r a to r y  o f  th e  Fermi** 

la b  P ro to tt-V es t  beam l i n e .  The beam was an n n s e p a ra te d  n e g a t i v e l y  

charged  beam o f  250 GeV/c mmeentnm, w i th  a c o m p o s i t io n  o f  96 p e r c e n t  

p io n s ,  3 .6  p e r c e n t  k ao n s ,  and 0 .4  p e r c e n t  a n t i p r o t o n s . 33 The beam p a r t i ­

c l e s  were n o t  i d e n t i f i e d  i n  t h i s  exper im en t and were a l l  c o n s id e re d  t o  

be p io n s .  The beam was produced  by th e  i n t e r a c t i o n  o f  400 GeV p ro to n s ,  

e x t r a c t e d  from th e  m ain r i n g ,  w i th  a one fo o t  long  b e ry l l iu m  t a r g e t .  A 

secondary  e m is s io n  m o n ito r  (SQf) p la c e d  u p s tream  of th e  p r o d u c t io n  t a r ­

g e t  measured th e  p r im ary  p r o to n  i n t e n s i t y ,  and an i o n i z a t i o n  chamber 

j u s t  ups tream  o f  o u r  s p e c t ro m e te r  m o n ito red  th e  p io n  beam i n t e n s i t y .  To 

ach ie v e  our d e s i r e d  f l u x  o f  1 .1  x 10^ p io n s  p e r  s p i l l ,  we r e q u i r e d  2 .5  x 

10l2  p r o to n s .  The r a t i o  o f  p io n s  t o  i n c id e n t  p ro to n s  was h ig h ly  s e n s i ­

t i v e  to  th e  t a r g e t i n g  o f  th e  p r im ary  beam.

To a l a r g e  e x t e n t  we were a b le  to  compensate f o r  f l u c t u a t i o n s  i n  p ro ­

ton  i n t e n s i t y  by v a ry in g  th e  a p e r tu r e  o f  the  momentum s l i t  th ro u g h  which 

the  p io n  beam was fo cu sed  j u s t  a f t e r  i t s  f i r s t  a n a ly z in g  bend . The f u l l  

opening c o r re sp o n d s  to  a m<mentum b i t e  o f  ± 10 p e r c e n t .  On th e  average

we r a n  w i th  th e  momentum s l i t  open to  75 p e rc e n t  o f  th e  f u l l  3 inch

a p e r t u r e .

A f te r  p a s s in g  th ro u g h  th e  momentum s l i t ,  th e  beam was t r a n s p o r t e d  to  

th e  e x p e r im e n ta l  h a l l  and fo cu sed  on our t a r g e t . 3* The beam tu n e  was de­

s ig n ed  t o  m inim ize  th e  h o r i z o n t a l  sp o t  w id th ,  b u t  to  le a v e  th e  v e r t i c a l  

sp o t  wide enough so t h a t  each p ie c e  of th e  segmented t a r g e t  would i n t e r -

33 Nikos G i o r k a r i s ,  Ph.D . t h e s i s .  U n iv e r s i ty  of C hicago. 1981 (unpub­
l i s h e d ) .  I  i n t e r p o l a t e d  betw een v a lu e s  i n  h i s  t a b l e  3 .  No group , in
f a c t ,  has d i r e c t l y  m easured th e  co m p o s i t io n  o f  t h i s  beam.

3( D esign  o f  th e  beam l i n e  i s  d e s c r ib e d  in  B, Cox £1. j g l . , "P-West High
I n t e n s i t y  Secondary Beam Area D esign  R e p o r t , "  March. 1977.
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oep t a s i g n i f i c a n t  amount o f  beam. The f u l l  w id th  a t  h a l f  maximum a t  

th e  t a r g e t  was 18 and 32 m i l l i m e t e r s  i n  th e  h o r i z o n t a l  and v e r t i c a l  r e ­

s p e c t i v e l y .  F ig u re  6 shows th e  beam p r o f i l e  a t  th e  f i n a l  segmented w ire  

chamber. The d e fo c n s in g  in  th e  v e r t i c a l  r e p r e s e n t e d  a l o s s  o f  ab o u t 15 

p e r c e n t  i n  t a r g e t i n g  e f f i c i e n c y .

Of c r i t i c a l  im portance  to  th e  perform ance  of o u r  a p p a r a tu s  was th e  

tim e s t r u c t u r e  o f  th e  beam which d e v ia t e d  g r e a t l y  from th e  i d e a l  o f  a 

un ifo rm  i n t e n s i t y  over th e  one second o f  slow s p i l l .  Because the  syn­

c h r o t r o n  a c c e l e r a t e s  p ro to n s  i n  p u ls e d  b u n ch es ,  th e  p a r t i c l e s  a p p ea r  in  

one nanosecond wide " b u c k e ts "  s e p a ra te d  by 1 8 .6  nanosecond i n t e r v a l s .  

O c c a s io n a l ly  a b u c k e t  would c o n ta in  s e v e r a l  t im es  i t s  average  sh a re  o f  

p a r t i c l e s  c au s in g  an in s ta n ta n e o u s  b u r s t  i n  th e  number o f  p io u s  i n t e r ­

a c t i n g  in  our t a r g e t ,  d u r in g  which ou r  d r i f t  chambers would be swamped 

w ith  p a r t i c l e s  and our t r i g g e r  had t o  be d i s a b l e d .

The main so u rce  o f  i n t e n s i t y  f l u c t u a t i o n s  was n o t  th e s e  i n d i v i d u a l  

superbuckets , but r a th e r  a s t r u c tu r e  in  the s p i l l  a t  the fundamental and 

f i r s t  few harm onics  o f  60 Hz due to  p ickup  from a l t e r n a t i n g  c u r r e n t  pow­

e red  d e v ic e s  b o th  in  th e  main r i n g  and a lo n g  o u t  beam l i n e .  T h is  modu­

l a t i o n ,  e a s i l y  v i s i b l e  in  th e  pho to g rap h  in  F ig u re  7, caused  i n t e n s i t y  

f l u c t u a t i o n s  t h a t  mimicked th e  s u p e rb u c k e ts ,  b u t  which were i n s e n s i t i v e  

to  th e  te ch n iq u es  developed  by th e  main r in g  o p e r a to r s  to  d i s t r i b u t e  

ev en ly  th e  p a r t i c l e s  among th e  b u c k e ts .  The f i g u r e  a l s o  shows th e  coat- 

monly o c cu r in g  i n t e n s i t y  sp ik e  a t  the  b e g in n in g  o f e x t r a c t i o n .  To avo id  

the  problem s t h a t  accompany such an i n t e n s i t y  b u r s t ,  we d e la y e d  opening  

the s p i l l  g a te  t h a t  en ab le d  th e  t r i g g e r  u n t i l  6 m i l l i s e c o n d s  a f t e r  ex­

t r a c t i o n  had commenced.
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SIGNALS FROM THE BEAM CERENKOV COUNTER

1 second f u l l  sweep

a) Uneven D is t r ib u t io n  throughout S p i l l
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,1 H, (Ml I Hi»-

b) 60 Hz Modulation

c) I n te n s i t y  Burst a t  Beginning of S p i l l  

F ig a ro  7: Time S t r u c t u r e  of the  Boem S p i l l
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One a s p e c t  o f  th e  beam t h a t  was n e v e r  v e i l  u n d e rs to o d  was th e  l a r g e  

Gonponent o f  p a r t i c l e s  o f  a few GeV e n e rg y .  Onr anon  s i n g l e s  r a t e  r u l e d  

ou t t h e i r  b e in g  m a in ly  due t o  muon h a lo ,  and th e r e  v a s  n o t  enough m a t t e r  

betw een th e  end o f  th e  beam p ip e  and th e  s p e c t ro m e te r  t o  a t t r i b u t e  them 

to  i n t e r a c t i o n s  i n  o u r  e x p e r im e n ta l  h a l l ,  Ve t e n t a t i v e l y  co n c lu d ed  t h a t  

th e  low en erg y  p a r t i c l e s  o r i g i n a t e d  w i th  th e  beam s c r a p in g  i n  th e  r e g io n  

of th e  momentum s l i t .  The n e t  r e s u l t  o f  th e s e  p a r t i c l e s  was t h a t  20 

p e r c e n t  o f  th e  t r i g g e r s  i n  th e  fo rw ard  s p e c t ro m e te r  arms (when Cerenkov 

c o u n te r s  were ex c lu d ed  from th e  t r i g g e r )  and SO p e r c e n t  o f  th e  t r i g g e r s  

in  th e  slow p io n  s p e c t ro m e te r  were n o t  due to  b e a m - ta r g e t  i n t e r a c t i o n s .

2 .3  TAaSBT
To enhance th e  p r e c i s i o n  in  d e te rm in in g  th e  v e r t e x  o f  an i n t e r a c t i o n  

ve used  a segmented t a r g e t .  Ten p ie c e s  o f  b e r y l l iu m  were a r ra n g e d  i n  a 

s t a i r c a s e  p a t t e r n ,  b u t  w i th  every  s te p  w e l l  s e p a r a te d  a lo n g  th e  beam 

ftom  i t s  n e ig h b o r s .  The t a r g e t  p ie c e s  were h e ld  in  p la c e  by s t r a n d s  of 

ny lon  tw ine  a t t a c h e d  to  t h e i r  o u t e r  ed g es ,  add ing  a n e g l i g i b l e  amount o f  

i n t e r a c t i n g  m a t t e r .  The assem bly  was mounted w i th in  a s ix  in c h  d ia m e te r  

s h e e t  aluminum tu b e .  Except a long  th e  to p  and bo ttom  where th e  m a t e r i a l  

was needed to  su p p o r t  th e  n y lo n  and t h r e e  r i n g s  f o r  m echan ica l  s t a b i l i ­

t y ,  the  aluminum was o u t  away so t h a t  th e  t a r g e t s  would be v i s i b l e  f o r  

the  i n i t i a l  su rv e y  and f o r  i n s p e c t i o n  th ro u g h o u t th e  ru n .

Each p ie c e  o f  b e r y l l iu m  ex tended  .43 in ch es  ( .0 3 1  n u c le a r  a b s o r p t io n ,  

.032 r a d i a t i o n  l e n g th s )  a long  th e  beam a x i s ,  was .14 in c h e s  h ig h  and 1 .5  

in ch es  w ide . The c e n t e r s  were s e p a ra te d  by t h r e e  in c h e s  a lo n g  th e  beam 

l i n e ,  and the  to p  fa c e  of each segment was c o p la n e r  w i th  th e  b o ttom  face  

o f  i t s  u ps tream  n e ig h b o r .  The t a r g e t  assem bly  i s  shown in  F ig u re  8 .
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The p r i n c i p a l  advan tage  o f t h i s  scheme over hav ing  th e  e q u iv a le n t  

amount o f  m a t e r i a l  i n  a s in g le  b lo c k  i s  th e  in c r e a s e d  a b i l i t y  to  d e c id e  

w hether a l l  members o f  a s e t  o f  t r a c k s  have ctnae from th e  same i n t e r a c ­

t i o n .  I f  the  n on -bend ing  p la n e  t r a c k s  i n  th e  two f a s t  arms i n t e r s e c t e d  

a t  a z v a lu e  w i th in  th e  t a r g e t  a ssem bly , th e  ev en t  was a s s ig n e d  to  a 

t a r g e t .  F a r t h e r  c u t s  were made on the  bending  p la n e  t r a c k  p r o j e c t i o n s  

to  th e  a s s ig n e d  t a r g e t .  F ig u re  9 shows how w e l l  th e  f a s t  non-bending  

p la n e  t r a c k s  found th e  t a r g e t .

Owing to  th e  s h o r t  l e v e r  arm and th e  l a r g e  number o f  t r i g g e r s  caused  

by p a r t i c l e s  n o t  coming from i n t e r a c t i o n s  t h a t  to o k  p la c e  i n  th e  t a r g e t ,  

p r o j e c t i o n s  o f  t r a c k s  i n  th e  slow p io n  s p e c t ro m e te r  arms, even when t a k ­

en in  p a i r s ,  f a i l  to  p ic k  o u t  th e  t a r g e t  p i e c e s .  N o n e th e le s s ,  u s in g  th e  

v e r t e x  a s  d e te rm in ed  from th e  f a s t  arms a s  a r e f e r e n c e  f o r  p r o j e c t i o n s ,  

th e  segmented t a r g e t  has  a p o s i t i v e  e f f e c t  on r e s o l u t i o n  i n  the  slow 

arms and i n  choosing  which t r a c k s  to  r e j e c t .
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2 .4  TRIGGER AND MA§g MATR#
The f a s t  t r i g g e r  l o g i c  s e l e c t e d ,  from among th e  m i l l i o n s  o f  i n t e r a c ­

t i o n s  t h a t  to o k  p la c e  i n  th e  t a r g e t  ev ery  s p i l l ,  a maximum of n i n e t y - s i x  

e v e n ts  t o  be r e c o rd e d  on m ag n e t ic  t a p e .  With a few e x c e p t io n s  f o r  d ia g ­

n o s t i c  p u rp o s e s ,  o n ly  th o s e  c o m b in a tio n s  o f  s i g n a l s  from th e  s c i n t i l l a ­

t o r  hodoscopes  and t h r e s h o l d  Cerenkov c o u n te r s  t h a t  s a t i s f i e d  a l l  th e  

r e q u ire m e n ts  f o r  b e in g  e i t h e r  a D* o r  s J / y  were c h o s e n .3? Such a r e ­

s t r i c t i v e  t r i g g e r  i s  n e c e s s a r y  to  g a th e r  d a ta  on e x c lu s iv e  c h an n e ls  o f  

sm all c ro s s  s e c t i o n  i f  one w ish es  to  a n a ly z e  them w i th in  a r e a s o n a b le  

amount o f  t im e .  O therw ise  th e  sample would be f lo o d e d  w i th  u n i n t e r e s t ­

ing e v e n t s .  An a l t e r n a t i v e  would have been  t o  have had a m u l t i - s t a g e  

t r i g g e r  w i th  some s o r t  o f  programmed t r i g g e r  p r o c e s s o r  f i l t e r i n g  th e  

e v e n ts .  We chose n o t  to  tak e  t h a t  r o u t e ,  b ecau se  th e  r e l a t i v e l y  modest 

number o f  c o in c id e n c e  e lem en ts  i n  our a p p a r a tu s  was w i th in  th e  range  of 

r e l i a b l e  c o n a e r o ia l  and custom made, h a rd  w ired  NIK l o g i c  m odu les .

The t r i g g e r ,  shown in  Figure 10, i s  b e s t  understood as th e  c o in c i ­

dence o f  s e v e r a l  s u b t r i g g e r s .  These in c lu d e  th e  L*S ( l e f t  and r i g h t )  

t r i g g e r ,  the  slow p io n  t r i g g e r ,  th e  s ig n  s e l e c t i o n  t r i g g e r ,  sad  th e  mass 

m a t r ix  t r i g g e r .  Of e q u a l  iaq^ortance to  th e  t r i g g e r  e lem en ts  a re  th e  

s e v e r a l  v e to  e lem en ts  w hich were i n t e g r a t e d  i n t o  th e  t r i g g e r  l o g i c .

A s in g l e  f a s t  arm c o in c id e n c e  was th e  r e g i s t e r i n g  o f  a s ig n a l  from a 

c o u n te r  i n  each  o f  the  P I ,  BO, HI, and BIX hodoscopes . The t i l t e d  P I I  

hodoscopes , u sed  i n  m atch ing  x and y  t r a c k s ,  was n o t  r e q u i r e d .  The L*R 

t r i g g e r  was th e  l o g i c a l  p ro d u c t  o f  th e  two f a s t  arms along  w ith  t h r e e  

v e to e s .  The f i r s t  o f  t h e s e ,  which a c t u a l l y  e n te r e d  in  th e  l e f t  arm, was 

a v e to  on a s ig n a l  c o r re sp o n d in g  t o  28 p h o to e le c t r o n s  o r  ro u g h ly  s ix

The lambda sssrple was b i a s e d .  P ro to n  -  slow p io n  e v e n ts  had to  have 
an e x t r a  p io n  in  th e  rem a in in g  f a s t  arm.
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p a r t i c l e s  i n  th e  beam Cerenkov c o u n te r  w i t h i n  one r f  b u c k e t .  T h is  v e to  

on h ig h  in s t a n ta n e o u s  f lu x  c u t  th e  t r i g g e r  r a t e  on th e  averag e  by abou t 

te n  p e r c e n t .  The second v e to  was on h ig h  m u l t i p l i c i t y  in  e i t h e r  o f  th e  

f a s t  arms and was g e n e ra te d  by s ix  o r  more h i t s  ( t h r e e  o r  more p a r t i ­

c l e s )  in  a BI hodoscope. A s tu d y  made w i th  t h i s  c o n d i t i o n  removed 

showed a 20 p e r c e n t  in c r e a s e  in  t r i g g e r  r a t e .  The t h i r d  v e to  was a one 

m i l l i s e c o n d  p u ls e  g e n e ra te d  by the  p re v io u s  main t r i g g e r .  T h is  prompt 

even t dead tim e was i n s e r t e d  in  o rd e r  to  s u p p re s s  th e  t r i g g e r  u n t i l  th e  

CAMAC system  co u ld  b e g in  t o  r e a d  th e  e v en t  and g e n e r a te  i t s  own v e to .  

Owing t o  th e  im portance  o f  th e s e  v e t o s ,  a l l  o f th e  com plete  t r i g g e r s ,  

w hether f o r  d a ta  o r  f o r  c a l i b r a t i o n  t a p e s ,  had L*E as one o f  i t s  compo­

n e n t s .

The slow p io n  s u b t r i g g e r  r e q u i r e d  a c o u n te r  s ig n a l  in  a l l  t h r e e  hodo- 

soopes o f  an up o r down arm. Ih e  two y hodoscopes^^ in  each  slow arm

were c o n f ig u re d  w i th  th e  back  p la n e  h av ing  w ider  c o u n te r s  th a n  th e

f r o n t ,  o v e r la p p in g  each o th e r  in  a way such t h a t  any good t r a c k  from the

magnet a p e r tu r e  would p a ss  th ro u g h  the  c o u n te r  w i th  th e  same index  nust-

b e r  on b o th  hodoscopes . T h is  h i t  m atch ing  was a t r i g g e r  r e q u i r e m e n t .  

The i n t e n t  o f  th e  x hodoscope, added e s p e c i a l l y  f o r  th e  second ru n ,  was 

to  r e s t r i c t  the  s ix e  o f  th e  a c c e p ted  s o l i d  a n g le .  The e x t r a  r e q u ire m e n t  

cu t th e  t r i g g e r  r a t e  by about 25 p e r c e n t ,  w h i le ,  a cco rd in g  t o  a Monte 

C arlo  s tu d y ,  i t  o u t  the  D* a ccep tan ce  by e ig h t  p e r c e n t .  In f o rm a t io n  on 

a l l  th e  hodoscopes i s  p re s e n te d  in  T ab le  2 .

We use a r i g h t  handed c o o rd in a te  system , t  r e f e r s  t o  th e  v e r t i c a l  
a x is  which in  t h i s  exper im en t i s  th e  bonding p l a n e .  The h o r i z o n t a l  
(non -bend ing ) p la n e  i s  z ,  and th e  beam a x i s  i s  z .
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table 2

S c i n t i l l a t o r  Hodoscopea

number of 
e lem en ts

elem ent
s i z e

arm c o o rd in a te  
(from magnet)

* y

p h o to m u l t i p l i e r
tube

( in c h es ) ( inche s)

£a21  M sm
F U 6 1*20 -205 0 RCA 8575
FIIX 10 + 2 ends 1x20.25 -55 0 RCA 8575
BOX 8 1 .5x30 69 0 EMI 9813KB
BIT 15 3x13 71 0 RCA 8575
BIIY 24 4.5*17 197 0 RCA 8575
Muon I 2 12x48 231 0 RCA 6655
Muon I I 2 12x48 262 0 RCA 6655
Muon I I I  2 12x48 293 0 RCA 6655

Slew ix a a
Up(Bn)IT 8 ( 1 .9 7 ,2 .9 5 ,2 .9 5 ,3 .9 8

3 . 9 8 , 3 .9 8 ,3 .9 8 ,4 .9 2 )
I  22 .8

117 ( - )3 5 .3 AMP XP2020

Up(Dn)IIT 8 ( 4 .5 3 ,5 .9 1 ,5 .9 1 ,7 .2 9  
7 .2 9 ,7 .2 9 ,7 .8 8 ,9 .8 5 )  

X 22 .8

157 ( - •)46.2 AMP XP2020

Up(Dn)IIIX 4 4 .92 x 3 1 .5 149 (-■)37.9 AMP XP2020
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Because we w ished  t o  u se  th e  d i r e c t  Cerenkov c o u n te r  s i g n a l s  f o r  

o f f - l i n e  p u ls e  h e i g h t  a n a l y s i s ,  th e  low l e v e l  o f  a p a s s iv e  10 :1  s p l i t  o f 

th e  o u tp u t  o f  th e  p h o to tu b e s  was used  i n  th e  t r i g g e r .  B efo re  th e  a t t e n ­

u a t io n ,  the  g a in  on the  p h o to tu b e s  was s e t  a t  25 m i l l i v o l t s  p e r  p ho toe­

l e c t r o n .  The a t t e n u a t e d  s i g n a l s  were r e a m p l i f i e d  by a f a c t o r  o f  t e n  and 

th e  two tu b e s  i n  th e  th r e s h o ld  Cerenkov c o u n te r s  i n  each  f a s t  arm were 

snansed. The sum was d i s c r im in a t e d  a t  45 m i l l i v o l t s  to  p ro v id e  th e  C^ 

and C% s i g n a l s .

The two muon t r i g g e r  demanded a h i t  i n  each  o f th e  th r e e  banks o f  

c o u n te r s ,  th e re b y  r e q u i r i n g  th e  p a r t i c l e s  to  t r a v e r s e  18 a b s o r p t io n  

le n g th s  o f  s t e e l .  In  a d d i t i o n  b o th  L*R and Cg*Ci wore r e q u i r e d .

The mass m a t r ix  m odule, b u i l t  to  our s p e c i f i c a t i o n s  f o r  t h i s  ru n ,  

se rv ed  two f u n c t io n s .  I t  p ro v id e d  a s ig n a l  r e p o r t i n g  w he ther a p a r t i c l e  

i n  a f a s t  arm was p o s i t i v e l y  o r  n e g a t i v e ly  ch arg ed , and i t  c o r r e l a t e d  

the  mcaaenta of th e  t r a c k s  i n  th e  two f a s t  arms so a s  t o  r e j e c t  low mass 

p a i r s .

F ig u re  11 shows th e  lo g ic  o f  th e  mass s e l e c t i o n .  The module r e c e iv e d  

as in p u ts  s i g n a l s  from th e  15 o v e r la p p in g  BI c o u n te r s  and 24 o v e r la p p in g  

B II  c o u n te r s .  These s ig n a l s  were t r a n s l a t e d  to  16 and 25 p o s s i b l e  chan­

n e ls  c o r re sp o n d in g  to  an e q u iv a le n t  s e t  o f  n o n -o v e r la p p in g  c o u n te r s  o f  

h a l f  th e  o r i g i n a l  w id th .  BI -  B II  h i t  p a i r s  r e p r e s e n t in g  momenta g r e a t ­

e r  th an  3 .5  GeV/e were a s s ig n e d  a number from one to  s ix t e e n  based  on 

how s t r o n g ly  th e  p a r t i c l e s  were b e a t  by th e  BM109 m agnet. An in c lu s iv e  

l o g i c a l  sms o f p a i r s  numbered one th rough  e ig h t  p ro v id e d  the  o u tp u t  s ig ­

n i f y in g  a down bend o r  p o s i t i v e  p a r t i c l e .  Nine th ro u g h  s ix t e e n  were 

"o r"e d  f o r  the  n e g a t iv e  p a r t i c l e s .  Note t h a t  r e j e c t i o n  on low f a s t  arm 

momentum i s  i m p l i c i t  in  s ig n  s e l e c t i o n .
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The p a i r e d  s ig n a l*  a l s o  se rv ed  a* th e  i n d i c i e s  o f  a 16 by 16 a r r a y .

A s in g le  o u tp u t  s i g n a l ,  r e p r e s e n t i n g  a d e s i r e d  r i g h t  l e f t  momentum c o r­

r e l a t i o n .  was g e n e ra te d  by any co m b in a tio n  o f  any number o f  c o in c id e n c e s  

r e q u e s te d  by means o f  256 s w i tc h e s  mounted on th e  f r o n t  p a n e l  o f  the  

u n i t .  The ch o ice  o f  d e s i r e d  c o in c id e n c e s ,  i n d i c a t e d  i n  F ig u re  12 , was 

de te rm ined  by a com parison  o f D* and i n c l u s i v e  p io n  e v e n ts  i n  th e  Monte 

C ar lo  s im u la t io n .

A, D* t r i g g e r  w i th  no re q u ire m e n t  t h a t  th e  momentum in  th e  two f a s t  

arms be c o r r e l a t e d  was formed by th e  c o in c id e n c e  o f  L*R, slow p io n .  

Cg+Ci, and ~ ( C ,* C i ) . The s ig n  s e l e c t i o n  s u b t r i g g e r  was c o n s t r u c te d  by 

r e q u i r i n g  th e  s ig n  of a p a r t i c l e  in  a f a s t  arm w i th  th e  t h r e s h o ld  

Cerenkov c o u n te r  on t o  be th e  same as  th e  t r i g g e r  s ig n  i n  th e  slow arm. 

The f i n a l  D* t r i g g e r  was th e  c o in c id e n c e  o f  D* w i th o u t  momentum c o r r e l a ­

t i o n s ,  th e  mass m a t r ix ,  and p ro p e r  s ig n  s e l e c t i o n .

The a c t u a l  d a ta  t a k in g  t r i g g e r  was an " o r "  o f  th e  D* t r i g g e r ,  th e  two 

muon t r i g g e r ,  and the  D* t r i g g e r  w l th o a t  th e  mass m a t r ix  p r e s c a le d  by a 

f a c t o r  o f  96 .  The momentum u n c o r r e l a t e d  t r i g g e r s  a cco u n ted  f o r  e i g h t  

p e rc e n t  o f  th e  e v e n ts  w r i t t e n  on th e  p r im ary  t a p e s ,  b u t  o n ly  f o u r  p e r ­

c en t  o f  th e  f u l l y  r e c o n s t r u c t e d  e v e n t s .  When th e s e  mass m a t r ix  o f f  

even t*  were f i l t e r e d  o f f - l i n e ,  and th o se  n o t  s a t i s f y i n g  th e  s ig n  s e l e c ­

t i o n  re q u ire m e n t  were d i s c a r d e d ,  i t  was d e te rm in ed  t h s t  th e  e f f e c t  of 

the  two arm c o r r e l a t i o n  i n  th e  mass m a t r ix  was an  a d d i t i o n a l  25 p e r c e n t  

su p p re s s io n  o f  th e  t r i g g e r  r a t e  a t  low m asses The two body mas* spec­

t r a  w i th  and w i th o u t  th e  m a t r ix  re q u ire m e n t  a re  shown in  F ig u re  13.
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2 .5  DRIFT CHAMBERS
In  a m n l t i - a rm  a p e o t r o n e te r  th e  meaanrement o f  p a r t i c l e  t r a j e c t o r i e s

s e rv e s  two d i s t i n c t  f u n c t i o n s .  These a re  d e te rm in in g  th e  m agnitude  o f  

th e  momentum o f  each  p a r t i c l e  from i t s  bend i n  a m agnetic  f i e l d  and , 

e q u a l ly  im p o r ta n t ,  d e te rm in in g  th e  a c tu a l  d i r e c t i o n  of th e  t r a c k s  as 

they  emerge from th e  i n t e r a c t i o n  so t h a t  a p r e c i s e  c a l c u l a t i o n  o f  th e  

i n v a r i a n t  mass o f  th e  i n i t i a l  s t a t e  can be made. For the  second ru n  th e  

a p p a ra tu s  was m o d if ied  p r i m a r i l y  f o r  th e  l a t t e r  p u rp o se :  i n  each  o f  the  

fo u r  arms an e x t r a  d r i f t  chmmber was added j u s t  downstream of th e  Henry 

H iggins  magnet a p e r t u r e .

In  th e  slow p io n  s p e c t ro m e te r  arms th e  new chambers were a c t u a l l y  two 

s e t s  o f  w ir e s  mounted w i th in  one frame t h a t  su rrounded  th e  magnet e x i t .  

The chamber i s  d e p ic t e d  in  F ig u re  1 4 .  Each a c t i v e  zone c o n s i s t e d  o f  a 

s in g le  p la n e  o f  tw elve  sen se  w ire s  mounted h o r i z o n t a l l y  so as  to  m easure 

the  v e r t i c a l  p o s i t i o n  o f  th e  t r a c k s .  The e x t r a  p lan e  b ro u g h t th e  t o t a l  

number o f  bending  p la n e  m easurements t o  fo u r  and in c re a s e d  th e  l e v e r  arm 

from 118 c e n t im e te r s  to  171 c e n t i m e te r s .  The ge<metry of th e  d r i f t  c e l l  

and th e  p r o c e s s in g  o f th e  s ig n a l s  from t h i s  chamber were i d e n t i c a l  w i th  

those  of th e  o th e r  slow arm cham bers.

There were th r e e  measurem ents o f  t r a c k  p o s i t i o n  in  the  non-bending  

p lane  in c lu d in g  one in  a chamber whose w ire s  were p i t c h e d  a t  7 d e g re e s  

frcMB th e  v e r t i c a l  to  f a c i l i t a t e  the  m atch ing  o f  t r a c k s  in  the  bending  

and non-bending  p l a n e s .  Except f o r  th e  f r o n t  chamber which was mounted 

on th e  magnet f l a x  r e t u r n  s h i e l d  p l a t e ,  the  slow arm d r i f t  chambers were

P. P e re z ,  th è se  D. 3® C ycle , U n iv e r s i t é  P a r i s -S u d ,  1978 (unpub­
l i s h e d )  .
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Figure 14: F ir s t  Slow Arm D r i f t  Chamber
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noim ted norm al to  th e  s p e c tro m e te r  arm a x i s ,  t h a t  i s ,  a t  an a n g le  o f  .23 

r a d ia n s  to  th e  beam. T h a t way the  p a th  o f  the  p a r t i c l e s  th ro u g h  th e  arm 

would be normal on th e  averag e  to  th e  e l e c t r i c  f i e l d  i n  th e  d r i f t  c e l l .

There were a t o t a l  o f  s i x t e e n  p la n e s  o f  sen se  w ire s  i n  each  f a s t  arm. 

Ten o f  t h e s e ,  o f  which f i v e  were downstream of th e  Bid.09 a n a ly z in g  mag­

n e t ,  m easured t r a c k  p o s i t i o n s  in  th e  bending  p l a n e .  Only two p la n e s  o f  

X p o s i t i o n  measurement were downstream o f  th e  m agnet. T ab le  3 snama- 

r i z e s  the  d r i f t  chamber in f o r m a t io n .

The chambers added to  th e  fo rw ard  arms were f i v e  plaxw p a ck a g e s ,  two 

s ta g g e re d  p la n e s  i n  b o th  th e  v e r t i c a l  and h o r i z o n t a l  and one p la n e  of 

sense  w ire s  p i t c h e d  11 d e g re e s  from th e  h o r i z o n t a l .  F ig u re  15 shows de­

s ig n  of th e  d r i f t  c e l l s  o f  th e s e  cham bers. L ike  th e  o th e r  f a s t  arm 

chambers t h e i r  fram es com prised  s e v e r a l  l a y e r s  o f  GIG, b u t  i n  th e s e  

chambers e x t r a  c a re  was ta k en  to  keep t h a t  p a r t  o f  th e  frame n e a r e s t  th e  

beam as narrow  as p o s s i b l e .  To accomodate th e  h ig h  r a t e s  a t  th e  f r o n t  

end of the spectrometer ,  the c e l l  w id th s  were reduced by h a l f  compared 

w ith  t h e i r  n e a r e s t  downstream n e ig h b o rs .  The sense  w ire s  were .5  in ch es  

a p a r t  in  the  x p la n e s  and 1 .0  in c h  a p a r t  in  th e  y  and t i l t e d  n p la n e .  

The s m a l le r  c e l l  s i z e  had no e f f e c t  on th e  cham bers ' i n t r i n s i c  r e s o l u ­

t i o n ,  because  s a t u r a t i o n  d r i f t  v e l o c i t y  i s  in d ep en d en t o f  c e l l  s i z e ,  and 

time measurement p r e c i s i o n  was l i m i t e d  by th e  e l e c t r o n i c s .  A lso , in  

c o n t r a s t  w i th  the  o th e r  f a s t  arm cham bers, th e s e  chambers made use of 

f i e l d  sh ap in g  w ire s  to  form a g raded  p o t e n t i a l .  With th e  sm all  c e l l  d i ­

mension t r a n s v e r s e  to  the  beam, i t  was th o u g h t  t h a t  had th e  c e l l  bounda­

r i e s  been  grounded (as  was th e  case  fo r  th e  l a r g e r  chambers) th e r e  would 

be too  l i t t l e  space fo r  the  un ifo rm  f i e l d  c r u c i a l  fo r  e f f i c i e n t  e l e c t r o n
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TABLE 3
D r i f t  Chamber C h a r a o t e r i s t i o s

nomber of c e l l a c t i v e a re a arm c o o r d in a te
d r i f t  o a l l a w id th w id th h e ig h t ( f r c n  magnet)

E S t l  £231 (dime&aiona i n  in c h e s )
AX 15 .5 4 8 -321
AD 8 1 4 8 -319
AY 15 1 4 8 -3 1 9
OX 11 1 6 12 -255
OY 11 2 6 12 -252
IX 8 2 9 16 -212
lY 15 2 9 16 -209
2X 19 1 10 22 -93
2Y 39 2 10 22 -91
3X 11 2 12 38 80
3Y 37 2 14 38 85
3'Y 16 2 16 32 89.5
4Y 55 2 18 56 190

Slow £231 (dimenaio&s i n  c e n t im e te r s )
OY 11 4 .8 52 .8 167
OX 9 4 .8 43 .2 170
lY 14 4 .8 67.2 226
IX 10 4 .8 4 8 .0 229
2X 12 4 .8 57 .6 286
2Y 17 4 .8 81.6 288
3Y 6 4 .8 2 8 .8 111
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c a p tu re  to  d e v e lo p .  T hat th e s e  chambers d id  s e rv e  t h e i r  p u rpose  i s  im­

p ro v in g  th e  v e r t e x  d e t e r m in a t io n  i s  shown i n  F ig u r e  16 which c o n t r a s t s  

e v e n ts  where th e  added chambers a r e  p r e s e n t  in  th e  t r a c k  f i t  w i th  th o se  

where th e y  a re  ig n o re d .

The a m p l i f i e r s  on th e s e  chambers were i d e n t i c a l  to  th o s e  on th e  o th e r  

f a s t  arm cham bers, b u t  owing t o  m echan ica l c o n s t r a i n t s ,  i n s t e a d  o f hav­

ing th e  s ig n a l  from th e  sense  w ire  im m ed ia te ly  c o n n ec ted  t o  th e  pream­

p l i f i e r  c h ip ,  i t  was s e p a r a te d  from the  preamp by two f e e t  o f  c o a x ia l  

c a b le .  D e s p i te  im p e r fe c t  impedance m a tch in g ,  t h i s  caused  no p ro b lem s .

As a consequence o f  th e  sm all s i z e  o f  th e  chambers and th e  p r o x im i ty  

to  one a n o th e r  o f  c o n d u c to r s  h e ld  a t  h ig h  v o l t a g e ,  th e s e  chambers were 

s u b je c t  t o  s p a rk in g  which bu rned  o u t  many o f th e  p r e a m p l i f i e r  c i r c u i t s .  

We had some su c c e ss  i n  r e l i e v i n g  t h i s  problem  by i n s t a l l i n g  a p a i r  o f  

d io d es  betw een ground and th e  in p u t  to  th e  p r e a m p l i f i e r s .  The d io d e s  

would conduct away l a r g e  p u l s e s  l i k e l y  to  damage th e  i n t e g r a t e d  c i r ­

c u i t s .  N on e th e le s s ,  we u s u a l ly  ran with about f i v e  out o f  the e ig h ty  

ch an n e ls  in  th e s e  chambers m is s in g .

The e m i t t e r  coup led  lo g ic  (ECL) s ig n a l s  from a l l  o f  th e  d r i f t  chamber 

a m p l i f i e r s  were p ro c e ss e d  u s in g  Lecroy 2770A d r i f t  chamber e n co d e rs ,  

w ith  a o<Hsmon s to p  s ig n a l  p ro v id e d  by th e  t r i g g e r .  The encoder  g iv e s  a 

d i g i t a l  o u tp u t  c o r re sp o n d in g  t o  th e  d r i f t  time f o r  th e  l a s t  h i t  b e fo re  

the common s to p .  The average  s lo p e  i s  abou t 3 nanoseconds p e r  c o u n t ,  

b u t  each  channel bad to  be c a l i b r a t e d  i n d i v i d u a l l y .  We used  a gas mix­

t u r e  o f  50 p e r c e n t  a rgon  50 p e r c e n t  e th an e  by volume. The measured 

d r i f t  v e l o c i t y  was 0 .00529 c e n t im e te r  p e r  n an o seco n d .*0 When c a l i b r a t i n g  

the  d i g i t i z e r s  u s in g  w e l l  tim ed p u i s e r  g e n e ra te d  s i g n a l s  we found the

Â.D. Itontag, T h r i f t  V e lo c i ty  C a l i b r a t i o n " ,  1978 (u n p u b l i s h e d ) .
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SCHEMATIC SIDE VIEW OF CHAMBER A PACKAGE
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Yr i g h t - Y l e f t  AT THE TARGET
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Figure 16; Y Vertex in Feet Arme
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ne a s u r e s e Hts r e p e a t a b l e  to  ± 1 c o u n t ,  c o r re sp o n d in g  to  .016 c e n t i m e te r s .

2 .6  ORgRWrOY CODNTEES

The i d e n t i t y  o f  a p a r t i c l e  p a s s in g  th ro u g h  a f a s t  arm o f th e  spec­

t ro m e te r  was d e te rm in ed  on th e  b a s i s  o f  in f o r m a t io n  from two Cerenkov 

c o u n te r s .  One, f i l l e d  w i th  ca rb o n  d io x id e  a t  a tm o sp h e r ic  p r e s s u r e ,  was 

used to  i d e n t i f y  p io n s .  I t  o p e r a te d  in  a p u r e ly  th r e s h o ld  mode. The 

o th e r ,  f i l l e d  w i th  i s o b n ta n e  a l s o  a t  a tm o sp h e r ic  p r e s s u r e ,  s e rv ed  p r i n ­

c i p a l l y  to  s e p a ra te  kaons fr<m p r o to n s .  R e le v a n t  p r o p e r t i e s  o f  th e  two 

gases  a r e  shown i n  T ab le  4 .  The i s o b u ta n e  c o u n te r  had th e  a d d i t i o n a l  

f e a tu r e  o f  hav ing  th e  Cerenkov l i g h t  r i n g  p r o j e c t e d  on  a r o s e t t e  shaped 

mask, d iv id in g  th e  l i g h t  i n t o  an in n e r  and o u t e r  s i g n a l ,  th u s  a l lo w in g  

the  c o u n te r  to  be o p e ra te d  in  a d i f f e r e n t i a l  mode.

Gases
TABLE 4

Used i n  E650 Cerenkov C o u n te rs

T h re s h o ld  Momentum (GeV/c)
N P io n s  Kaons P ro to n s

Iso b n ta n e 1.000128 2 .7 6  9 .75  18 .54
CO, 1,000410 4 .87  1 7 .24  32 .76

Although the  s e l e c t e d  co m b in a tio n  o f  g a se s  a l lo w s  f o r  th e  i d e n t i f i c a ­

t i o n  of p io n s  over th e  e n t i r e  range  o f a c c e p te d  momenta, f o r  th e  t e n  

p e rc e n t  o f  r e c o n s t r u c t e d  t r a c k s  w i th  momenta below th e  Cerenkov th r e s h ­

o ld  f o r  kaons in  i s o b n ta n e ,  p ro to n s  and kaons rem ained  i n d i s t i n g u i s h a ­

b l e .  When s e a rc h in g  f o r  a D* s ig n a l  th e y  were a l l  c o n s id e re d  to  be 

kaons; when lo o k ing  f o r  lambdas th e y  were t r e a t e d  as  p ro to n s .
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Each o f th e  Cerenkov c o u n te r s  was d iv id e d  a t  beam h e ig h t  i n t o  in d e ­

p en d en t,  i d e n t i c a l ,  upper and low er o p t i c a l  c e l l s .  Each t h r e s h o l d  c e l l  

had one KCA 8854 p h o to m u l t i p l i e r  tu b e ,  and each  d i f f e r e n t i a l  c e l l  had 

two. D e t a i l s  o f  th e  c o n s t r u c t i o n  o f  a c e l l  o f  each  c o u n te r  a re  shown in  

F ig u re  17 . For a t r a c k  p a s s in g  s u f f i c i e n t l y  f a r  away from th e  c e l l  

boundary , i t  was o n ly  n e c e s s a ry  t o  examine l i g h t  from one c e l l .  T h is  

a m e l io ra te d  to  some e x te n t  th e  problem  of l i g h t  c o n ta m in a t io n  from p a r ­

t i c l e s  t h a t  p a sse d  th ro u g h  th e  Cerenkov c o u n te r ,  b u t  were n o t  a c c e p ted  

by th e  whole s p e c t ro m e te r .  Under th e  r i g h t  c i r c u m s ta n c e s  i t  a l s o  a l ­

lowed f o r  an unambiguous i d e n t i f i c a t i o n  o f  p a r t i c l e s  when t h e r e  were two 

t r a c k s  in  an  arm. For t r a c k s  p a s s in g  n e a r  th e  c e l l  b o u n d a r ie s ,  th e  u se ­

f u l  s i g n a l s  were th e  sums of th e  l i g h t  from th e  c e l l  p a i r s .

S ig n a ls  frcm  the  th r e s h o ld  Cerenkov c o u n te r  were p a r t  o f  th e  t r i g g e r  

l o g i c ,  b u t  the  a c t u a l  p a r t i c l e  i d e n t i f i c a t i o n  was perfo rm ed  o f f  l i n e .  

The h ig h  s ig n a l  frcm a 10 :1  p a s s iv e  s p l i t  f r o s  each  p h o to tu b e  was s e n t  

C O  a Lecroy 2249 ana log  Co d i g i t a l  c o n v e r t e r .  I t  was on t h i s  d i g i t a l  

in fo rm a t io n  t h a t  the  a n a ly s i s  was pe rfo rm ed .
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Figaro 17: Cerenkov Counter*
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2 .7  DATA ACQUISITION AND W-LINE MONTIORINO

The d a ta  a c q n i a i t i o n  ay#tarn, i n i t i a t e d  by a s ig n a l  f r « a  th e  t r i g g e r  

l o g i c ,  v a s  s ta n d a rd  CAMAC. T ab le  5 shows th e  fo rm at o f  each e v e n t .  The 

16 b i t  words were w r i t t e n  in  a b u f f e r  memory o f  32 ,000  word c a p a c i ty  

t h a t  p e r m i t te d  r e g i s t e r i n g  a maximum o f  96 e v e n ts  p e r  beam s p i l l .  Bead­

ing  o u t  the  d a ta  took  2 .5  m i l l i s e c o n d s  on th e  a v e rag e ,  r e s u l t i n g  in  a 

t r i g g e r  induced  dead tim e  o f  about 20 p e r c e n t .  At th e  end o f  each s p i l l ,  

o r  when the  b u f f e r  was f u l l ,  th e  e n t i r e  c o n te n t s  were dumped to  m agnetic  

tap e  in  th e  form o f  e i g h t  4000 word r e c o r d s .

Data

TABLE 5 
Prim ary  Event Format

Number of words

F ixed  words 4
P a t t e r n  words 14
TDC's 72
ADC's 96
S c a le r s 24
D r i f t  chamber encoders  10—952

1
I

H alf  of th e  memory was i n s t a l l e d  s p e c i f i c a l l y  f o r  th e  second ru n .  In  

the  200 GeV/o ru n  o n ly  48 e v e n ts  co u ld  be re c o rd e d  p e r  s p i l l ,  and we ra n  

a t  th e  lo w es t  i n t e n s i t y  t h a t  would s a t u r a t e  t h i s  t r i g g e r  r a t e .  D oubling 

the  memory a llow ed  u s  to  r e c o rd  96 e v e n ts  p e r  beam s p i l l .  Because th e  

average  number o f  p a r t i c l e s  t r a v e r s i n g  th e  s p e c t ro m e te r  p e r  t r i g g e r  in ­

c re a se d  w i th  beam i n t e n s i t y ,  a beam i n t e n s i t y  s u f f i c i e n t l y  h ig h  to  r e ­

s u l t  in  96 t r i g g e r s  caused  more p a r t i c l e s  to  p a s s  th rough  th e  a p p a ra tu s  

than  th e  t r a c k  r e c o n s t r u c t i o n  program cou ld  e f f i c i e n t l y  h a n d le .  The 

beam i n t e n s i t y  a t  which we chose t o  run  was t h e r e f o r e  l im i t e d  n o t  by th e
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r a t e  a t  which we co u ld  r e c o r d  e v e n t s ,  am had p r e v i o u s l y  been  th e  c a s e ,  

b u t  by our a b i l i t y  to  r e c o n s t r u c t  them.

An EP2116B com puter, o p e r a t in g  i n  p a r a l l e l  w i th  th e  d a ta  a c q u i s i t i o n  

system , re a d  th e  d a ta  in  th e  f i r s t  r e c o rd  o f  each  s p i l l .  The o n - l i n e  

program co u ld  th e re b y  m o n ito r  th e  s t a t u s  o f  ev e ry  component s p i l l  by 

s p i l l .  T h is  m o n ito r in g  was c r i t i c a l ,  because  c e r t a i n  p ie c e s  o f  equ ip ­

m ent, such as th e  d r i f t  chamber en co d e rs  and th e  d i f f e r e n t i a l  Cerenkov 

c o u n te r s ,  had f a i l u r e  modes to  w hich th e  t r i g g e r  r a t e  and o th e r  c o n t in u ­

o u s ly  s c a le d  q u a n t i t i e s  were i n s e n s i t i v e .
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C hap te r  I I I  
EVENT BECONSISncnON

3 .1  DRIFT CHAMBER ALIQWENT
T rack  r e c o n s t r u c t i o n  b e g in s  w i th  th e  t r a n s l a t i o n  o f  th e  tim e in form a­

t i o n  from th e  d r i f t  chamber e n co d e rs  to  t r a c k  p o s i t i o n s .  To accom plish  

t h i s  one must know th e  p h y s ic a l  l o c a t i o n  o f  ev ery  sen se  w ire  and th e  r e ­

l a t i o n s h i p  betw een  th e  d i g i t a l  t im in g  s ig n a l  and d r i f t  d i s t a n c e  f o r  

every  c h a n n e l . To f i r s t  o rd e r  t h i s  in fo r m a t io n  can  be d e r iv e d  from a 

su rv ey  of th e  d r i f t  chamber p o s i t i o n s  and from a c a l i b r a t i o n  o f  the  

e l e c t r o n i c s  by p u l s in g  th e  d r i f t  chamber d i g i t i z e r s  w i th  s i g n a l s  of 

known b u t  v a ry in g  d e la y .  Both the  su rvey  c o o r d in a te s  and th e  tim ing  

c o n s t a n t s  can  th e n  be tuned  to  f i n e r  p r e c i s i o n  by making sm all  s h i f t s  to  

m inim ize th e  f i t  r e s i d u a l s  of t r a c k s  from d a ta  ta k e n  w i th  th e  a n a ly z in g  

m agnets o f f .  In  th e  p r e s e n t  e x p e r im en t ,  th e se  p ro c e d u re s  met w i th  c(m~ 

p l i c a t i o n *  t h a t  r e s u l t e d  in  s i g n i f i c a n t  d e la y s  i n  th e  a n a l y s i s .  D i f f e r ­

e n t  problem s dom inated  i n  th e  d i f f e r e n t  arms.

The g eo m etr ic  a lig n m en t of th e  fo rw ard  s p e c tro m e te r  arms was a 

s t r a i g h t f o r w a r d  e x e r c i s e .  S e v e ra l  s e t s  o f  v a lu e s  from s e v e r a l  s e t s  o f  

p o s i t i o n  m easurem ents  had to  be r e c o n c i l e d .  The main c o m p l ic a t io n  was 

t h a t  some o f  th e  a p p a ra tu s  had been  moved betw een s u rv e y s .  The s o lu t i o n  

r e l i e d  s im ply  on g iv in g  g r e a t e r  w e igh t to  m easurements t h a t  were most 

c o n f id e n t ly  rep ro d u ced :  p o s i t i o n s  o f  e a s i l y  a c c e s s i b l e  chambers w ith

v i s i b l e  w i r e s .  At t h i s  i n i t i a l  s ta g e  th e  s t r e s s  was on th e  i n t e r n a l  

c o n s i s te n c y  o f th e  c o o r d in a te s  w i th in  an arm. O v e ra l l  arm s h i f t s  were 

d e a l t  w i th  l a t e r .
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Throughout th e  run n in g  p e r io d  t h e r e  were d r i f t s  i n  th e  t im in g  c a l i ­

b r a t i o n  i n  s e v e r a l  o f  the  d r i f t  cham bers, c a u s in g  d e v ia t i o n s  o f  a s  much 

a s  .05 in c h es  from ze ro  i n  th e  c e n t r o i d  o f  p l o t s  o f  th e  m easured t r a c k  

p o s i t i o n  minus th e  f i t t e d  p o s i t i o n .  The gas m ixing system  ( s h a re d  w i th  

and in d e p e n d e n t ly  m o n ito red  by a n o th e r  ex p e r im en t)  was r e l i a b l e  t o  b e t ­

t e r  th a n  h a l f  a p e r c e n t  v a r i a t i o n  in  r e l a t i v e  c o n c e n t r a t i o n ,  and th e  

d r i f t  chamber h ig h  v o l t a g e s  were k e p t  w e l l  above d r i f t  v e l o c i t y  s a t u r a ­

t i o n .  Ve concluded  t h a t  th e  problem o r i g i n a t e d  w i th in  the  d r i f t  chamber 

en co d e rs ,  which were known to  be s e n s i t i v e  to  th e  CAMAC c r a t e  tem pera­

t u r e  and power su p p ly  v o l t a g e  v a r i a t i o n s .

The s ta g g e re d  c e l l  c o n s t r u c t i o n  o f  th e  f a s t  arm chambers a llo w ed  us 

to  com pensate f o r  t h i s  on a chamber by chamber b a s i s .  For each  chamber 

a p a ra m e te r  T*+T% was d e f in e d .  Th is  number was eq u a l  to  th e  sum o f  the  

TDC v a lu e s  o f  th e  two h i t s  in  a chamber from a s in g le  charged  p a r t i c l e  

t r a v e l i n g  e x a c t l y  p e r p e n d ic u la r  to  th e  sense  w ire  p la n e .  I t  a l s o  

e q u a l le d  the  number o f  co u n ts  in  tw ice  the  c e l l  d r i f t  d i s t a n c e .  The 

d i s t a n c e  o f  a h i t  from a w ire  i n  u n i t s  o f  th e  c e l l  w id th  i s  2Tj^^^/T^+Ts, 

By a d ju s t in g  T^+T» by amounts o f  ab o u t ^< T ]^ it"^ f i t^ /T ^+ T * , (T ]^ jt"T fi t>  

cou ld  be k ep t  n e a r  z e r o .  We were u n ab le  t o  compensate f o r  c a l i b r a t i o n  

d r i f t i n g  i n  the  s in g le  p lan e  slow arm cham bers, b u t  l u c k i l y  th e  en co d e rs  

a s s o c i a t e d  w i th  th o se  chambers were among th e  more s t a b l e  o nes .

The t a s k  o f  a l ig n in g  t h e  chambers in  the  slow p io n  s p e c t ro m e te r  was 

q u i t e  d i f f i c u l t .  The chambers had opaque windows, meaning t h a t  w ire  po­

s i t i o n s  had to  be c a l c u l a t e d  u s in g  t h e i r  d i s t a n c e s  from m easured p o in t s  

on th e  chamber fram es .  D is ta n c e s  w i th in  chambers were i n f e r r e d  from de­

s ig n  d raw in g s .  T i l t i n g  th e  chambers to  make the  d r i f t  p la n e s  normal to
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th e  arm azea in t r o d u c e d  a d d i t i o n a l  measurement u n c e r t a i n t i e s  by e l im i ­

n a t in g  c o n v e n ie n t  r i g h t  a n g le s .

S ince  th e  s p e c t ro m e te r  was d e s ig n e d  t o  have th e  c o l l im a to r  w i th in  

Henry H ig g in s  b lo c k  th e  d i r e c t  l i n e  be tw een th e  t a r g e t  and th e  a c t i v e  

r e g io n  i n  th e  cham bers, a ta p e  w i th  th e  magnet o f f  was w r i t t e n  w i th  a .5 

inch  cu b ic  aluminum t a r g e t  mounted i n  th e  c e n t e r  o f  th e  m agnet. T h is  

tape  was used  p r i m a r i l y  to  in s u r e  t h a t  th e  two slow p io n  arms p o in te d  to  

the  same v e r t e x .  The in d i v i d u a l  arm a lig n m en t was done u s in g  normal 

d a ta  w hich ten d ed  to  be c l e a n e r  and a llo w ed  a d e te r m in a t io n  o f  how sm all 

p o s i t i o n  changes a f f e c t e d  th e  a c t u a l  r e c o n s t r u c t i o n  e f f i c i e n c y .

The te c h n iq u e s  used  i n  a l i g n i n g  th e  slow p io n  chambers a r e  d e s c r ib e d  

in  d e t a i l  i n  r e f e r e n c e  59 . The a l ig n m en t was f i r s t  perfo rm ed  on the  

th r e e  downstream chambers w hich had been  in  u se  d u r in g  th e  f i r s t  ru n .  

That s o l u t i o n  was th e n  used  to  p o in t  back  to  th e  chamber mounted on th e  

downstream s h i e l d  p l a t e  o f  th e  m agnet.

H all probe mcasnrmaent# o f  the  Henry R ig g in s  m agnetic  f i e l d  in d i c a t e d  

t h a t  a s i g n i f i c a n t  f r a c t i o n  o f  th e  f i e l d  i n t e g r a l  was in  th e  space down­

s tream  of th e  f i r s t  slow arm chamber. The s h i f t  o f  a h i t  i n  th e  f i r s t  

chamber was e s t im a te d  to  be ab o u t  .0 8 /p (6 e V /c )  in c h e s .  In  a l i g n i n g  th e  

chambers in  th e  slow p io n  arms one q u a n t i t y  t h a t  was tuned  was T«, th e  y 

i n t e r c e p t  o f  th e  tim e v e r s u s  d r i f t  d i s t a n c e  l i n e  p l o t t e d  f o r  each w i re .  

T h is  a d ju s tm e n t ,  m o t iv a te d  by a d i s t r u s t  o f  the  o r i g i n a l  p u i s e r  d e r iv e d  

d i g i t i z e r  c a l i b r a t i o n ,  was e q u iv a l e n t  to  a w ire  by w ire  p o s i t i o n  a d j u s t ­

ment in v o lv in g  changes in  s e v e r a l  T e ' s  i n  th e  f i r s t  chamber by as  much 

as t e n  c o u n ts .  Because th e  a n g le ,  momentum, and h i t  w ire  in  th e  f r o n t  

chamber were c l o s e l y  c o r r e l a t e d ,  the  e f f e c t  o f  tu n in g  T» on d a ta  tak en
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w ith  th e  a e g n e t  on was to  a u t o m a t i c a l l y  in t ro d u c e  th e  mwaentum c o r r e c ­

t i o n .  F ig u re  18 shows th e  h i t - f i t  v a lu e s  f o r  th e  f r o n t  chamber a s  a 

f u n c t io n  o f  w ire  number, a n g le ,  and momentum. Because o f  h ig h e r  average  

momentum and th e  cham bers ' b e in g  f u r t h e r  downstream o f  Henry H ig g in s ,  

th e  e f f e c t  o f  th e  f r i n g e  f i e l d  on th e  f i r s t  f a s t  arm chambers was n e g l i ­

g i b l e .
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HIT-FIT vs. SLOPE OF TRACK FOR FIRST UP ARM CHAMBER
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H IT -F IT  FOR FIRST DRIFT CHAMBER
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F ig u re  18: H i t  -  F i t  in  th e  F ro n t  Slow Arm Chamber
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3 .2  TRACI RECONSTRUCTION
The computer program u sed  to  r e c o n s t r u c t  t r a c k s  c o n t in u e d  i t s  ev o lu ­

t i o n  from AOS E xperim ent 694 and P e rm ilab  E xperim en t 567 w i th  most o f  

th e  changes t a k in g  p la c e  i n  th e  slow p io n  r e c o n s t r u c t i o n  r o u t i n e s .  F ig ­

u re  19 i s  a sch em a tic  flow c h a r t  showing how th e  program o p e r a t e d .

The t r a c k s  i n  th e  f a s t  arms were found a c c o rd in g  t o  th e  fo l lo w in g  

scheme. The bend ing  and non-bending  p la n e s  were h an d led  s e p a r a t e l y .  

Com binations o f  s c i n t i l l a t o r  c o u n te r s  r e g i s t e r i n g  s i g n a l s  t h a t  l a y  along 

s t r a i g h t  l i n e s  were ta k e n  t o  d e f in e  " t r a i l s " .  Only t r a i l s  p a s s in g  

th ro u g h  th e  m agnets  and p o in t in g  to  th e  t a r g e t  were c o n s id e re d .  The 

I w id th  o f  th e  t r a i l  a t  each  d r i f t  chamber p la n e  was d e te rm in ed  from the

c o u n te r  w id th s  and th e  w ire  sp ac in g  i n  th e  cham bers. Every p a i r  o f  s ig ­

n a l s  ( c a l l e d  a " l i n e "  by th e  program) o r s i n g l e  h i t  (when o n ly  one o f  

the  p a i r  o f  sen se  w ire s  r e g i s t e r e d )  from each  chamber was th e n  a s s ig n e d  

to  one o r  more t r a i l s .  Chamber s i g n a l s  n o t  f a l l i n g  w i th in  t r a i l s  were 

ig n o re d .  S t a r t i n g  from the  downstream end of the  s p e c tro m e te r  th e  l i n e s  

and s in g le  p o i n t s  w i th in  a t r a i l  were scanned to  see  i f  th ey  co u ld  be 

co n n ec ted  to  form a t r a c k  t h a t  s ta y e d  w i th in  th e  t r a i l .  Every e x t r a  

l i n e  o r  p o in t  added t o  th e  t r a c k  narrow ed th e  window fo r  subsequen t 

s e a r c h e s .

I n  p r a c t i c e  th e  s e a rc h  p ro ce d u re  was c o m p lic a te d ,  b e in g  governed by a 

s e t  o f  36 s e p t u p l e t s  which were s e t s  o f  s e a rc h  co n t in g e n cy  index  parame­

t e r s .  The index  r e f e r r e d  to  d i f f e r e n t  l o c a t i o n s  in  th e  computer coda. 

Each o f  the  s e p t u p l e t s .  which were o rd e re d  in  d e c r e a s in g  l i k e l i h o o d  o f  

c o n ta in in g  a p a t t e r n  o f  h i t s  c o r re sp o n d in g  to  a t r a c k ,  was t r i e d  in  t u r n  

u n t i l  two t r a c k s  in  each p la n e  were found o r u n t i l  a l l  the  p o s s i b i l i t i e s  

had been e x h a u s te d .  To su sm arix e :  in  th e  f a s t  arms t r a i l s  were sea rc h ed  

f o r  l i n e s  and p o in t s  to  form t r a c k s .
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Figure 19: Track R econ stru ctiou  Program Flow Chart
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At th e  i n i t i a l  r e c o n s t r u c t i o n  s t a g e ,  th e  t r a c k  u s in g  s i g n a l s  from th e  

g r e a t e r  number o f sen se  w ire s  i n  th e  bend ing  p la n e  was p a i r e d  w i th  th e  

t r a c k  w i th  th e  g r e a t e r  number o f s i g n a l s  i n  th e  non-bend ing  p l a n e .  The 

in fo r m a t io n  frcm  th e  t i l t e d  p la n e  o f  th e  f r o n t  chamber was n o t  u sed . 

The d e f i n i t i o n  o f  a good r e c o n s t r u c t e d  t r a c k  was one u s in g  s i g n a l s  from 

two sen se  w ire s  i n  the  non-bend ing  p la n e  and t h r e e  i n  th e  bonding  p la n e ,  

in c lu d in g  one in  th e  f u r t h e s t  downstream chamber 4 Ï  and one u p s tream  o f 

th e  BM109 a n a ly z in g  m agnet. The average  b e s t  f a s t  arm t r a c k  had s i g n a l s  

from e ig h t  non-bend ing  p la n e  w ire s  and t e n  bend ing  p la n e  w i r e s .

In  the  slow p io n  s p e c tro m e te r  th e  t r i g g e r  c o n d i t i o n  o f  p a i r e d  c o u n t­

e r s  i n  th e  bending  p la n e  im m ed ia te ly  d e f in e d  th e  p a th s  o f  th e  p a r t i c l e s .  

As th e r e  were o n ly  seven  sen se  w ire  p la n e s  p e r  arm, th e  r e c o n s t r u c t i o n  

a lg o r i th m  was c o m p a r i t iv e ly  s im p le .  P a i r s  o f  s i g n a l s  in  th e  f i r s t  and 

l a s t  chambers where w ire  h i t s  were r e g i s t e r e d  were examined to  see 

w hether th e  l i n e  th ey  d e f in e d  was w i th in  th e  p a th  d e f in e d  by th e  c o u n te r  

p a i r ,  p o in te d  to  the  c e n te r  o f  Henry B ig g in s ,  and avoided  the  c o l l im a ­

t o r .  The s i g n a l s  in  th e  in te r m e d ia te  chambers were scanned to  see  i f  

th ey  f e l l  a long  th e se  l i n e s .  F o u r - p o in t  t r a c k s  were accum ula ted  f i r s t ,  

th en  th r e e —p o in t  t r a c k s ,  u n t i l  e i t h e r  te n  t r a c k s  were found o r  a l l  th e  

s ig n a l  co m b in a tio n s  had been  t r i e d .

The p ro c e ss  was th e n  r e p e a te d  i n  th e  non-bending  p lan e  w i th  the  a d d i­

t i o n a l  c < m p lic a t io n  t h a t  the  p o i n t  where the  p a r t i c l e  p a th  i n t e r s e c t e d  

th e  chamber in  th e  m id d le ,  t i l t e d  p la n e  chamber, was c a l c u l a t e d  w i th  the  

a id  o f  in fo r m a t io n  from a bend ing  p la n e  t r a c k .  T ha t i s ,  a non-bending  

t r a c k  was sought to  c o rre sp o n d  w i th  each bend ing  p la n e  t r a c k .  Only i f  

no two—p o i n t  o r  th r e e —p o in t  t r a c k s  were found u s in g  the  m iddle  sense
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w ire  p la n e  d id  th e  program r e c o r d  a tw o -p o in t  t r a c k  o m i t t i n g  t h a t  p l a n e .  

B efo re  th e  f i n a l  f i t  was made th e  i n t e r s e c t i o n  p o s i t i o n s  were c o r r e c t e d  

by th e  c o s in e  o f  th e  a n g le  betw een th e  t r a c k  and th e  e l e c t r i c  f i e l d .  

L a s t l y  th e  p a i r e d ,  f i t t e d  t r a c k s  were o rd e red  by number o f  sen se  w ire  

s ig n a l s  need and goodness o f  f i t ,  and th e  two b e s t  t r a c k s  i n  each  arm 

t h a t  c o n ta in e d  a p ro p e r  c o m b in a tio n  o f  c o u n te r  s i g n a l s  were k e p t .

In  t h i s  ex p er im en t th e  r e c o n s t r u c t i o n  e f f i c i e n c y  was i n v e r s e l y  r e l a t ­

ed t o  th e  i n t e n s i t y  of th e  p a r t i c l e  f l u x  th ro u g h  th e  d r i f t  cham bers. 

T h is  was becau se  f o r  each t r i g g e r  o n ly  one p a s s in g  p a r t i c l e  p e r  sense  

w ire ,  th e  one whose io n  t r a i l  re a ch e d  th e  sen se  w ire  l a s t ,  cou ld  be re g ­

i s t e r e d .  T h e re fo re  e x t r a  p a r t i c l e s  p a s s in g  th ro u g h  th e  d r i f t  chambers 

cou ld  have th e  e f f e c t  o f  e r a s in g  im p o r ta n t  in fo r m a t io n .  The chambers in  

th e  slow p io n  s p e c t r o a e t e r  b e in g  among th e  f u r t h e s t  ups tream  were most 

s u s c e p t ib l e  t o  th e  i l l  e f f e c t s  o f  h ig h  i n t e n s i t y ,  and th e  a b i l i t y  t o  r e ­

c o n s t r u c t  t r a c k s  in  th e  slow arms became the  l i m i t i n g  f a c t o r  in  th e  beam 

i n t e n s i t y  we cou ld  t a k e .

Under optimum c o n d i t i o n s ,  th e  r e c o n s t r u c t i o n  e f f i c i e n c y  in  th e  slow 

p io n  s p e c tro m e te r  arms was abou t 70 p e r c e n t .  The q u a n t i t y  we w ished to  

maxim ise, however, was th e  number o f  r e c o n s t r u c t a b l e  t r a c k s  w r i t t e n  p e r  

u n i t  t im e , and n o t  th e  r e c o n s t r u c t a b l e  f r a c t i o n .  T h is  made i t  to  o u r  

advantage  to  run  th e  experim en t a t  a beam i n t e n s i t y  t h a t  r e s u l t e d  i n  a 

p a r t i c l e  f lu x  th rough  the  d r i f t  chambers t h a t  was p a s t  the  peak in  our 

slow arm r e c o n s t r u c t i o n  e f f i c i e n c y .  At our averag e  ru n n in g  i n t e n s i t y  of 

1 .1  X 10^ p io n s  p e r  p u l s e ,  slow p io n  r e c o n s t r u c t i o n  was abou t 54 p e r c e n t  

e f f i c i e n t  and f a s t  arm t r a c k  r e c o n s t r u c t i o n  was abou t 71 p e r c e n t  e f f i ­

c i e n t .
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The d a ta  sample f o r  t h i s  ex p er im en t c o n s i s t e d  o f  about S . 8 m i l l i o n  

e v e n ts  w r i t t e n  on ab o u t 220 r e e l s  o f  ta p e  each  2400 f e e t  long a t  a den­

s i t y  o f 800 b p i .  For conven ience  i n  ta p e  h a n d l in g ,  most o f  th e  p r im ary  

ta p e s  were condensed to  6250 op i t a p e s ,  fo u r  o r  f i v e  t o  th e  r e e l .  The 

f i r s t  p a s s  a t  a n a ly z in g  th e  d a ta  was s im ply  to  r e c o n s t r u c t  th e  t r a c k s .  

I f  an e v en t  had a t r a c k  i n  each  arm re q u e s te d  by th e  t r i g g e r  ( t h r e e  arms 

f o r  a D*, two f o r  a J / f )  th e  p rim ary  a n a l y s i s  program would w r i t e  on 

d i s k  a d a ta  summary r e c o r d .  T ab le  6 g iv e s  th e  fo rm at o f  a d a ta  summary 

r e c o r d .  The d a ta  summary d i s k  f i l e s  were c o l l e c t e d  o n to  d a t a '  summary 

ta p e s  (DST*s) o f  w hich t h e r e  were 17 c o n ta in in g  915,726 e v e n t s .  A ll  

subsequen t a n a l y s i s  was perform ed  on the  DST's o r  on f i l t r a t i o n s  t h e r e ­

o f ,  w i th  th e  e v en t  fo rm at and c o n te n t  rem a in ing  unchanged . T ha t i s ,  a l ­

though s e v e r a l  of th e  q u a n t i t i e s  in  th e  d a ta  suanaary re c o rd  were a l t e r e d  

i n  th e  seco n d a ry  a n a l y s i s ,  a l l  o f  th e  f i l t r a t i o n  programs w h e th er  fo r  

muon t r i g g e r  e v e n t s ,  lambda c a n d id a te  e v e n t s ,  o r  mass m a t r ix  o f f  e v e n ts ,  

s to re d  and w ro te  o u t  th e  in fo r m a t io n  as i t  appeared  on the  DST so t h a t  

f i l t e r i n g  program s d id  a c t  as  p r o j e c t i o n  o p e r a t o r s .
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Q u a n t i ty

TABLE 6 

D ata  Summary Tape

Number o f  words

Format

B i t s  P e r  Word

F ixed  words 4 16
P a t t e r n  words 14 16
ADC(5 3 -56 ,61 -72 ) 16 16
S c a le r s 24 16
Words in  /00(H)/ 1 16
Number o f t r a c k s 1 16
T rack  p a ra m e te rs 104 X no . o f  t r a c k s 25
H i t s  p e r  t r a c k 68 5
C oun te rs  h i t 16 16
P u ls e  h e ig h t s 16 16
Momentum 8 24
P o l a r i t y 8 5
T rack  index 32 5
Magnet p o l a r i t y 4 5

Maximum number o f b i t s  p e r  ev en t  "  25 , 124

3 .3  PARTICLE IDENTIFICATION
The f i r s t  s t e p  in  th e  p a r t i c l e  i d e n t i f i c a t i o n  p ro ced u re  was th e  no r­

m a l i z a t i o n  o f  th e  p u ls e  h e ig h t  d i s t r i b u t i o n s  o f  th e  d i f f e r e n t  p h o to tu b e s  

to  compensate f o r  th e  v a r i a t i o n s  in  average  am p li tu d e  t h a t  o c c u r red  

th ro u g h o u t th e  e x p e r im en t .  To s e t  the  b ase  l i n e ,  p e d e s t a l s  were sub­

t r a c t e d  from th e  ADC s ig n a l  from each ph o to tu b e  of th e  Cerenkov coun t­

e r s .  The p e d e s t a l s  were de te rm in ed  from th e  average  am p li tu d e s  on ta p e s  

w r i t t e n  w ith  th e  beam o f f  and a p u i s e r  i n i t i a t e d  t r i g g e r .  The p e d e s t a l s  

were q u i t e  s t a b l e  w ith  the  on ly  s i g n i f i c a n t  s h i f t  b e in g  doe to  a de­

c re a se  in  th e  w id th  o f  th e  ADC in p u t  g a te  made about a t h i r d  o f  th e  way 

in to  the  ru n .  The wide g a te  had been c o n ta m in a t in g  the  charge  i n t e g r a ­

t io n  w ith  o v e rs h o o t .

O ther f a c t o r s ,  which d id  n o t  a f f e c t  the  p e d e s t a l s ,  caused  m ajor v a r i ­

a t io n s  in  the  average  p u ls e  h e i g h t .  These in c lu d e d  s e v e r a l  v o l ta g e
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changes t o  ▼axions ta b e s  and th e  b o rn  o n t  and sn b seq n en t rep lacem en t of 

two b a s e s .  As a r e s n l t ,  each  ADC r e a d in g  had to  be m u l t i p l i e d  by  a g a in  

f a c t o r  which was a f u n c t io n  o f  run  number. The g a in  f a c t o r  was d e t e r ­

mined by p l o t t i n g  a sample o f  h ig h  momentum p io n s  where th e  p u l s e  h e ig h t  

cou ld  be ex p ec ted  to  have s a t u r a t e d .  Samples were p l o t t e d  f o r  every  run  

p re c e d in g  and fo l lo w in g  a v o l ta g e  change o r  a power down, and a l s o  a t  

i n t e r v a l s  o f  l e s s  th a n  t e n  ru n s  ( ro u g h ly  one day) in  r e g io n s  o f  exp ec ted  

s t a b i l i t y .  Each th r e s h o ld  c o u n te r  tube  was r e s c a l e d  to  s a t u r a t e  a t  140 

c o u n ts ,  and each  d i f f e r e n t i a l  c o u n te r  tube  a t  SO c o u n ts .  F ig u re s  20 and 

21 show a t y p i c a l  p io n  p u ls e  h e ig h t  d i s t r i b u t i o n  and th e  v a r i a t i o n s  in  

average  which took  p l a c e .

PULSE HEIGHT SPECTRUM 
THRESHOLD CERENKOV COUNTER 
RUN 7 8 3

30

20

Z
UJ
>
UJ

24018012060
ADC COUNTS

F ig u re  20: P u lse  H eigh t Spectrum in  T h resh o ld  Cerenkov Counter
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"c

UNCORRECTED PULSE HEIGHT FOR PIONS 
IN DIFFERENTIAL CERENKOV COUNTER

-QlOO

h- 80

UJ 60

CO 40

20

8 0 0 850750700650

RUN NUMBER

F ig u re  21: V a r i a t i o n  in  P h o to tube  C a l i b r a t i o n

Using the  n o rm a lized  s i g n a l s ,  c o n s i s t e n t  p l o t s  o f  average  p u ls e  

h e ig h t  v e rs u s  momentum fo r  each p a r t i c l e  type co u ld  be made. F ig u re  22 

shows such a p l o t  f o r  th e  COs c o u n te r .  A lso shown i s  th e  th r e s h o ld  v a l ­

ue used in  i d e n t i f y i n g  p io n s .

F ig u re  23 shows th e  p u ls e  h e ig h t  v e r s u s  momentum f o r  kaons i n  th e  

d i f f e r e n t i a l  c o u n te r .  Note t h a t  as  th e  momentum in c r e a s e s  from t h r e s h ­

o ld ,  and w ith  i t  th e  Cerenkov a n g le ,  th e  amount o f  l i g h t  r e a c h in g  th e  

in n e r  tube  r i s e s  q u ic k ly  and s a t u r a t e s ,  w h ile  th e  s ig n a l  in  the  o u t e r  

tube c o n t in u e s  to  r i s e  f a r  beyond th e  momentum th e s h o ld ,  A s tu d y  of th e  

perform ance o f  t h i s  co u n te r* ^  u s in g  d a ta  from ou r  p re v io u s  exper im en t

"SI

R. C e s te r ,  V.L. P i t c h ,  A. Montag, S. Sherman, R.C, Vebb, M.S. 
V i t h e r e l l ,  " R e s u l t s  on th e  Perform ance o f  a Broad Band Focusing  
Cerenkov C o u n te r" .  IEEE T r a n s a c t io n s  i a  MRVlg&Z Vol.
NS-28,1981,p425.
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Figure 22: E x c i ta t io n  Curve for  Threshold Cerenkov Counter
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concluded  t h a t  n e a r  th e  momentmm th r e s h o ld  th e  most p r a c t i c a l  q u a n t i t y  

to  use  in  p a r t i c l e  i d e n t i f i c a t i o n  i s  the  sum of th e  in n e r  and o u t e r  s i g ­

n a l s ,  t h a t  i s  to  use  th e  c o u n te r  i n  th e  t h r e s h o ld  mode, as  had been  done 

p r e v io u s ly .  Well above th e  momentum th r e s h o ld ,  however, where th e  s ig ­

n a l  from th e  in n e r  tube  has  s a t u r a t e d ,  u s in g  th e  o u te r  tube  a lo n e  g iv e s  

a g r e a t e r  s e n s i t i v i t y  to  p a r t i c l e  v e l o c i t y .

In  our exper im en t th e  p re sen c e  o f  the  CO2 c o u n te r  made use  o f  th e  

d i f f e r e n t i a l  in fo r m a t io n  s u p e r f lu o u s  in  th e  s e p a r a t i o n  o f  p io n s  and 

kaons. N o n e th e le s s ,  th e  d i f f e r e n t i a l  in fo rm a t io n  was used  a s  a check  on 

th e  th r e s h o ld  c o u n te r  in  th e  a n a l y s i s  program . The d i f f e r e n t i a l  i n f o r ­

m ation  made i t s  p r i n c i p a l  c o n t r i b u t i o n  in  ta g g in g  kaons t h a t  were o f  

h ig h e r  mcwentum th a n  th e  p ro to n  Cerenkov th r e s h o ld  (1 8 .5  GeV/c) i n  i s o -  

b u ta n e .  As i l l u s t r a t e d  in  F ig u re  24 ta k en  from th e  a n a l y s i s  perfo rm ed  

in  the  p r e p a r a t i o n  o f  r e f e r e n c e  61, t h i s  ex tended  o u r  c o n f id e n c e  in  kaon 

i d e n t i f i c a t i o n  from 20 GeV/c to  over 25 GeV/c.
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Figure 23: Kaon* in  the D i f f e r e n t i a l  Cerenkov Counter
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F raction  o f Protons th at are M is id e n t if ie d  as Kaons when the  
Kaon Threshold i s  s e t  to  Catch 90% o f  the Kaons:
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3 .4  PAST ARMS IKatEWTDM AND MASS CALCULATION
B eginn ing  w i th  th e  r i g h t  arm, th e  aeoondary  a n a l y s i s  program made nse

o f th e  t i l t e d  F I I  hodoscope, which was n o t  i n  th e  t r i g g e r ,  t o  check  th e  

m atch ing  o f th e  bending  p la n e  w i th  th e  non-bend ing  p la n e  t r a c k s  f o r  

e v e n ts  h av ing  more th a n  one r e c o n s t r u c t e d  t r a c k  in  an  arm. Of th e  2 

p e r c e n t  o f  e v en ts  h av ing  two t r a c k s ,  24 p e r c e n t  r e q u i r e d  r e o r d e r i n g .  

The number o f h i t s  in  th e  bending  p la n e  de te rm in ed  th e  t r a c k  p r i o r i t y .  

In  a l l  su b seq u en t a n a l y s i s  o n ly  th e  f i r s t  t r a c k  in  an arm was u sed .

The y s lo p e s  a s  t r a n s m i t t e d  frma th e  p r im ary  program were used  to  

c a l c u l a t e  the  bead c e n te r  in  th e  BM109. T h is  was done by c o n s t r u c t i n g  

th e  c i r c l e  whose ta n g e n t s  a t  th e  ends o f  th e  magnet f i e l d  m atched th e  

b e fo re  and a f t e r  magnet bend p la n e  s lo p e s ,  and f in d i n g  th e  i n t e r s e c t i o n  

o f  th e  two t a n g e n t s .  A sm all  c o r r e c t i o n  was made i n  th e  z t r a c k  s lo p e  

to  f i x  th e  r e l a t i v e  arm a lignm en t so t h a t  b o th  f a s t  arms would p o in t  

back  t o  th e  same z v e r t e x  v a lu e .

The momentum was c a l c u l a t e d  u s in g  a v a lu e  f o r  th e  f i e l d  i n t e g r a l  t h a t  

depended on th e  p o s i t i o n  o f  th e  t r a c k  i n s id e  th e  m agnet. The f i e l d  in ­

t e g r a l s  and c o r r e c t i o n  f u n c t io n s  a re  p re s e n te d  i n  T ab le  7 .  The v a lu e s  

used  i n  f i t t i n g  th e  c o r r e c t i o n s  were based  on m easurem ents made u s in g  a 

20 f o o t  f l i p  c o i l  b e fo re  th e  run  o f  th e  l a s t  e x p e r im e n t .  The o v e r a l l  

a sysm e try  in  th e  r i g h t  and l e f t  f i e l d s  was d e te rm in ed  is im ed ia te ly  a f t e r  

th e  p r e s e n t  runn ing  p e r io d ,  w i th  magnets in  p la c e  and a t  the  nominal 

ru n n in g  c u r r e n t ,  u s in g  a hand made t e n  f o o t  f l i p  c o i l  which gave re p e a ­

t a b l e  r e s u l t s  to  w i th in  .4  p e r c e n t .  The mass a t  the  J / f  peak p ro v id e d  a 

f u r t h e r  check on th e  m agnitude  o f  th e  sum o f  th e  two f i e l d s .

At t h i s  s ta g e  the  p a r t i c l e  was i d e n t i f i e d  by means o f  the  a lg o r i th m  

d e s c r ib e d  in  S e c t io n  3 above. For th e  low momentum, ambiguous, n o n -p io n
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TABLE 7 
M agnetic  F i e l d  P a ram e te rs

Henry H igg ins  BM109
L e f t  E ig h t  

jBdl (GeV/c) .420 .643 .652

BM109 p o s i t i o n  c o r r e c t i o n  * .5 ^ C (x £ ,y i )  + C t^ o 'T o ^ ]
C (x ,y )  » 1 -  B cosh(y /A )oos(x /A )

E ig h t  L e f t  
A 2 .294  2 .020
B .8  X 10-3 ,333 ,  iO"3

e v e n ts  b o th  i d e n t i t y  c h o ic e s  were r e c o rd e d ,  and th e  d e c i s io n  was made 

which to  keep when the  p a i r  m asses were accum ula ted  i n t o  h is to g ra m  b i n s .

N ext, th e  t r a c k  was p r o j e c t e d  th ro u g h  th e  Henry H igg ins  m agnet. The 

c a l c u l a t e d  change in  th e  y s lo p e  was made to  tak e  p la c e  1 .6  in c h es  up­

s tream  o f  th e  g eo m etr ic  c e n t e r  o f  th e  magnet in  c o n fo rm ity  w ith  p l o t s  o f  

the  m ag n e t ic  f i e l d .  The s h i f t  i s  due to  th e  absence  o f  i r o n  s h i e l d in g  

f o r  f lu x  r e t u r n  a t  the  ups tream  end o f  th e  m agnet. The k in k  in  th e  y 

t r a c k  a l s o  l e d  t o  a sm all c o r r e c t i o n  in  th e  x t r a c k  s lo p e .  The whole 

p ro c e s s  was th e n  r e p e a te d  f o r  th e  l e f t  arm.

The f a s t  sp e c t ro m e te r  a n a l y s i s  c o n t in u e d  w i th  the  d e te r m in a t io n  o f  

th e  X v a lu e  o f  th e  i n t e r s e c t i o n  o f  th e  two non—bending  p la n e  t r a c k s .  

The X o f the  v e r t e x  o f  th e  ev en t  was d e f in e d  to  be th e  x a t  the  c e n te r  

o f  th e  t a r g e t  p ie c e  c l o s e s t  to  th e  two t r a c k  i n t e r s e c t i o n .  The x and y 

v a lu e s  o f th e  v e r t e x  were d e f in e d  to  be th e  av e rag es  o f  th e  two v a lu e s  

from each arm, w ith  a sm all  e x t r a  w e ig h t  g iv en  to  t r a c k s  hav ing  s i g n a l s  

in  th e  f u r t h e s t  ups tream  d r i f t  cham bers.
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The s lo p e s  and i n t e r c e p t s  o f  th e  non-bending  p la n e  t r a c k s  were th en  

r e c a l c u l a t e d  u s in g  the  o r i g i n a l  p a r t i c l e  i n t e r s e c t i o n s  w i th  th e  chamber 

p la n e s  b u t  s u b je c t  to  th e  a d d i t i o n a l  c o n s t r a i n t  t h a t  th e  t r a c k s  i n  th e  

two arms meet a t  the  d e f in e d  z v e r t e x .  The e r r o r s  due to  ig n o r in g  th e

Henry H ig g in s  magnet i n  t h i s  r e f i t  were m easured t o  be a few t e n th s  o f

an MeV i n  th e  two body mass in  th e  J / f  r e g io n .

The y  t r a c k s  were l e f t  as th e y  w ere, th e re b y  p ro v id in g  two v a r i a b l e s  

f o r  v e r t e x  c u t s :

Dyjfi « ^z tgx  ~ T * tg l

^ tg  •  ^ r l  -  ? t a r g

where T^targ th e  y v a lu e  a t  th e  c e n te r  o f  th e  a s s ig n e d  t a r g e t  p i e c e .

R eq u ir in g  th e  a b s o lu t e  v a lu e  o f  Dy^i to  be l e s s  th a n  .5 in c h e s  and th e  

a b s o lu t e  v a lu e  o f  Y^g be l e s s  th a n  .25  in ch es  e l im in a te d  54 p e rc e n t  

o f  th e  e v e n ts  on a DST, b u t  r e t a i n e d  an e s t im a te d  77 p e r c e n t  o f  ev en ts  

o r i g i n a t i n g  from s i n g l e  v e r t e x  i n t e r a c t i o n s .

The X and y s lo p e s  were used to  c a l c u l a t e  the  th re e  d i r e c t i o n  c o s in e s  

fo r  each  p a r t i c l e .  Using th e  d i r e c t i o n  c o s in e s ,  momentum m agn itude , and 

r e s t  m ass, a L o ren tz  f o u r - v e c t o r  f o r  each p a r t i c l e  was c o n s t r u c t e d .  In  

th e  slow arms a f o u r - v e c t o r  was a l s o  c o n s t r u c t e d ,  b u t  ev e ry  t r a c k  was 

assumed to  cone frtmi a p io n .  The two and th r e e  body m asses were c a lc u ­

l a t e d  by th e  a p p r o p r ia t e  a d d i t i o n  and sq u a r in g  o f  th e se  v e c t o r s .

3.5  s e iM B !  Aïffi Aîfiasa S i m  Sd2! AIMS
Because th e  f a s t  s p e c tro m e te r  arms cou ld  p o in t  back to  the  t a r g e t  

w ith  g r e a t e r  a cc u ra cy  th an  cou ld  th e  chambers in  th e  slow p io n  spectrosr* 

e t e r ,  the  v e r t e x  used  in  the  c a l c u l a t i o n  o f  th e  momentum and a n g le s  in  

th e  slow arms was found in  th e  forward s p e c tro m e te r  p o r t i o n  o f  th e  a n a l ­
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y s i s .  The g e o m e tr ic a l  c o n s t r u c t i o n s  t h a t  m ated t h i s  v e r t e x  w i th  the  

t r a c k  found downstream o f th e  Henry H igg ins  magnet were c o m p lica ted  by 

th e  e x te n s io n  o f  th e  t a r g e t  w e l l  i n t o  th e  u p s tream  f r in g e  f i e l d  making 

th e  t o t a l  f i e l d  i n t e g r a l ,  o r  e q u i v a l e n t l y  th e  t r a n s v e r s e  momentum k ic k ,  

dependen t on th e  t a r g e t  p ie c e  i n  which th e  i n t e r a c t i o n  o c c u r re d .  To a 

l e s s e r  e x t e n t  th e  f i e l d  i n t e g r a l  a l s o  was dependen t on th e  p a th  o f  th e  

p a r t i c l e  downstream of th e  magnet c e n t e r .  T ha t i s ,  th e  t o t a l  f i e l d  in ­

t e g r a l  a p a r t i c l e  e x p e r ie n c e d  a l s o  depended on i t s  momentum. These v e r ­

t e x  and momentum dependent c o r r e c t i o n s  were in c o r p o r a te d ,  of n e o e s s s i t y ,  

by p e rfo rm in g  the  slow arm c a l c u l a t i o n s  i t e r a t i v e l y .

The c a l c u l a t i o n s  began by ta k in g  th e  s lo p e  o f  th e  t r a c k  in  th e  non­

bending  p la n e  and i n  the  bend ing  p la n e  downstream o f  th e  magnet from th e  

f i t s  to  th e  d r i f t  chamber s i g n a l s  a s  p ro v id ed  by th e  t r a c k  r e c o n s t r u c ­

t i o n  program . The f i r s t  m o d i f i c a t i o n  was a s h i f t  i n  th e  non-bend i n t e r ­

c e p t  a t  th e  geo m etr ic  c e n t e r  o f  Henry H ig g in s ,  which was th e  o r i g i n  o f  

th e  c o o rd in a te  system  f o r  the  slow p io n  t r a c k  r e c o n s t r u c t i o n ,  t h a t  was 

in t ro d u c e d  in  o rd e r  to  a l i g n  th e  slow arms w ith  th e  f a s t  arm s.

The t r a c k  r e c o n s t r u c t i o n  program p ro v id e d  no u s e f u l  v a lu e  f o r  th e  y 

s lo p e  ups tream  of th e  bend in  th e  m agnet. What i t  d id  p ro v id e  was th e  

v a lu e  o f  z and y a t  the  t r a c k  bend k in k  p o in t  c ru d e ly  ta k in g  i n t o  ac­

coun t th e  s h i f t  i n  th e  m id p o in t o f  th e  f i e l d  i n t e g r a l  due to  th e  bowing 

o f th e  m agnetic  f i e l d  l i n e s  a t  the  downstream end of th e  m agnet. The 

secondary  a n a ly s i s  program d e f in e d  th e  prebend s lo p e  to  be th e  s lo p e  o f  

th e  l i n e  d e f in e d  by the  bend c e n t e r  and by the  v e r t e x  as found in  th e  

f a s t  arm s.

The h ig h  momentum of th e  p a r t i c l e s  in  th e  f a s t  arm made th e s e  e f f e c t s  
n e g l i b l e  t h e r e .
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The two bend ing  p la n e  s lo p e s  were th e n  used  t o  r e c a l c u l a t e  th e  bend 

c e n t e r  by the  same method o f m atch ing  a c i r c l e  to  two ta n g e n t s  t h a t  was 

used  i n  th e  f a s t  arms, w ith  an a d d i t i o n a l  s h i f t  ups tream  in  z o f  1 .3  

in ch es  c o rre sp o n d in g  to  th e  average  d e v i a t i o n  o f  th e  m agnetic  f i e l d  in ­

t e g r a l  c e n t e r  from th e  m a g n e t 's  geo m etr ic  c e n t e r  f o r  t r a c k s  i n  th e  slow 

arm s. The new z and th e  c o rre sp o n d in g  y , found u s in g  th e  m easured down­

stream  s lo p e ,  were used  to  r e c a l c u l a t e  the  p rebend  y s lo p e .  The f i r s t  

i t e r a t i o n  ended w i th  the  com pu ta tion  o f  a p r o v i s i o n a l  momentum u s in g  th e  

s lo p e s  as j u s t  d e s c r ib e d  and th e  average  v a lu e  o f  th e  t r a n s v e r s e  momen­

tum k i c k .

By t r a c i n g  h y p o t h e t i c a l  t r a c k s  o f  known momentum th ro u g h  a map o f  the  

m agnetic  f i e l d  o f  Henry H ig g in s  made u s in g  a H a l l  p ro b e ,  th e  v a lu e s  o f  z 

a t  the  t r a c k  k in k  and th e  t o t a l  t r a n s v e r s e  momentum k ic k  were p a ra m e te r ­

iz ed  as f u n c t io n s  o f  th e  z v a lu e  a t  th e  v e r t e x  and the  slow p a r t i c l e  mo­

mentum. The v a lu e s  o f  th e  f a s t  arm v e r t e x  and th e  p r o v i s io n a l  momentum 

were p u t  i n t o  t h i s  f u n c t io n ,  and th e  f i n a l  p rebend  s lo p e  was c a l c u l a t e d .

A c o r r e c t i o n  was a l s o  a p p l ie d  t o  the  s lope  in  th e  non-bending  p lan e  

to  acco u n t f o r  th e  fo c u s in g  e f f e c t  induced by th e  f r i n g e  f i e l d  of the  

magnet. The c o r r e c t i o n  was:

A6, -  (pnH/p«)*@,( l  + 3 0 ) / l @ f f  

where i s  th e  u n c o r re c te d  x s lo p e ,  1+30 i s  th e  d i s t a n c e  in  in c h e s  from 

th e  t a r g e t  to  the  k in k  p o in t  i n  the  non-bend p la n e ,  and I g f f  i s  th e  e f ­

f e c t i v e  l e n g th  o f  th e  m agnetic  f i e l d .  The c o r r e c t i o n  was a p p l ie d  so 

t h a t  the  new s lo p e  would always be a t  a g r e a t e r  an g le  from the  beam than  

the  o r i g i n a l .

-  95



The c o r r e c t e d  s lo p e  was p r o j e c t e d  from th e  k in k  p o in t  back  to  th e  z 

o f  th e  v e r t e x ,  and the  d i f f e r e n c e  betw een t h a t  x v a lu e  and the  i  from 

th e  f a s t  arms was used  a s  th e  v e r t e x  o n t  v a r i a b l e .  C u t t in g  a t  a d i f f e r ­

ence o f  0 .5  in c h es  p re s e rv e d  ab o u t 85 p e r c e n t  o f  th e  good e v e n t s .

The t r a c k  was a l s o  p r o j e c t e d  t o  a p o in t  90 in c h es  downstream o f  th e  

magnet c e n t e r ,  ro u g h ly  a t  th e  m iddle  s e t  o f  th e  t i l t e d  slow arm cham­

b e r s .  The o f f i c i a l  s lo p e  in  th e  non-bending  p la n e  in  th e  slow arms was 

d e f in e d  to  be t h a t  of th e  l i n e  p a s s in g  th ro u g h  th e  f a s t  arm v e r t e x  and 

t h a t  p r o j e c t e d  p o i n t .  T h is  d e f i n i t i o n  r e p r e s e n t e d  a compromise between 

th e  m easured s lo p e  and th e  borrowed v e r t e x .  T h is  new along  w i th  the  

f i n a l  prebend  y  s lo p e ,  the  o r i g i n a l  m easured p o s t  bend y s lo p e ,  and the  

c a l c u l a t e d  t r a n s v e r s e  momentum k ic k  were a t  l a s t  used  to  c a l c u l a t e  the  

slow p a r t i c l e  momentum and th e  d i r e c t i o n  c o s in e s  used  in  c o n s t r u c t i n g  

th e  slow p io n  L o re n tz  f o u r - v e c t o r .

The Q v a lu e  f o r  each e v en t  was c a l c u l a t e d  by s u b t r a c t i n g  th e  mass o f  

a p io n  and th e  two body mass from the  f a s t  arms from the  th r e e  body 

mass Use o f  th e  m easured two body m ass, r a t h e r  th a n  th e  D* mass h e lp e d  

to  maximize th e  o r t h o g o n a l i t y  o f  th e  Q va lu e  and f a s t  arm mass measure­

m en ts .

S tu d ie s  o f  th e  e f f e c t s  o f  th e  even t dependen t s e t  o f  c o r r e c t i o n s  show 

an average  change in  the  x s lo p e  o f  about 2 m i l l i r a d i a n s  and a change in  

th e  slow p io n  momentum of the  o rd e r  o f  2 p e r c e n t .  In  each  case  th e  de­

v i a t i o n  c o r re sp o n d s  to  a change i n  th e  r e s u l t  o f  th e  Q v a lu e  c a l c u l a t i o n  

of ev en ts  i n  th e  r e g io n  o f  th e  D* o f about 0 .5  MeV, an amount com parable 

to  th e  t o t a l  u n c e r t a i n t y  in  the  Q v a lu e  r e s o l u t i o n .
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3 .6  Q VALUE RESOLUTION
The e r r o r  in  th e  neasn rem en t o f  th e  Q v a lu e  f o r  th e  D* decay ia  domi­

n a te d  by th e  u n c e r t a i n t i e s  in  th e  slow p io n  arm s. T h is  i s  a r e s u l t  o f  

b o th  th e  s t ro n g  dependence o f  Q on th e  k in e m a t ic s  o f  th e  slow p io n  a lone  

and the  g r e a t e r  p r e c i s i o n  o f  momentum and an g le  m easurem ents i n  th e  f o r ­

ward s p e c t ro m e te r  which i s  due to  th e  lo n g e r  l e v e r  arms.

The q u a n t i t i e s  a c t u a l l y  m easured in  th e  slow arms a re  th e  bending  and 

non-bending  p la n e  s lo p e s  o f  th e  t r a c k s  downstream o f th e  m agnet. The 

momentum i s  d e te rm in ed  as  a f u n c t io n  o f  th e se  s lo p e s  and i s  t h e r e f o r e  

n o t  an ind ep en d en t v a r i a b l e  f o r  th e  p u rp o se s  o f  e r r o r  e s t i m a t i o n .  Two 

o th e r  independen t p a ra m e te rs  which must be accoun ted  f o r  a re  th e  e r r o r  

in  th e  an g le  induced  by m u l t i p l e  s c a t t e r i n g  In  th e  t a r g e t  and th e  u n ce r­

t a i n t y  i n  th e  f i e l d  o f  th e  magnet due to  d r i f t s  in  the  c u r r e n t .

By ta k in g  th e  a p p r o p r ia t e  d e r i v a t i v e s ,  th e  ex p ec ted  e r r o r  in  Q f o r  a 

g iv en  even t can be e x p re sse d  as  a f u n c t io n  o f  th e s e  v a r i a b l e s :

■ * ae * <leHH y y X

The D* mass can  be e x p re s se d  as  w i th  th e  in fo rm a t io n  on th e  D* b e in g  

th e  v e c to r  sum o f  the

**D* "  + 2p^pjjOos9) (3 .2 )

-  97 -



kaon and f a s t  p io n  m easnram ents and B h e re  s ta n d in g  f o r  th e  an g le  be­

tween th e  D* and th e  slow p io n .  Keeping in  mind t h a t  th e  D* mass and 

th e  Q v a lu e  i n  p r i n c i p l e  d i f f e r  by  a c o n s t a n t ,  th e  a p p r o p r i a t e  c o e f f i ­

c i e n t s  in  E q u a t io n  (3 .1 )  can  be d e te rm in e d :

| g  - I f  -  ( 3 .3 )
( i . y )  V

I;, -1^, - '  - « « ' / v  <3-4)
IT

From th e  fo rm ula  used  to  c a l c u l a t e  momentum:

Ph ■ P E H /< * ia 9 y o u t  "  s i n B y i a ) c o s B  

we g e t  to  f i r s t  o r d e r  i n  an g le

Te n ex t  p ro ceeed  to  e s t im a te  th e  e r r o r s  on th e  independen t parame­

t e r s .  The c u r r e n t  th ro u g h  Henry H igg ins  m o n ito red  th ro u g h o u t  th e  ru n  

had a f l u c t u a t i o n  o f  1 ou t o f  780 am peres, o r  0 .13  p e r c e n t  f o r  Apgy/ppiy. 

Assuming t h a t  the  average  slow p io n  t r a v e r s e d  h a l f  a t a r g e t  th i c k n e s s  

ABg, -  2 .0 2  X 1 0 "3 /p (0 eV /c )  .

To f in d  the  e r r o r s  in  th e  m easured a n g le s  one needs th e  in fo rm a t io n  

on th e  goodness o f  f i t  o f th e  h i t s  i n  th e  d r i f t  chambers and on th e  un­

c e r t a i n t y  in  th e  v e r t e x  d e t e r m in a t io n .  For B , th e  e r r o r  was d e f in e d  to  

be th e  mean s ta n d a rd  d e v i a t i o n  of th e  f i t  to  th e  s lo p e  o f  a l i n e  u s in g  

one p o in t  in  each  o f  th e  t h r e e  d r i f t  cham bers, each of which hav ing  an 

u n c e r t a i n t y  o f  0 .012  in c h e s ,  as d e te rm in ed  frtns a p l o t  o f  th e  f i t  r e s i ­

d u a l s ,  and a f o u r th  p o in t  a t  the  t a r g e t  a s s ig n e d  to  the  i n t e r a c t i o n  w ith
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an u n c e r t a i n t y  in  z  o f  0 .2 4  in c h e s  c o r re sp o n d in g  to  th e  w id th  o f  th e  

d i s t r i b u t i o n  o f  up o r  down v e r t e x  v e r s u s  r i g h t  and l e f t .  The r e s u l t  i s  

AO, -  1 .2 5  X 10-3 ,

In  th e  b e W in g  p la n e  s lo p e  c a l c u l a t i o n  no s i n g l e  f i t  i s  e v e r  made 

t h a t  combines th e  chamber and v e r t e x  in f o r m a t io n .  C o n seq u en tly ,  th e  e r ­

r o r  in  th e  s lo p e  was t a k e n  t o  be th e  sum, in  q u a d r a tu r e ,  o f  th e  e r r o r  in  

f i t t i n g  the  chamber h i t s  and the  u n c e r t a i n t y  i n  the  p o s i t i o n  o f  th e  y 

v e r t e x  , 0 .1  in c h ,  d iv id e d  by th e  average  d i s t a n c e  from th e  t a r g e t  to  

th e  magnet c e n t e r ,  60 in c h e s .  T h is  y ie ld e d  

AOy -  1 .7  X 10-3 ,

The averag e  AQ in  th e  mass and Q r e g io n  o f  i n t e r e s t  i s  abou t 0 .6  MeV. 

In  p l o t t i n g  th e  two body m asses  we found i t  c o n v e n ie n t  to  c u t  on AQ, 

ev en t  by e v e n t ,  t h a t  i s  on th e  q u a n t i t y  

R -  IQ -  Q , ,p |  /AQ

in  a d d i t i o n  to  th e  u su a l  window around th e  e x p ec ted  Q v a lu e  o f  5 .7  Mev.

3 .7  RESOLUTION IN IBE PAST ARMS

The p r i n c i p a l  f a c t o r s  c o n t r i b u t i n g  to  th e  r e s o l u t i o n  w id th  i n  th e

f a s t  arms a r e ,  in  d e c r e a s in g  s i z e  o r d e r ,  th e  e r r o r  in  m easuring  th e  bend

an g le  in  a BM109 a r i s i n g  from the  u n c e r t a i n t y  in  th e  m easured s lo p e s ,

m u l t ip l e  s c a t t e r i n g  o f  th e  p io n  and kaon i n  th e  t a r g e t ,  u n c e r t a i n t y  in

th e  r e l a t i v e  a lig n m en t o f  th e  s p e c t ro m e te r  arms, and f l u c t u a t i o n  of the

c u r r e n t  in  th e  m agnets .

To e s t im a te  th e  m agnitude  o f  each o f th e se  c o n t r i b u t i o n s ,  we p roceed

as we d id  in  the  l a s t  s e c t i o n .  By changing  the  s u b s c r i p t s  D*,D", and n

to  D*,r , and K r e s p e c t i v e l y  in  E q u a t io n s  ( 3 . 2 ) ,  ( 3 . 3 ) ,  and ( 3 . 4 ) ,  we

g e t  the  fo rm ulas  f o r  the  D* mass and i t s  d e r i v a t i v e s  p ro v id ed  we i n t e r -
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p r ê t  0 as ®op* th e  opening  a n g le  o f  th e  f a s t  p a r t i c l e  p a i r  a t  th e  v e r ­

t e x .  and 0y as  th e  change i n  th e  ang le  of e i t h e r  p a r t i c l e  due to  th e  

k ic k  i n  th e  BM109.

,2 . 2 . 2
«D* -  (E j  + + P „ -  + a p jp „ o o .« )

E ,_  3

8» ■

The c a l c u l a t i o n  o f  th e  averag e  e r r o r  in  mass i s  g r e a t l y  s i m p l i f i e d  i f  

th e  momenta i n  th e  two f a s t  arms a re  tak en  to  be e q u a l .  O m itt in g  term s 

o f  f o u r th  o rd e r  and beyond in  m/p where m i s  th e  p io n  o r  kaon m ass, th e  

e x p r e s s io n  f o r  th e  mass r e s o l u t i o n  re d u c es  to

AM -  [2 ( l - c o s0 )* (p /M )* (p /p „ ,g )* A 0 y *  + 2 ( l - o o s O ) ‘ (p /M )* ( p /p , .g )* A p „ ,g ‘

+ 2(p*sine/M)*A0»s + (p*sin0/M)*A0Qp*]‘ ^*

where M i s  th e  mass o f  the  n K p a i r .  The le a d in g  f a c t o r s  o f  two in  th e  

f i r s t  t h r e e  term s a re  th e  r e s u l t  o f  summing over th e  two symmetric f a s t  

a rm s. The l a s t  term  acc o u n ts  f o r  th e  a l ig n m en t m atching  of th e  arms and 

on ly  ap p ea rs  once .

The e r r o r  in  m easuring  th e  s lo p e s .  A0y, was c a l c u l a t e d  u s in g  .028 

in c h es  f o r  chamber r e s o l u t i o n  and assuming t h a t  one in te r m e d ia te  chamber 

was m is s in g  from th e  t r a c k  u p s tream  o f the  magnet and one downstream o f  

th e  m agnet. That i s ,  th e  whole l e v e r  arm i s  r e t a i n e d ,  b u t  two h i t s  a re  

m is s in g .  As in  th e  slow arm, t h i s  in fo rm a t io n  was ta k e n  from a p l o t  o f  

f i t  r e s i d u a l s  and number o f  h i t s  in  a t r a c k  u s in g  the  d a ta  sample frcm 

which th e  f i n a l  mass p l o t s  were g e n e ra te d ,
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The noaber used  f o r  chamber r e s o l u t i o n  i s  e s s e n t i a l l y  a m easure ox 

th e  c o n t r i b u t i o n  o f  m u l t i p l e  Coulomb s c a t t e r i n g  i n  th e  m a t t e r  a long  th e  

sp e c t ro m e te r  arm s. T h is  c o n t r i b u t i o n  dom inates  o v e r  b o th  th e  w ire  p o s i ­

t i o n  measurement e r r o r  and th e  d r i f t  t im in g  p r e c i s i o n .  C anbin ing  th e  

s lo p e  e r r o r s  b e f o r e  and a f t e r  th e  magnet y i e l d s  a r e s u l t  o f  A0y » 4 .1  z 

10"4 in  each  arm. T h is  t r a n s l a t e s  t o  a 

Ap/p ■ p I  6 .3x10-4  ,

The f l u c t u a t i o n  i n  th e  t r a n s v e r s e  mmentum k i c k  o f  th e  BH109s, b ased  

on th e  m o n ito red  c u r r e n t  f l u c t u a t i o n s ,  was 0 .0 4 1  p e r c e n t  and tu rn e d  ou t 

to  be a n e g l i g i b l e  c o n t r i b u t i o n  to  th e  f i n a l  r e s u l t .  The m u l t i p l e  s c a t ­

t e r i n g  c o n t r i b u t i o n ,  as In  the  slow arms assum ing each p a r t i c l e  t r a v e r s ­

es h a l f  a t a r g e t ,  i s

AO*, -  2 .0 3  X 1 0 -3 /p  (GeV/c)

The e r r o r  i n  open ing  an g le  was tak en  to  be 0 .3  m i l l i r a d i a n s  w hich r e p r e ­

s e n t s  th e  s h i f t s  i n  th e  a l ig n m en t from th e  nom inal ISO m i l l l r a d i a n  open­

ing an g le  t h a t  were in t ro d u c e d  in  o rd e r  to  c e n te r  th e  v e r t e x  d i s t r i b u ­

t i o n s .

C o l l e c t in g  a l l  o f  th e  term s and p u t t i n g  in  th e  numbers, th e  e x p re s ­

s io n  f o r  th e  f a s t  s p e c t ro m e te r  mass measurement e r r o r  a s  a f u n c t io n  o f  

th e  mass and av erag e  momentum becomes:

AM(p,M} -  [ p ‘ (1 .01x10-10 )  + ,4 (4 .0 6 x 1 0 -9 )  + p * ( l . 8 3 x 1 0 - ? ) ] ^ / '  /M .

For th e  D*, w ith  p,.y -  12 OeV/c and U -  1 .863  GeV. AM -  11 MeV, o f

which 9 MeV i s  due to  th e  f i r s t  te rm  which r e p r e s e n t s  th e  e r r o r  in  th e

measurement in  the  bend an g le  th ro u g h  th e  BM109. For th e  J / f ,  w i th  p^y

•  20 GeV/c and M -  3 .097  GeV, AM -  27 MeV, o f  which 26 MeV i s  due to  th e

momentum measurement u n c e r t a i n t y .  The J / f  c a l c u l a t e d  w id th  i s  co m p ati-
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b le  w i th  our o bserved  J / f  d i s t r i b u t i o n  ( th e  c e n t r a l  14 e v e n ts  have a 

s ta n d a rd  d e v i a t i o n  o f  25 Mev) b u t  th e  sm all sample r e n d e r s  a c o n c lu s iv e  

com parison  i m p r a c t i c a l .
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C h ap te r  IV 
RESULTS

4 *1 ^SB f / f &&&##.&
O b se rr in g  the  decay

J / f  — > M+p-

gave Tta an o p p o r tu n i ty  to  check  th e  c a l i b r a t i o n  o f  our a p p a ra tu s  a g a i n s t  

a w e l l  m easured s ig n a l  com parably  sm all to  th e  one we sought w h ile  run­

n in g  under normal c o n d i t i o n s .  The dimuon mass s p e c t r a  f o r  th e  230 GeV/c 

ru n  i s  p l o t t e d  in  F ig u re  25 . Assuming t h a t  th e  a c c id e n ta l  dimuon back­

ground, which a r i s e s  from th e  moon h a lo  o f  th e  beam and from n and E de­

cay . i s  o f  the  same m agnitude  f o r  b o th  l i k e  s ig n  and o p p o s i te  s ig n  

p a i r s ,  t h e r e  i s  an  ex cess  ov e r  th e  background o f  14 ± 4 e v en ts  i n  th e  

o p p o s i te  s ig n  spectrum  in  th e  r e g io n  o f  th e  J / f  mass.

To t r a n s l a t e  t h i s  s ig n a l  to  a c ro s s  s e c t i o n ,  J / f  p ro d u c t io n  was a s ­

sumed to  p roceed  acco rd in g  to  the  d i s t r i b u t i o n

f - U  -  1.1)3-“

where th e  c h o ice  o f  exponent was ta k e n  from th e  b e s t  f i t  o f  th e  C hioago- 

I l l i o i s - P r i n c e t o n  d a t a . *3 The s e n s i t i v i t y  was c a l c u l a t e d  by ta k in g  the  

p ro d u c t  o f  th e  t o t a l  number o f  i n t e r a c t i o n s  in  th e  t a r g e t ,  th e  geo m etr ic  

d e t e c t i o n  e f f i c i e n c y  of th e  s p e c t ro m e te r s ,  and th e  v a r io u s  d a ta  a c q u i s i ­

t i o n  and a n a l y s i s  e f f i c i e n c i e s  and d iv id in g  by th e  t o t a l  h ad ro n ic  c ro s s  

s e c t io n  f o r  the  b e a m - ta rg e t  i n t e r a c t i o n  a t  th e  runn ing  e n e rg y .  The v a l ­

ues used a re  p re s e n te d  in  T ab le  8 . The s e n s i t i v i t y  o f the  250 GeV/o

A3 G.E. Hogan, Ph.D. T h e s i s ,  P r in c e to n  U n i v e r s i t y , 1979 (u n p u b l i s h e d ) .  
See a l s o  the  n ex t  r e f e r e n c e .
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MUON PAIRS 
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d a ta  «ample f o r  J / f  waa

o ( J / f ) x B | |^  «  1 .0 7  ev en ts /n aB O b a rn /n o c le o n .  We ««some a l l o e a r  de­

pendence on a tom ic  nnmber. The e r r o r  in  the  s e n s i t i v i t y  i s  ab o u t 15 

p e rc e n t  and i s  dom inated by th e  e r r o r  in  th e  beam f lu x  n o r m a l i z a t io n .

TABLE 8

S e n s i t i v i t y  f o r  J / f

Number o f  i n c id e n t  p io n s 6 . 6 8  X 1022
Number o f  b e a m - ta rg e t  i n t e r a c t i o n s 1 .2  X l O l l
T o ta l  c r o s s  s e c t io n /n u c le o n 25 mb '
G eom etric  a cc e p tan c e  o f sp e c t ro m e te r 7 .5 2  X 10-4

E f f i c i e n c i e s
D ata  A c q u i s i t io n

T r ig g e r  hodoscopes .95
Muon c o u n te r s .85
C oun ter  p lacem ent .93

R e c o n s t ru c t io n
T rack  re c o v e ry ( .7 1 ) 2
V ertex  r e j e c t i o n .77

S e n s i t i v i t y  f o r  o ( J / f )x B p p  - 1 .0 7  e v e n ts /n b

The measured J / f  c r o s s  s e c t i o n  i s  t h e r e f o r e

■ 1 3 .1  ± 4 .7  n a n o b a rn s /n u c le o n

where th e  quo ted  e r r o r  i s  p u r e ly  s t a t i s t i c a l .  W ith « 7 p e r c e n t :  

o ( J / f ) t o t  -  187 ± 67 n a n o b a rn s /n n o le o n .

The CIP group r e p o r t s  a c r o s s  s e c t i o n  f o r  x > 0 o f

■ 88 ± 12 nan o b arn s /C i*  n u c leu s

f o r  225 OeV/c i n c id e n t  p i o n s . *4 Again assmuing a l i n e a r  A dependence, 

and m u l t ip ly in g  by two to  in c lu d e  a l l  v a lu e s  o f  x they  g e t  

"  1 4 .7  ± 2  n a n o b arn s /n n o leo n  

in  r e a s o n a b le  agreem ent w i th  ou r  r e s u l t .

K .J .  Anderson, i j .  l i , . , Phys. Rev. L e t t . , £2., 944 (1 9 7 9 ) .
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A s i m i l a r  t r e a tm e n t ,  a p p l ie d  t o  r e s u l t s  from th e  SPS,*3 y i e l d s  

» 1 3 ,4  ± 1 .7  f o r  200 GeV/c n“ ' s  

and “  1 4 .8  ± 3 . 4  n b a rn /n u c le o n  f o r  280 GeV/c i r ~ 's .

Because th e  o v e r a l l  n o r m a l iz a t io n  o f  th e  200 GeV/c beam f lu x  vas  con­

s t r a i n e d  t o  ag re e  w i th  th e  CIP r e s u l t  f o r  J / f  p r o d u c t io n ,  ve have no in ­

dependen t J / f  p ro d u c t io n  measurement a t  200 GoV/c. In  o rd e r  to  compare 

o u r  230 GeV/c r e s u l t s  w ith  o u r  200 GeV r e s u l t s ,  which a re  p l o t t e d  in  

F ig u re  26 , th e  r a t i o  o f  s e n s i t i v i t i e s  must be c a l c u l a t e d .  The 250 GeV/c 

d a ta  has  .5 th e  s e n s i t i v i t y  f o r  th e  J / f  o f  the  200 GeV/o d a t a .  The con­

t r i b u t i o n s  to  th e  c a l c u l a t i o n  a re  l i s t e d  in  T ab le  9 .  Using th e  same 

background s u b t r a c t i o n  method f o r  th e  200 GeV/c s p e c t r a  a s  was used  f o r  

th e  250 QeV/c d a t a ,  t h e r e  a re  a t o t a l  o f  37 ± 8 e v e n ts  in  th e  p e ak .  Ig ­

n o r in g  th e  ex p ec ted  sm all r i s e  in  c ro s s  s e c t i o n  w i th  beam en e rg y ,  th e  

two r e s u l t s  d i f f e r  by 1 .1  s ta n d a rd  d e v i a t i o n s .

J .  B ad ie r  A i* * ££• c i t . . r e f e r e n c e  19.
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TABLE 9

R e l a t i v e  S e n s i t i v i t y  f o r  J / f  

250 Gev/c ra n :  200 Gev/c ra n
R a t io  o f
F iona  on t a r g e t  .62
Geom etric  a cc e p tan c e  .88
Maon c o u n te r  p lacem ent .93
V ertex  r e j e c t i o n  o f  good e v e n ts  1 .1 0
T rack  r e c o n s t r u c t i o n  e f f i c i e n c y  .90

R a t io  o f  s e n s i t i v i t i e s  .50

4.2 wmA m  mtmAnoNa
The t r i g g e r  re q u ire m e n t  t h a t  one th r e s h o ld  Cerenkov c o u n te r  be o f f  

p ro v id ed  ns  w i th  a l a r g e  number of e v e n ts  c o n s i s t i n g  o f  two p io n s  and a 

p r o to n .  Of th e se  a s i g n i f i c a n t  number c o n ta in e d  A ' s  o r  A ' s  w i th  the  

d ecay ing  i n t o  a p r o to n  and a slow p io n .  This  s ig n a l  p ro v id e d  a check on 

th e  i n t e g r a t i o n  o f  th e  f a s t  and slow arms in  th e  a n a l y s i s  a s  w e l l  as  an 

independen t check o f th e  mass c a l i b r a t i o n  in  the  slow arms.

The ev en t  sample t h a t  was a n a ly s e d  was s e l e c t e d  by choosing  o n ly  

th o se  ev en ts  in  w hich th e  f a s t  p io n  and p ro to n  were com p atib le  w i th  hav­

ing  o r i g i n a t e d  w i th in  th e  same t a r g e t  segm ent, and i n  which th e  t r a j e c ­

to r y  of th e  slow p io n  i n t e r s e c t e d  t h a t  of the  o p p o s i t e ly  charged  p ro to n  

between 6 and 30 in c h es  downstream o f  t h a t  t a r g e t .  R e c a l l  t h a t  in  t h i s  

a n a l y s i s ,  a l l  p a r t i c l e s  w i th  momentum below th e  Cerenkov th r e s h o ld  fo r

is o b a ta n e  and w ith  no s ig n a l  in  e i t h e r  Cerenkov c o u n te r  were i d e n t i t i -

f i e d  as p r o to n s .

The spec trum  o f  A  and A c a n d id a te s  i s  p l o t t e d  in  F ig u re  27 . The h a l f

w id th  a t  h a l f  maximum of the  peak i s  3 MeV and the  c e n te r  i s  a t  1 .117
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GeV. l e s s  th a n  1 HeV îxon  th e  c o r r e c t  v a l u e .  I f  we s c a l e  th e s e  v a lu e s  

by th e  r a t i o  o f  th e  Q v a lu e s  o f th e  D* and two body d e ca y s ,  th e  r e s u l t  

i s  a w id th  o f  0 .4 5  HeV and a Q n o r m a l i z a t io n  e r r o r  o f  0 .1 5  MeV a t  th e  

D*.

A d e t e r m in a t io n  o f  th e  A p ro d u c t io n  c r o s s  s e c t i o n  was n o t  made be­

cause  of th e  c o B p l ic a t io n s  a r i s i n g  from th e  a s s o c i a t e d  p io n  r e q u i r e d  in  

th e  t r i g g e r .  The e x t r a  p io n  d o e s ,  however, p r e s e n t  a un ique o p p o r tu n i ­

t y .  O ther groups u s in g  doub le  arm s p e c t ro m e te r s  have s tu d ie d  th e  v a r i ­

ous p r o p e r t i e s  o f  d i f f e r e n t  co m b in a tio n s  o f  hadron  p a i r s ,  b u t  none have 

been  a b le  to  s tu d y  th e  A n system . F i l t e r i n g  o u t  th e  ev en ts  where th e  

p r o to n  -  slow p io n  p a i r  has  a mass be tw een  1 .1 1  and 1 .1 2  GeV c o l l e c t s  

e s s e n t i a l l y  a l l  o f  the  A ' s .  The l e v e l  o f  non - c o n ta m in a t io n  i s  e s t i ­

mated to  be l e s s  th a n  40 p e r c e n t .  The sample c o n ta in s  4 6 0 8 A ' s  and 2246 

A ' s .  T h e i r  r a t i o  i s  eq u a l  t o  th e  m easured p ro d u c t io n  r a t i o  a (A )/a ( j\)  

f o r  p io n s  on n u c leo n s  a t  250 G eV/c.^^ In  f i g u r e  28 th e  mass s p e c t r a  f o r  

the  A n“ and A p a i r s  a re  p l o t t e d  s e p a r a t e l y .  The a ccep tan ce  was c a l ­

c u l a t e d  u s in g  th e  same Monte C ar lo  s im u la t io n  as  was used  in  the  o th e r

p a r t s  o f  th e  e x p e r im en t .  The r e s t r i c t i o n  on th e  decay  p a th  l e n g th  was 

p u t  i n t o  th e  acc e p tan c e  c a l c u l a t i o n .  The mass was a llow ed  to  v a ry ,  and 

e v e n ts  were g e n e ra te d  in  th e  domain |x| < .1 2 5 . th e  e n t i r e  ran g e  o f

a c c e p ta n c e .  F ig u re  29 shows the  a cc e p tan c e  f o r  th e  th r e e  body s t a t e s  as 

a fu n c t io n  of mass. The s o l i d  l i n e  r e p r e s e n t s  th e  f i t  to  the  d i s t r i b u ­

t i o n

-3 .8 (m  - 1 .8 )2 -2 *A(m) -  5 . 0 [ l  -  '  " ]  .

** See D. Ljung l i . . Phys. Rev. D 3163 (1977) and r e f e r e n c e s
t h e r e i n .
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The e v e n ts  i n  th e  mass p l o t s  were w e igh ted  by th e  a c c e p ta n c e ,  and th e  

s e n s i t i v i t y  was e s t im a te d  i n  a s i m i l a r  manner to  th e  D* and I/'lf w i th  

l a r g e r  u n c e r t a i n t i e s  p r i m a r i l y  due to  th e  non-lambda ev en t  contam ina­

t i o n .  The i n c l u s i v e  d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  s t a t e s  d ecay ing  i n t o  

A R~ and 7\ n* a re  p l o t t e d  i n  F ig u re  30 . The n o r m a l iz a t io n  i s  c o r r e c t  to  

w i th in  a f a c t o r  o f  2 , and th e  e r r o r  b a r s  a re  s o l e l y  s t a t i s t i c a l .

The most s t r i k i n g  f e a t u r e  o f  th e  d a ta  i s  th e  s te e p  d e c l in e  in  c r o s s  

s e c t i o n ,  th r e e  o r d e r s  o f  m agnitude  w i th in  1 GeV o f  m ass. F i t t i n g  the  

p o in t s  betw een 2 .1  and 2 .6  GeV to  an e x p o n e n t ia l  

do/dm « ke“ ®*

g iv e s  a “  5 .0 9  fo r  th e  A e v e n ts  and a ■ 5 .3 6  f o r  th e  /s e v e n t s .  T h is  

s ta n d s  in  s t a r k  c o n t r a s t  to  the  a = 1 .4  found f o r  n K p a i r s  a t  the  same 

mass by th e  F e rm ilab -J f ich ig an -P u rd u e  c o l l a b o r a t i o n . T h e  S tony  B rook- 

C olum bia-Perm ilab  group a l s o  f in d  a "  1 .3  b u t  a t  masses betw een 4 and 9

GeV.®8

Both of th e  o th e r  e x p er im en ts  used  a p ro to n  beam and were lo o k in g  a t  

n e u t r a l  f i n a l  s t a t e s .  The CSF r e s u l t s  do show an in c r e a s e  in  a  w i th  the  

mass o f  th e  f i n a l  s t a t e  c o n s t i t u e n t s . *9 Our r e s u l t  may be i n t e r p r e t e d  

q u a l i t a t i v e l y  to  show th e  d i f f i c u l t y  in  p roduc ing  a s t r a n g e  ba ryon  from 

an i n i t i a l  system c o n ta in in g  o n ly  up and down v a len c e  q u a rk s ,  b u t  f o r  

th e  moment th e r e  a re  no o th e r  e x p er im en ts  o r  t h e o r e t i c a l  models to  use  

as th e  b a s i s  f o r  a q u a n t i t a t i v e  com parison .

D. F in l e y ,  p r i v a t e  com m unication. See D. B in t in g e r  SLl &!•» Phys.
Rev. L e t t .  2 1 .  732 (1 9 7 6 ) .

K ep h ar t ,  pJL J t l . ,  Phys. Rev. L o t t .  22.» 1*40 (1 9 7 7 ) .
In  t h e i r  subsequen t p a p e r ,  H. J o a t l e i n ,  ±ji JJL* • Phys. Rev. D 33
1979), th ey  abandon th e  a n a ly s i s  o f  th e  mass o f  the  hadron  p a i r s  and
c o n c e n t r a te  on th e  t r a n s v e r s e  momentum c o r r e l a t i o n s .
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4 .3
The a ample o f  D* c a n d id a te  ev en ta  f o r  th e  250 GeV/c ru n  was o b ta in e d  

by f i l t e r i n g  th e  DST’ a f o r  even t#  c o n ta in in g  a o r  K“n^n'*'. The

aame compoter program t h a t  perfo rm ed  th e  f i n a l  mass c a l c u l a t i o n s  was 

u sed , b u t  th e  v e r t e x  c u ts  were w id e r  th a n  th o se  i n  th e  f i n a l  p l o t s .  The 

f i l t r a t i o n  red u ced  th e  17 DST'a t o  two f i l t e r e d  D S T 's .  Each tim e a s i g ­

n i f i c a n t  change was made in  th e  a n a ly s i s  code, th e  f i l t r a t i o n  was redone  

in  o rd e r  to  In s u re  t h a t  no e v e n ts  t h a t  shou ld  have ap p ea red  i n  th e  f i n a l  

sample were m issed .

For conven ience  i n  q u ic k ly  g e n e r a t in g  d i f f e r e n t  d i s t r i b u t i o n s  f u r t h e r  

f i l t r a t i o n s  were made. These f i l t r a t i o n s ,  which cou ld  be k e p t  on d i s k ,  

had c u t s  on th e  mass and Q v a lu e  a s  w e l l  as more s t r i n g e n t  v e r t e x  r e ­

q u ire m e n ts .  I n  th e  f i n a l  a n a l y s i s ,  th e  d i s t r i b u t i o n s  made u s in g  th e  th e  

d i s k  f i l e s  and th e  p a r t i c l e  i d e n t i t y  f i l t e r e d  t a p e s  were found t o  be 

i d e n t i c a l ,  as  was e x p e c te d .

The t h r e e  body mass s p e c t r a  were p l o t t e d ,  and no s i g n i f i c a n t  enhance­

m ents were found . T h e ir  sum i s  shown in  F ig u re  31 . The absence of an 

an enhancement in  th e  t h r e e  body mass d i s t r i b u t i o n  comes as no s u r p r i s e  

because  th e  th re e  body spec trum  f a i l s  t o  tak e  advan tage  o f  th e  k in em at­

i c s  o f  the  D* d ecay . To do t h a t  one most g e n e r a te  a s c a t t e r  p l o t  o f  the  

mass o f  th e  E v  p a i r  v e rs u s  th e  Q v a lu e  f o r  each  e v e n t .  The s c a t t e r  

p l o t  in  th e  re g io n  o f th e  D* i s  p r e s e n te d  in  F ig u re  32 . A gain , no en­

hancement i s  p r e s e n t .

To be su re  t h a t  t h e r e  was no s y s te m a t ic  e r r o r  s h i f t i n g  th e  mass away 

f r c »  the  e x p ec ted  v a lu e ,  a s e a rc h  f o r  a s ig n a l  was perform ed  by p l o t t i n g  

the  E R mass d i s t r i b u t i o n  w h i le  scann ing  over th e  Q v a lu e  v a ry in g  b o th  

th e  w id th  and the  c e n te r  of th e  window in  Q. The same p ro ce d u re  was
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fo l lo w ed  lo o k in g  a t  th e  Q d i s t r i b u t i o n  w h ile  scann ing  in  m ass. The 

s e a r c h  was perform ed  b o th  by eye and u s in g  th e  l i b r a r y  computer program 

MIND IT . In  no case  d id  a peak in  one v a r i a b l e  c o r re sp o n d  to  one i n  th e  

o th e r  when th e  peak  was used  as  a window.

The f i n a l  mass d i s t r i b u t i o n s ,  summed o v e r  th e  two s ig n s ,  a re  p l o t t e d  

i n  F ig u re  33 . The mass d i s t r i b u t i o n  i s  shown w i th  Q c u t  b o th  on a v a lu e  

window and on th e  b a s i s  o f  th e  e r r o r  c a l c u l a t e d  ev en t  by ev en t  as  de­

s c r ib e d  in  th e  l a s t  c h a p te r .  The s o l i d  cu rv es  r e p r e s e n t  a f i t  t o  th e  

background s p e c t r a  w hich a re  p r e s e n te d  in  F ig u re  3 4 .  These s p e c t r a  were 

o b ta in e d  by o m i t t in g  th e  r e g io n  o f the  D* from the  K n mass and Q v a lu e  

d i s t r i b u t i o n s .  The mass was f i t  t o  a t h i r d  d eg ree  p o lyncm ia l u s in g  

MINUIT, and th e  Q spec trum  to  a f u n c t io n  of th e  form:

-CQ*^A(1 -  BQ)(1 -  e ^  )

When ap p ly in g  th e  background shapes to  the  a c t u a l  d i s t r i b u t i o n s ,  o n ly  

th e  o v e r a l l  s c a l e  was p e r m i t te d  t o  f l o a t .  In  ev ery  c a s e ,  as shown in  

th e  F ig u r e s ,  X*/(niaaber o f  d eg re e s  o f  freedom) was c lo s e  to  u n i t y .  When 

u s in g  MINUIT to  s e a rc h  f o r  p e a k s ,  a G au ss ian  o f  w id th  co m p a tib le  w ith  

our r e s o l u t i o n  was superim posed on th e  background shape . F ig u re  35 i l ­

l u s t r a t e s  o u r  scann ing  te c h n iq u e .  I t  was p l o t t e d  i n  re sp o n se  to  an en­

hancement MINUIT found in  F ig u re  33 a t  a Q v a lu e  o f  7 .0  MeV.

F i t t i n g  a G au ss ian  to  th e  mass d i s t r i b u t i o n  of F ig u re  33 w ith  th e  

c o n s t r a i n t s  t h a t  i t  be c e n te r e d  a t  1 .863  GeV, th e  D* mass, and have a 

s ta n d a rd  d e v i a t i o n  o f  .011 GeV r e s u l t s  in  a peak hav ing  an a re a  7.63 

e v e n t s .  The same p ro ced u re  a p p l ie d  to  the  Q v a lu e  d i s t r i b u t i o n ,  w ith  

the  c e n te r  f ix e d  a t  5 .7  MeV and th e  w id th  s e t  to  .55 MeV, shows a d ip  of
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3 .4 7  e v e n ts .  Oar D* messnrement i s  th e  average  o f  th e se  two nombers, 

2 .0 8  e v e n t s ,  over a background o f  6 1 .5  e v e n ts .

The c a l c u l a t i o n  o f  th e  s e n s i t i v i t y  f o r  th e  D* i s  amumarized i n  T able  

10 .  More f a c t o r s  e n t e r  th a n  f o r  th e  J / f  because  o f  th e  a d d i t i o n a l  in ­

fo rm a t io n  from th e  t h i r d  arm and th e  f a s t  arm momentum c o r r e l a t i o n  t r i g ­

g e r  r e q u i re m e n t .  The r e s u l t  i s  a s e n s i t i v i t y  o f  2 .7  p b a r n /e v e n t .  The 

measurement o f  D* c ro s s  s e c t i o n  a t  250 GeV/c i n c id e n t  p io n  momentum i s  

th e r e f o r e

[o(D*+) + o(D*” ) ]  -  0 .8  ± 2 .9  p b a rn s .

R e c a l l  t h a t  th e  r e s u l t  o f  th e  200 GeV/c ru n n in g  e x p re sse d  in  th e  same 

term s i s

[o(D*+) + o(D *~)] -  8 .4  ± 2 .8  p b a rn s .

These two r e s u l t s  a re  th r e e  s ta n d a rd  d e v ia t io n s  a p a r t .  I f  th e  D* c ro s s  

s e c t i o n  r i s e s  w ith  energy  th e  same way as th e  J / l f  c r o s s  s e c t i o n  d o es ,  we 

would e x p ec t  t o  have m easured a c ro s s  s e c t i o n  abou t 10 p e r c e n t  h ig h e r  a t  

250 GoV/o th a n  a t  200 GeV/c.^O

N e g le c t in g  th e  energy  dependence o f  the  c r o s s  s e c t i o n ,  we can c o n s id ­

e r  th e s e  r e s u l t s  as two independen t measurem ents o f  D* p r o d u c t io n .  Tak­

ing  t h e i r  average  y i e l d s  a f i n a l  r e s u l t  o f  

[o<D*+) + o{D *")] -  4 .6  ± 2 .0  pbarns  

w i th  each c o n t r i b u t i o n  1 .5  s ta n d a rd  d e v ia t i o n s  away from th e  mean.

See r e f e r e n c e  41 .
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TABLE 10

S e n s i t i v i t y  f o r  D*

Number o f  b e a m - ta r g e t  i n t e r a c t i o n s 1 .2  X 1 0 l2
T o ta l  c r o s s  s e c t io n /n u c le o n 25 Bib
G eom etric  a cc e p tan c e  o f  s p e c t ro m e te r 2 .4  X 10-4

E f f i c i e n c i e s
Data A c q u i s i t io n

T r ig g e r  hodosoopes .95
Mass m a tr ix .89
E decay .80

R e c o n s t ru c t io n
R-L re c o v e ry ( .7 1 ) 2
Dp-Down re c o v e ry .54
V e r te x  R-L .77
V e r te x  Dp-Down .85

B ranching  r a t i o s
D*+ — > D* .60
D* — > r  M+ .03

S e n s i t i v i t y  f o r  D* “  2 .7  ± . 5 e v e n ts /m ic ro b a rn

4 .4  COHqPSIOKS
To compare th e s e  r e s a l t s  w i th  o th e r  e x p er im en ts  and w i th  th e o r y ,  th e  

m easared D* c ro s s  s e c t i o n  m att  be r e l a t e d  to  the  t o t a l  charm c ro s s  sec ­

t i o n .  C onsider f i r s t  th e  f r a c t i o n  o f  charged  D* to  a l l  D meson p ro d a c -  

t i o n .  The t h r e e  a ssam p tio n s  o f  equa l up and down q a a rk  m ass, a s s o c i a t e d  

p ro d u c t io n  o f  D meson p a i r s ,  and p r o d u c t io n  w eigh ted  a c c o rd in g  to  th e  

number o f  sp in  d e g re e s  o f  freedom  le a d  to  th e  fo l lo w in g  r a t i o s  f o r  0 

p ro d u c t io n :

n*«:D '+:D*:D+
3 :3  :1 :1

T h is  argument was f i r s t  made by J .L .  Rosner in  P ro o eed in as  s ti  the  
1978 B ir tQ l  F o u n d a tio n  C onference  m  SsiM is. 1.111 i M  f i f t l f f i g  £JUr
s i c s , e d i t e d  by T. G a is s e r  (New York: American I n s t i t u t e  o f  P h y s ic s ,  
1979) p .  297 . Note t h a t  o(chaxm) r e f e r s  to  s t a t e s  o f  charm +1 which 
under th e  assum ption  o f  a s s o c i a t e d  p ro d u c t io n  i s  eq u a l  to  th e  c ro s s  
s e c t i o n  f o r  s t a t e s  w i th  charm - 1 .
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That im p l ie s  er(D*‘*')/o(oharm) -  3 / 8 . Og,  r e s u l t  f o r  a s s o c i a t e d  DD p ro ­

d u c t io n  i s  th e n

o(DD) * 6 .1  ± 2 .7  p b a rn s  .

Even a t  t h i s  energy  th e  t o t a l  charm c ro s s  s e c t i o n  must in c lu d e  con­

t r i b u t i o n s  from s t r a n g e ,  charmed mesons ami charmed b a ry o n s .  The F** 

and F* mesons r e p r e s e n t  an a d d i t i o n a l  fo u r  s t a t e s ,  b u t  th e  e x p e r im e n ta l  

ev idence  f o r  them i s  s c a n t . ^2 x f we say  t h a t  th e  s n p r e s s io n  f o r  d r e s s in g  

a charm q u a rk  w i th  a s t r a n g e  quark  fo l lo w s  th e  p ro d u c t io n  r a t i o  

/ c r ( p ^ )  which i s  a p p ro x im a te ly  .3 ,  we g e t  an e x t r a  c o n t r i b u t i o n  of 

1 .2  to  th e  8 in  th e  t o t a l  charm d en o m in a to r .  As f o r  th e  charmed b a r­

yons, comparing charmed baryon  p ro d u c t io n ^ ^  w ith  charm meson p ro d n c -  

t io n ^ 4  xn e^e"  m ach in es ,  we shou ld  add a n o th e r  q u a r t e r  o f  th e  t o t a l  to  

the  denom ina to r making th e  r a t i o  

a (D * + ) /o (cc )  -  3 /1 1 .5  

f o r  a f i n a l  r e s u l t  o f

o (c c )  * 8 ,8  ± 3 . 8  p b a rn s .

Based on th e  g e n e ra l  scheme o u t l i n e d  in  th e  f i r s t  c h a p te r ,  we would 

expec t a t o t a l  charm c r o s s  s e c t i o n  somewhere in  th e  r e g io n  o f  f i f t e e n  

ff l ic robam s. Our r e s u l t  i s  low er th a n  t h i s  by abou t a f a c t o r  o f  two, b u t  

our s e n s i t i v i t y  ( e s p e c i a l l y  in  th e  250 GeV/c ru n n in g )  I s  n o t  g r e a t  

enough to  p r e s e n t  a c o n c lu s iv e  c h a l le n g e  to  th e  c o n se n su s .  These r e ­

s u l t s  u n d e rsco re  th e  d i f f i c u l t i e s  t h a t  have p e r s i s t e d  in  p e rfo rm ing  d i ­

r e c t  m easurements of charm p r o d u c t io n .  N o n e th e le s s ,  i f  we m a in ta in  t h a t  

m easuring  charm p ro d u c t io n  i s  a u s e f u l  probe o f  fundam ental p h y s ic s  and 

t h a t  d i r e c t  o b s e r v a t io n  i s  the  o n ly  r e l i a b l e  s i g n a t u r e ,  th e n  th e s e  e f -

^2 See Goldhaber and f i s s ,  jip . c i t . . r e f e r e n c e  27 .
^2 O.S. Abrams Phys. Rev. L e t t . ,  10 (1 9 8 0 ) .
^4 P e t r o s - A f e n to n l i s  R ap id !a ,  Ph.D. t h e s i s ,  SLAC R ep o r t  220 (1 9 7 9 ) .
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f o r t*  shou ld  c o n t in u e .  F u tu re  e x p e r im e n ts ,  e t  l e a s t  th o se  a t  e n e r g ie s  

comparable to  o u r s ,  w i l l  have to  bo d e s ig n e d  w i th  a t  l e a s t  an  o r d e r  o f  

m agnitude g r e a t e r  s e n s i t i v i t y  i f  th e y  a re  to  a c h ie v e  r e s u l t s  t h a t  w i l l  

e lu c i d a t e  th e  mechanisms of charm p r o d u c t io n ,  and th e y  shou ld  be c a r r i e d  

ou t in  th e  e n t i r e  range  o f  x .  Those who s e t  o u t  to  measure b e a u ty  and 

th e  f l a v o r s  beyond shou ld  keep  th e  e x p e r ie n c e  o f  charm in  m ind.
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