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TECHNICAL PROGRESS REPORT 

I. INTRODUCTION : 

Dur ing  1981, the  research program i n  exper imenta l  h i g h  energy 

a t  The R o c k e f e l l e r  U n i v e r s i t y  'has made s u b s t a n t i a l  c o n t r i b u t i o n s  t o  t h e  under- 

. . 
s tand ing  o f  bo th  s t rong  and weak i n t e r a c t i o n s .  The new r e s u l t s  have been r e -  

p o r t e d  a t ' s e v e r a l  i n t e r n a t i o n a l  conferences and most a re  now pub l i shed o r  have 

been d i s t r i b u t e d  as t e c h n i c a l  r epo r t s .  A l i s t  o f  t h e  pub l i shed work i s  a t tached 

as Appendix A. 

The p r i n c i p a l  Labo ra to r i es  which have been u t i l i z e d  i n  t h i s  work a r e  

t h e  500 GeV a c c e l e r a t o r  a t  Fermi lab and the  I n t e r s e c t i n g  Storage Rings f a c i l  i t y  

a t  CERN. The l a t t e r  i s  a f a c i l i t y  unique i n  t h e  wor ld  which prov ides  the  h i g h e s t  

a v a i l a b l e  energ ies  f o r  p ro ton-pro ton  c o l l i s i o n s .  

The r e s u l t s  o f  t h e  i n d i v i d u a l  experimental  p r o j e c t s  ob ta ined du r i ng  

1981 a re  descr ibed i n  some d e t a i l  .below. Sec t ion  I 1  discusses t h e  experiment a t  

t h e  CERN IS-R; Sec t i on  I 1 1  discusses the  research p r o j e c t s  a t  Fermilab; Sec t ion  I V  

discusses progress ' on  two new research p r o j e c t s  i n i t i a t e d  i n  1981. 

11. RESEARCH PROGRAM AT THE CERN I S R :  

Rout ine da ta - tak ing  o f  t h e  CERN-Columbia-Oxford-Rockefeller expe r i -  

ment R-108 a t  t he  CERN ISR was completed on J u l y  16, 1979. A m o d i f i c a t i o n  o f  

t he  apparatus used i n  experiment R-108 which extends t h e  reg ion  o f  photon and 

e l e c t r o n  d e t e c t i o n  t o  t h e  e n t i r e  azimuth, complementing the  f u l l  az imuth charged 

p a r t i c l e  d e t e c t i o n  a1 ready a v a i l  ab le,  was proposed o n  February 28 ,  1979 and 

approved on March 2 3 ,  1979. Th i s  new c o n f i g u r a t i o n  (R-110) p rov ides  a  f a c t o r  

o f  Q 4 inc rease i n  acceptance f o r  t h e  d e t e c t i o n  o f  e'e- p a i r s .  The new shower 

counters a re  made o f  convent iona l '  l e a d  and s c i n t i l  l a  t o r .  The experiment was 

i n s t a l l e d  i n  t h e  ISR i n  1980. An enormous amount o f  suppor t  was prov ided by . , 

CERN I n  o r d e r  t o  get  t he  experiment i n s t a l l e d  i n  such a s h o r t  t ime. A f t e r  some 



months o f  r o u t i n e  operat ion,  mechanical supports  o f  - t he  superconduct ing magnet 

c o i l  f a i l e d .  Repairs requ i red  about s i x  months. The repa i red  apparatus i s  now 

i n  r o u t i n e  opera t ion .  Beside p-p data, a  small amount o f  data o n p - p  i n t e r -  

a c t i o n s  has been obtained. 

From t h e  data o f  R-108, new r e s u l t s  o f  considerable c u r r e n t  i n t e r e s t  

have been obta ined and These r e s u l t s  a re  d i r e c t l y  r e l a t e d  t o  t h e  

quest ion  of t h e  i n t e r n a l  (quark) s t r u c t u r e  o f  hadrons. The h igh  energy o f  t he  

ISR ,  combined w i t h  . i t s  h igh  l um inos i t y ,  makes i t  poss ib le  t o  study the  r a r e  

i n t e r a c t i o n s  w i t h  very l a r g e  momentum t r a n s f e r  (Q) . These i n t e r a c t i o n s  a r e  

expected t o  be dominated by q-q and q-q  c o l l i s i o n s  and t h e r e f o r e  capable o f  

revea l i ng  in fo rmat ion  about i n t e r n a l  quarks and the  quantum o f  t h e i r  i n t e r a c t i o n ,  . . 

t he  gluon. 

' D i r e c t  y- rays - Recent ly  t he re  has been cons iderab le  i n t e r e s t  i n  t he  

sn-ca l led  QCD Compton e f f e c t ;  i .e . ,  t he  c o n s t i t u e n t  r e a c t i o n  quark + g luon + 

q u a r k ' +  y-ray.  QCD p r e d i c t s  t h a t  t h i s  process should dominate as a  source o f  

s i n g l e  y - rays  a t  l a r g e  Q. I f  QCD i s  c o r r e c t ,  t he  o n l y  i n  p r i n c i p l e  unknown i s  

the  gluon d i s t r i b u t i o n  i n  t h e  proton.  The beauty o f  t h i s  r e a c t i o n  f rom the  

experimental  p o i n t  o f  view i s  t h a t  t he  y-ray,  u n l i k e  a quark o r  gluon, emerges 

from the  p ro ton  w i t h o u t  f ragmentat ion.  

S i n g l e  y - rays  and .rro + yy cannot be reso lved i n  t h i s  experiment. 

However, t he  s t a t l s t . i c t i 1  d i v i s i o n  o f  a g iven samp'le i n t o  t h e  f r a c t i o n  o f  s i n g l e  

y - rays  and no + yy i s  accomplished by measuring t h e  average convers ion prob- 

a b i l i t y  f o r  t he  sample i n  a  one - rad ia t i on - l eng th - th i ck  'converter.  



Figures  l a  and l b  show t h a t  t he  s i n g l e  y-rays are, f o r  t he  most p a r t ,  

unaccompanied by charged p a r t i c l e s .  Th i s  new resul t1)  s t r o n g l y  suggests t h a t  t h e  

QCD Compton e f f e c t  dominates, as expected, s ince  o t h e r  competing processes would 

be accompanied by charged p a r t i c l e s  f rom a  f ragmentat ion process. 

I n  a d d i t i o n ,  f o r  t h e  QCD Compton e f f e c t  i n  p-p c o l l i s i o n s ,  t he  quark 

i nvo l ved  should be e i g h t  t imes more o f t e n  p o s i t i v e l y  charged than n e g a t i v e l y  

charged. Th is  l a r g e  r a t i o  (R=N+/N - ) should be r e f l e c t e d  i n  t h e  charge o f  the  

l ead ing  p a r t i c l e  o f  t he  f ragmentat ion o f  the  j e t  on the  s ide  oppos i te  t h e  

observed y-ray.  The new r e s u l t  o f  F igure  2 shows t h a t  t h i s  r a t i o  i s  l a rge ,  

and i nc reas ing  w i t h  pT, as i s  cons i s ten t  w i t h  the  QCD Compton process. 

Thus we b e l i e v e  t h a t  our new evidence s t r o n g l y  supports  QCD. I n  

a d d i t i o n ,  the  process prov ides a  t o o l  f o r  s tudy ing  the  g luon d i s t r i b u t i o n  i n  

the '  proton.  Our new work a t  the  SPS w i t h  p - p  and p-p w i l l  be d i r e c t e d  toward 

Lk i s  o b j e c t i v e ,  

Observat ion o f  T r i p l e  J e t  S t ruc tu res  - QCD p r e d i c t s ,  q u a l i t a t i v e l y ,  

t h a t  i n  a  f r a c t i o n  o f  the  h igh  pT two j e t  events which we observe, t he re  should 

be an a d d i t i o n a l  t h i r d  j e t .  Th i s  t h i r d  j e t  would r e s u l t  f rom r a d i a t i n g  an 

a d d i t i o n a l  gluon which subsequently fragments i n t o  p ions.  Indeed, t he  observa- 

t i o n  o f  t h i s  QCD r a d i a t i v e  e f f e c t  i n  e'e- c o l l i s i o n s  a t  PETRA gave very  s t rong 

support toQCD.  Observat ion o f  t h i s  e f f e c t  i n  p-p c o l l  i s i o n s  i s  much more 

d i f f  i c u l  t exper imenta l l y .  Recent ly,  however, we have been ab le  f o r  t he  f i r s t  

t ime t o  g i v e  c l e a r  evidence t h a t  t h i s  r a d i a t i v e  process a l s o  occurs i n  p-p 

2 c o l l i s i o n s  . As i s  q u a l i t a t i v e l y  expected, t he  t h i r d  j e t  appears i n  a  

l a r g e r  f r a c t i o n  o f  p-p events than. i n  e'e- c o l l i s i o n s .  Fu r the r  experimental  

and t h e o r e t i c a l  a n a l y s l s  w i l l  be requ i red  be fore  q u a n t i t a t i v e  agreement can be 

f irmly es tab l ished.  



Produc t ion  o f  h igh  pTnO-mesons i n  p-a and a-a c o l  1  i s i o n s  - 
-- 

The i n c l u s i v e  c ross  sec t i on  f o r  t h e  p roduc t i on  o f  h i g h  pT no-mesons i n  

a-p aAd a - a - c o l l  i s i o n s  has been measured3). Th i s  measurement was made p o s s i b l e  

by t h e  successfu l  s torage o f  h igh  i n t e n s i t y  a - p a r t i c l e  beams i n  t h e  ISR. The 

r e s u l t s  may a l s o  be compared t o  our  e a r l  i e ~  measurement f o r  p-p c o l l i s i o n s .  

I t  i s  o f  cons iderab le  i n t e r e s t  t o  compare t h e  r a t i o  of p roduc t i on  of 

p-a t o  p-p and o f  a-a t o  p-p. If, as i s  u s u a l l y  supposed, t h e  p roduc t i on  o f  h i g h  

pT no-mesons a r i s e s  dominant ly  from quark-quark o r  quark-gluon c o l l  i s i o n s ,  then 

t h e  c ross  sec t i ons  r a t i o s  should be 4  and 16, r e s p e c t i v e l y .  As seen i n  F igs.  3 

and 4, t h e  p - a t o  p-'p r a t i o  approaches 4  a t  h i g h  pT. S u r p r i s i n g l y ,  t h e  a-a t o  p-p 

r a t i o  i s  w e l l  above 16 a t  a l l  measured p T 8 s ,  and a t  t h e  h ighes t  i s  'l. 40. There . , 

i s  n o t  any c l e a r  i n t e r p r e t a t i o n  o f  t h i s  unexpectedly l a r g e  r a t i o .  I t  cou ld  imp ly  

t h e  onset o f  new, coherent  e f f e c t s  which have been suggested cou ld  take  p lace  f o r  

c o l l  i s i n n s  of very  heavy i ons  (e.g., Uranium). However, t h e  small s i z e  o f  t h e  
- 

a - p a r t i c l e  nucleus argues aga ins t  t h i s  conclus ion.  Secondary s c a t t e r i n g  m igh t  

a l s o  account f o r  such an e f f e c t ,  b u t , t h e  f a c t  t h a t  t h e  p-a t o  p-p r a t i o  does n o t  

r i s e ' a b o v e  4 does n o t  appear cons i s ten t  w i t h  t h i s  view. A  number o f  t h e o r e t i c a l  

groups a r e  i n  process o f  c a l c u l a t i o n a  seeking t o  understand q u a n t i t a t i v e l y  t h i s  

new r e s u l  t. 
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111. RESEARCH PROGRAM AT FNAL: 

A. Hadron D i s s o c i a t i o n  - The a n a l y s i s  o f  Fermi lab Experiment #396, 

designed t o  measure the  e l a s t i c  and d i f f r a c t i v e  d i s s o c i a t i o n  c ross  sec t ions  o f  

nf, K' and p' on p f o r  0.03 < It1 < 0.1 ( G ~ V / C ) ~ ,  has heen completed. An 

ex tens ive  study was performed o f  t he  proper  paramet r iza t ions  and c a l i b r a t i o n s  

o f  t he  var ious  p a r t s  o f  the  apparatus, t he  d r i f t  chambers, r e c o i l  counters,  mu1 ti- 
, 

p l i c i t y  counters and, lead-g lass b locks.  A f t e r  complet ing t h i s  t ed lous  work we 

turned t o  e x t r a c t i n g ' t h e  slope dependence o f  t h e  e l a s t i c  cross sec t ions .  Dur ing 

the  pas t  year ,  g r e a t  i n t e r e s t  developed i n  t h e  slope o f  t he  IT-p -t IT-p cross 

sec t i on  i n  our  t range because measurements below and above t h i s  range i n d i c a t e d  

a sharpLbreak i n  the  slope. Such a break would v i o l a t e  u n i t a r i t y  [see S.M. Roy, 

Phys. L e t t .  9, 19 (1979) l .  Our data1) show no s ign  o f  a break (see F ig .  5), and 

we can indeed f i t  a l l  e x i s t i n g  data w i t h  a s lope t h a t  i s  a gen t l e  f unc t i on  of t 

cons i s ten t  w i t h  u n i t a r i t y .  Thus, perhaps un fo r tuna te l y ,  t he  e l a s t i c  da ta  present  

no urgent  t h e o r e t i c a l  cha l lenge b u t  ou r  r e s u l t s  do f i l l  impor tan t  gaps and extend 

t h e  measurements t o  h igher  energies. 

Besides t h e i r  i n t r i n s i c  i n t e r e s t ,  the  e l a s t i c  events p rov ide  an impor tan t  

t o o l  fo r  checking the  q u a l i t y  of our  data s ince  t h e i r  behavior  i n  our  apparatus can 

be e a s i l y  understood. P rev ious l y  measured slopes o f  pp -t pp e l a s t i c  cross sec t i ons  

a r e  i n  e x c e l l e n t  agreement w i t h  our  r e s u l t s .  

The d i f f r a c t i o n  cross sec t ions  f o r  var ious  i n c i d e n t  hadronsZ) seen, t o  

s a t i s f y  s imple f a c t o r i z a t i o n  r u l e s  i n d i c a t e d  by Muel ler-Regge theory.  A1 1 the  

hadronic c ross  sec t ions  go as 1 /Mx2,  where MxZ i s  t he  m lss ing  mass squared, 

p o i n t i n g  t o  the  Triple-Pomeron dynamic c o n t r i b u t i o n  independent o f ,  p a r t i c l e  type. 

Whi le these r e s u l t s  were a r ~ l i c i p a t e d ,  thcy  had n o t  prr lv inusly .  been exper imenta l l y  

v e r i f i e d .  



New r e s u l t s ,  somewhat unant ic ipa ted ,  were obta ined on the  mu1 t i p 1  i c i t y  

o f  t he  hadronic f i n a l  s ta te3 ) .  We have found, among o the r  r e s u l t s ,  t h a t  t he  m u l t i -  . . 

p l i c i t y  o f  t he  d i f f r a c t i v e  syst.em e x h i b i t s  KNO sca l ing4) ,  and t h a t  the  shape o f  t h e  

m u l t i p l i c i t y  d i s t r i b u t i o n  i s  c o n s i s t e n t  w i t h . q u a r k  f ragmenta t ion  models. Hence, i t  

i s  poss ib le  t h a t  i n  the  near f u t u r e  d j f f r a c t i o n  d i s s o c i a t i o n  may be understood w i t h -  

i n  t h e  same framework o f  quarks and par tons  t h a t  i n c r e a s i n g l y  e x p l a i n  o t h e r  s t rong  

i n t e r a c t i o n  processes. 

B. Photon D i s s o c i a t i o n  - The apparatus. TREAD (The Reco i l  Energy and 

Angle ~ e t e c t o r )  f o r  experiment E-612 has now been completed on t ime and on budget. 

I t  was i n s t a l l e d  i n  the  tagged-photon beam a t  FERMILAB e a r l y  i n  1981, and a  success- 

f u l  t e s t  r u n  w i t h  beam was c a r r i e d  o u t  i n  t he  sp r ing  o f  1981. 

TREAD provides a  new and unique d e t e c t o r  f o r  t he  d e t a i l e d  study of l.ow 

t e l a s t i c  a n d o d i f f r a c t i o n  s c a t t e r i n g  by photons and hadrons. The c o n s t r u c t i o n  

o f  t h i s  device and the r e s u l t s  o f . d e t a i l e d  ope ra t i ona l  t e s t i n g  have been descr ibed 

5 i n  a  paper submitted t o  Nuclear Inst ruments and Methods . Fur the r  a p p l i c a t i o n s  

o f  t he  p r i n c i p l e s  o t  t h i s  device a r e  under dSscuss1on. 

The data obta ined du r ing  the  t e s t  r u n  has been analyzed and some pre- 

l i m i n a r y  r e s u l t s  o f  general i n t e r e s t  were submit ted t o  the  1981 Lepton-Photon 

Conference i n  ~ o n n ~ ) .  The cross s n c t i n n  i s  shown i n  F ig .  6. 
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I V .  NEW EXPERIMENTAL. INITIATIVES: 

A. Las t  yea r  we proposed t o  b u i l d  a new wide-aperture, h i g h - r e s o l u t i o n  

beta spectrometer t o  measure the  t r i t i u m  beta decay spectrum. The goal o f  t he  

work  i s  t o  search f o r  a non-zero mass o f  t h e  e l e c t r o n  n e u t r i n o  w i t h  a r e s o l u t i o n  

more than one order .  o f  magnitude g rea te r  than t h a t  h e r e t o f o r e  achieved.. The 

experiment should be ab le  t o  observe masses down t o  =: 4 eV w i t h  a reso l ' u t i on  o f  

- - 
' - 2 eV. D e t a i l e d  design and t e s t i n g  o f  design concepts are i n  'progress. Fu r the r  

d iscuss ion  o f  t he  m o t i v a t i o n  f o r  t h i s  work, together  w i t h  d e t a i l s  o f  t h e  design 

progress and budget, i s  t o  be found . i n  our  new c o n t r a c t  Proposal.  

- 
B. p - p  and p-p I n t e r a c t i o n s  a t  the  CERN SPS - Our proposal ,  presented t o  

CERN i n  1980, was approved i n  1981 and designated UA-6. Conceptual. design has 

been completed ,and d e t a i l e d  design and t e s t i n g  o f  components i s  now i n  progress. 

The d e t a i l e d  proposal t o  CERN and the  expected t ime and f i n a n c i a l  schedules a re  

t o  be found .ir~ our  r k w  c o n t r a c t  Proposal. 



T h e  fraction o f  events at t r ibuted to direct-photon 
production as a function o f  p T t r i g '  for  those events 
where the  trigger was accompanied by a part icle i n  
the  t r igger  hemisphere. 
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T h e  same for those events where the  t r igger  was not 
accompanied by a particle in  the  t r igger  hemisphere. 
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F i g .  2 

The charge r a t i o  R for  xE > 0 . 3  plotted a s  a function 

Of P~ t r i g  f o r  d i r e c t  photons-and neutral  mesons. In 

addition t o  the errors shown, there i s  an over-all 

systema't i c  uncertainty of t20X. 



FIGURE 3 
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The rna, l  i u  d s  a  f u n c t i o n  o f  t he  t ransverse  momentum p-,- o f  t h e  

i n c l u s i v e  c ross  s e c t i o n  f o r  t he  produc t ion  of no-mesons near 

90' c.m. i n  a-p c o l l i s i o n s  t o  t h a t  i n  p-p c o l l i s i o n s  a t  JT 
p e r  nucleon equal t o  22 GeV. The r a t i o  R i s  shown on t h e  l e f t  

hand o rd ina te ;  t h e  va lues of a  = !Ln(R)I!Ln(A1*A2), where A 1  

and A 2  a re  t he  atomic numbers o f  t h e  beam p a r t i c l e s ,  a r e  

shown ori t h e  r i g h t  harld ord ina te .  
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FIGURE 4 

The r a t i o  a s  a  function of the transverse momentum pT of 

the  inclus ive  cross section f o r  the production of TO-mesons 

near 90' c.m. in a-a co l l i s i ons  t o  t h a t  i n  p-p co l l i s i ons  

a t  6 .per nucleon equal t o  15.5 GeV. The ratio R i s  shown 

on the  l e f t  hand ordinate ;  the  values' of a = Rn(R)/Rn(A1-A2), 

where A l  and A 2  a r e  the atomic numbers of the beam p a r t i c l e s ,  

a r e  shown on the  r i g h t  hand o r d i n a t g  



I t l  - [ ( G ~ v / c ) * ]  

. 

FIG. ' 5 - Elastic differential cross section doldt versus t for ~r -p 

at  100 GeVIc. , The line represents a fit to the data which 

includes both the Coulomb arid nuclear. interactions. 
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