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I w i l l  t a l k  about  t h e  r e c e n t  r e s u l t s  on J/$ produc- 
1 

t ion '  i n  r e a c t i o n s  induced by neu t rons  and photons a t  Fermi- 

lab. The experiment was c a r r i e d  o u t  by a group of  p h y s i c i s t s  

from Columbia, C o r n e l l ,  Fermilab,  H a w a i i  and 11 l ino i s .  Le t  

m e  f irst  t a l k  about  t h e  photoproduct ion experiment.  

The photons are ob ta ined  from a 0-mr n e u t r a l  n e u t r a l  

beam which is produced by t h e  i n t e r a c t i o n s  of  300/380 G e V  

p ro tons  i n  a 30.5 cm Be t a r g e t .  The y-to-n r a t i o  i s  improved 

by a f a c t o r  o f  roughly 200 above t h e  y-to-n ra t io  a t  produc- 

t i o n  by pas s ing  t h e  beam through 34 m of l i q u i d  D2. With t h e  

pr imary p ro ton  energy o f  300 GeV,  t h e  photon spectrum a t  t h e  

exper imental  t a r g e t  is  shown i n  Fig .  1- 

The d e t e c t o r ,  which is shown i n  Fig .  2,  c o n s i s t s  o f  a 

mul t i -wire  p r o p o r t i o n a l  chamber magnetic spec t rometer  and a 

p a r t i c l e  i d e n t i f i e r .  The spec t rometer  magnet M2, which h a s  

a f i e l d  i n t e g r a l  o f  20 kG m, bends t h e  t r a j e c t o r i e s  o f  

charged p a r t i c l e s  v e r t i c a l l y .  The magnet a p e r t u r e ,  which i s  

6 1  c m  h igh  and 40.6 cm wide,  de te rmines  t h e  acceptance o f  t h e  

spec t rometer .  

S c i n t i l l a t i o n  d e t e c t o r s  TI AB and A W ,  as shown i n  

Fig. 3 ,  cover  most o f  s o l i d  ang le  no t  covered by mul t iw i r e  

p r o p o r t i o n a l  chambers. The c o u n t e r s  T are p l a c e d  t o  d e t e c t  

r e c o i l i n g  p ro tons  and t h e  coun te r s  AB and AW covered forward 

cone - 
The p a r t i c l e  i d e n t i f i e r  c o n s i s t s  o f  an e l e c t r o n  (and 

photon) c a l o r i m e t e r ,  a hadron c a l o r i m e t e r ,  and a muon 

i d e n t i f i e r ,  a s  s'hown i n  Fig.  4. The e i e c t r o n  c a l o r i m e t e r  

is made up of  a n  upstream and a downstream shower-counter 

hodoscope. Each hodoscope i s  s p l i t  i n t o  t w o  i d e n t i c a l  h a l v e s  

which a r e  s e p a r a t e d  h o r i z o n t a l l y  from each o t h e r  by 10 cm, 
+ - i n  o r d e r  t o  a l low t h e  beam and t h e  cop ious ly  produced e e 

pairs t o  p a s s  through-  Each upstream hodoscope coun te r  con- 

t a i n s  s i x  l a y e r s  o f  l e a d  and p l a s t i c ,  and each  coun te r  o f  
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Fig. 3 Photon energy spectrum a t  photon target  with the 
cryostat  f i l l e d  with l iqu id  D2 





the downstream hodoscope contains sixteen layers of lead 

and plast ic .  A layer i s  composed of a 4.8-mrn thick p las t ic  

s c in t i l l a to r  and a 6.3-mm thick Pb sheet. 

The hadron calorimeter consists of twenty-four 4.45-cm 

s tee l  plates  interleaved w i t h  6.3-mm sheets of p las t i c  scin- 

t i l l a t o r .  A 15-cm square hole allows the beam t o  pass through 

the calorimeter. The muon ident i f ier  consists of a s t ee l  

shield which i s  60-cm thick, and an 18-element ver t ica l ,  22- 

element horizontal sc in t i l l a t ion  counter hodoscope. 

The photon beam intensity is  monitored continuously by 

a 26-radiation l e n g t h  Wilson quantameter. A t  regular inter- 
vals,  the photon spectrum is determined by measuring the to ta l  + - 
momentum of e e pairs  produced i n  a 0.04-radiation length 

lead target. During the calibration runs, the target is 

inserted i n  the photon beam i n  front of a horizontally 
+ - 

bending dipole magnet M 1  which opens the e e pairs  so that  

the i r  momentum can be measured i n  the multiwire proportional 

chamber spectrometer. 

Events which have two or more tracks and which sa t i s fy  

any of the following requirements are recorded on magnetic 

tape: %o or more muons i n  the muon ident i f ier ,  two or more 

electrons i n  the electron calorimeter, one electron and one 

muon, and f ina l ly ,  any event which deposits more than a 

preset amount of energy i n  the hadron calorimeter. 

For each event, a l l  possible tracks are reconstructed 

from the multiwire proportional chamber h i t s .  

Let me now discuss the important characterist ics 

of events which possess a dimuon i n  the  f ina l  s tates .  

Each track is extrapolated back t o  each plane of muon 

counters, and a c i rc le  with a radius 2.5 times the expected 

deviation due t o  multiple scattering is computed. Any muon 

counter w i t h  a  h i t  which overlaps th i s  c i rc le  is  considered 

to  be correlated with the track. A "muon" track i s  required 

t o  have correlated h i t s  i n  both muon counter planes. 

The sample of a l l  events with two muon tracks is ex- 

tracted. The paths of the two muons are extrapolated back 

t o  the target to  determine i f  the pa i r  came from a single 



p o i n t  wi th in  t h e  t a r g e t .  The d i s t a n c e  of c l o s e s t  approach, 

t h e  s h o r t e s t  l i n e  segment connecting t h e  two t r a c k s  i n  f r o n t  

of t h e  magnet, i s  requi red  t o  be less than 2.5 rnm. The ver t ex  

of  t h e  event  is  defined t o  be t h e  midpoint of t h i s  l i n e  seg- 

ment. It  must be loca ted  wi th in  20 cm of t h e  t a r g e t  along 

t h e  beam d i r e c t i o n .  

The momentum of  each t r a c k  is  computed assuming t h a t  

t h e  magnetic f i e l d  i s  uniform. The momentum r e s o l u t i o n  i n  

t h e  l i m i t  of a  uniform f i e l d  i s  c a l c u l a t e d  t o  be ~ P / P  = 

+ 0.03 ( ~ / 1 0 0  G ~ v / c ) .  - 
The raw mass spectrum f o r  a  sample of 60 events  wi th  

momenta g r e a t e r  than 80 G ~ V / C  is shown i n  Fig. 5. The two 

p r i n c i p a l  f e a t u r e s  of  t h e s e  d a t a ,  which can be seen r e a d i l y ,  

are a preponderance of  events  a t  low mass, c h a r a c t e r i s t i c  of 

muon-pair product ion by the  Bethe-Heitler mechanism, and a 
2 peak a t  3.1 G ~ V / C  . It should be poin ted  o u t  t h a t  t h i s  sam- 

p l e  w a s  not  r e s t r i c t e d  t o  two t r a c k  events .  The width i s  

c o n s i s t e n t  with our  experimental  r e so lu t ion .  The d a t a  were 

a l s o  taken wi th  the  photon t a r g e t  c l o s e r  t o  t h e  magnet t o  

o b t a i n  events  wi th  momenta between 50 GeV and above. The 

combined d a t a  sample, which has 102 even t s ,  was used t o  pro- 

duce t h e  t d i s t r i b u t i o n  shown i n  Fig. 6. The t d i s t r i b u t i o n  
+ - 

f o r  t h e  T n f i n a l  s t a t e  wi th  a  mass of  t h e  rho meson can be 

f i t t e d  very we l l  wi th  t h e  sum of two exponent ia ls ,  one wi th  

a s lope  of  -- 60 G ~ v - ~  which i s  c h a r a c t e r i s t i c  of t h e  

coherent  s c a t t e r i n g  from t h e  Be nucleus,  and t h e  o t h e r  with 

a s lope  of -- 10 G ~ v - ~  which i s  . c h a r a c t e r i s t i c  of s c a t t e r i n g  

from s i n g l e  nucleons i n  Be. One can a l s o  s e e  these  same 
2 f e a t u r e s  i n  t h e  t d i s t r i b u t i o n  of t h e  3.1 G ~ V / C  resonance. 

The f i t t e d  va lue  of  t h e  s l o p e  is  approximately -- f i f t y  
2 and -- two 1 G e V  . 

There a r e  two p r i n c i p a l  sources  of  background i n  the  

determinat ion of t h e  9 c r o s s  sec t ion .  

F i r s t ,  we m u s t  determine what f r a c t i o n  o f  t h e  events  

a r e  produced by hadrons i n  our  beam. Our measured c r o s s  

s e c t i o n  f o r  4 by neutrons i n  t h i s  beam and t h e  known r a t i o  
of  photons t o  neutrons allow u s  t o  determine t h a t  t h e  number 

of  events  i n  t h i s  experiment induced by neut rans  is  consis-  

t e n t  wi th  zero.  







The o t h e r  source of background is  t h e  photoproduction of 

t h e  Jr ' (3700) and i t s  decay i n t o  9 (3100) + X with  t h e  subse- 

quent decay o f  t h e  @ (3100) i n t o  two muons. 

W e  have observed two events  which a r e  

Based on Monte Carlo c a l c u l a t i o n s ,  we p lace  an upper l i m i t  

from t h i s  source t o  be 15% o r  l e s s .  

Based on 102 events  and cor rec t ing  f o r  geometric accep- 

tance and e l e c t r o n i c  deadtime, we measure: 
+ 

a(y+Be 4 $+ .... )B($ + p p-) = 20 2 5 nb/nucleus. 

W e  a l s o  determine: 

Here N i s  a nucleon. This c ross  s e c t i o n  was determined by 

f i r s t  determining t h e  d i f f e r e n t i a l  c ross  s e c t i o n  a t  t = 0 

(?+Be - $+Be) I t=O 
2 

d t  and then d iv id ing  by A , A being t h e  

atomic number of  Be nucleus. 

I f  we assume t h e  v a l i d i t y  of vec tor  dominance and t h a t  

the forward s c a t t e r i n g  amplitude i s  pure ly  imaginary, we 

ob ta in  f o r  t h e  @N t o t a l  c r o s s  s e c t i o n  

U ( @ N )  - 1 mb.  
While these  assumptions a r e  reasonable f o r  o t h e r  vec tor  meson 

photoproduction processes ,  we have no evidence f o r  t h e i r  

v a l i d i t y  i n  t h i s  case.  

I n  o rde r  t o  determine $N i n t e r a c t i o n  s t r e n g t h  without  

making the  above assumptions, we have made a pre l iminary  
s tudy of the  A dependence of t h e  photoproduction c ross  s e c t i o n  

o f  the  (. Limiting the  JI events  t o  t h e  small  momentum 
2 + - t r a n s f e r  region 4 - t  < 0.07 GeV ) , w e  observed 104 4 p LL and + - 

e e events  i n  t h e  r e a c t i o n  y+Pb -+ $+.... . W e  would expect 

t o  s e e  11 events  i f  a ( J IN)  = 0 m b ,  5 i f  u ( g N )  = 15 m b ,  and 4 

i f  a ($N)  = 30 mb. Obviously, w e  cannot draw any conclusion 

about t h e  magnitude of  a ( 9 ~ )  based on our  p r e s e n t  data .  I n  

t h e s e  c a l c u l a t i o n s ,  w e  have used 2 .71  fm f o r  t h e  Be r ad ius  

and 5.66 fm f o r  t h e  P b  nucleus. 

Conclus ions : 



Fig. 7 Dimuon invariant mass distribution observed above 1.2 G e V  



1) W e  observed photoproduction of $ (3100) and $ (3700). 

2 )  The g(3100) is  photoproduced d i f f r a c t i v e l y  on t h e  Be 

nucleus. 

3 )  W e  f i n d  a ($N) -- 1.0 m b  i f  w e  assume vector  dominance 

and t h a t  t h e  forward s c a t t e r i n g  amplitude is pure ly  

imaginary. 

W e  now t u r n  t o  t h e  neutron experiment. 

The neutron experiment used t h e  same d e t e c t o r s  but  d i f f e r e d  

from t h e  photon experiment i n  two respects .  F i r s t ,  t h e  34 m 

of l i q u i d  deuterium was emptied and 3.8 cm of  Pb was placed 

upstream i n  t h e  n e u t r a l  beam l i n e ,  thereby s e l e c t i v e l y  

a t t e n u a t i n g  t h e  photons. The n e u t r a l  beam w a s  then  predomi- 

nan t ly  neutrons.  Secondly, t h e  m u l t i w i r e  p ropor t iona l  chamber, 

P1, w a s  moved 7 5  cm downstream i n  order  t o  i n s e r t  an absorber ,  

61 cm of  Be followed by 183 c m  of  Fe, i n t o  t h e  beam. It 

a t t e n u a t e s  r e a c t i o n  products  o t h e r  than muons and reduces t h e  

decay p a t h  f o r  pions produced i n  the  t a r g e t  t o  150 cm. 

The f i r s t  60 cm of neutron absorber i s  subdivided i n t o  

twelve l a y e r s  of 6-mm t h i c k  p l a s t i c  s c i n t i l l a t o r ,  i n t e r spe r sed  

with 4.4-cm t h i c k  s h e e t s  of  s t e e l ,  which a r e  viewed by a 
s i n g l e  phototube. This ca lor imeter  was c a l i b r a t e d  i n  a 50-GeV 

pion beam and found t o  have a r e s o l u t i o n  o f  2 25%. It is  used 

a t  l o w  i n t e n s i t i e s  t o  determine t h e  inc iden t  neutron energy 

spectrum. 

Figure 8 shows t h e  energy spectrum unfolded from t h e  

pu l se  h e i g h t  d i s t r i b u t i o n  of  t h e  ca lor imeter .  The spectrum 

o f  photons surv iv ing  t h e  3.8 cnt of  Pb is a l s o  shown f o r  t h e  

corresponding number o f  proton i n t e r a c t i o n s  i n  t h e  primary 

t a r g e t .  

Because of t h e  a d d i t i o n a l  absorber ,  a n a l y s i s  of these 

experimental  d a t a  d i f f e r s  from t h a t  descr ibed  e a r l i e r .  Only 

four  p ropor t iona i  chambers downstream of the  absorbers  a r e  

used t o  measure t h e  d i r e c t i o n  and momentum of charged p a r t i c l e s  

emerging from t h e  absorber.  Since muons t y p i c a l l y  l o s e  more 

than  3 GeV and s u f f e r  mul t ip le  s c a t t e r i n g  with about 170 &V/C 

rms t ransverse  momentum i n  the  absorber ,  t h e  dimuon mass 

r e s o l u t i o n  i s  worse. The neutron a n a l y s i s  i s  checked by 

r e s t o r i n g  t h e  photon beam and observing a comparable number 

of  photoproduced dimuons with t h e  absorber s t i l l  i n  p lace .  
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Fig .  8 Neutron energy spectrum (raw d i s t r i b u t i o n  of neutron 
ca lor imeter  p u l s e  h e i g h t )  w i th  the  spectrum of surv iv ing  
photons superimposed 



Thus, by comparing t o  t h e  photoproduced dimuon d a t a ,  w e  

d i r e c t l y  measure t h e  e f f e c t  of the  absorber  on our  resolu-  

t i o n  i n  t h e  k inemat ica l  va r i ab les .  

To c a l c u l a t e  the  dimuon mass M w e  use t h e  high energy, w , 
small  angle  formula 

where m is t h e  muon mass, E and E a r e  the  muon energ ies  1 2 
co r rec ted  f o r  l o s s  i n  t h e  absorber ,  and eI2 i s  t h e  opening 

angle  between t h e  two muons. I f  t h e  product ion p o i n t  is 

known, t h e  measurement of e12 l e a s t  a f f e c t e d  by mul t ip le  

s c a t t e r i n g  is obtained by d iv id ing  t h e  apparent  sepa ra t ion  

of t h e  two muons when they a r e  ex t rapo la ted  back t o  t h e  plane 

50 cm downstream from t h e  middle o f  t h e  Fe absorber  by t h e  

d i s t a n c e  from t h e  product ion p o i n t  t o  t h a t  plane.  Mistakenly 

assuming t h a t  t h e  dimuon o r i g i n a t i n g  i n  t h e  absorber  had been 

produced i n  t h e  t a r g e t  would s e r i o u s l y  underest imate t h e  

dimuon mass. 

The i n v a r i a n t  mass d i s t r i b u t i o n  c a l c u l a t e d  f o r  oppos i t e ly  

charged dimuons of  t o t a l  energy g r e a t e r  than 70 GeV i s  shown 

i n  Fig. 9. W e  see c l e a r  peaks a t  0.76 and 3.1 ~ e v / c ~  wi th  

widths c o n s i s t e n t  with t h e  expected experimental  r e so lu t ion .  
2 There are 43 even t s  i n  t h e  3.1 G ~ V / C  region. To be included 

i n  t h e  mass p l o t ,  t h e  recons t ruc ted  vec to r s  must p a s s  wi th in  

2.5 cm of  one another  when ex t rapo la ted  t o  t h e i r  p o i n t  o f  

c l o s e s t  approach and t h e i r  mean t r ansverse  separa t ion  from 

the beam a x i s  weighted by energy must be less than  7.5 cm 

a t  t h a t  poin t .  

For dimuons of mass above 1 GeV, our  r e s o l u t i o n  i n  t h e  
d i s t a n c e  of  c l o s e s t  approach is s u f f i c i e n t  t o  s e p a r a t e  p a i r s  

produced i n  t h e  dump from those produced i n  t h e  t a r g e t .  The . 
l a r g e  enhancement seen a t  t h e  p mass i n  Fig. 9 c l e a r l y  

i n d i c a t e s  p product ion i n  t h e  t a r g e t ,  b u t  any p produced by 

i n t e r a c t i o n s  i n  t h e  absorber  would be l o s t  i n  t h e  continuous 

d i s t r i b u t i o n  a t  lower masses. S imi la r ly ,  low mass dimuons 

produced i n  t h e  t a r g e t  a r e  ind i s t ingu i shab le  from those pro- 

duced i n  t h e  dump by photons from p decay. 
CI 
L Figures  10a and b show t h e  PI d i s t r i b u t i o n  of  t h e  dimuons - 

i n  t h e  two mass regions:  0.7 c %p c 0.85 Gev/cL and t h e  
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Fig. 9 Invariant-mass distribution of pairs of muons with 
opposite charge and total energy greater than 70 G e V  
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Note t h a t  the  3.1 G ~ V / C  o b j e c t  

ced with a  considerably l a r g e r  average value of PL 2 

than t h e  p meson. We show the  t o t a l  momentum d i s t r i b u t i o n  of 

t h e  dimuon i n  Fig. 10c. 

W e  have compared our  d a t a  with Monte Carlo s imula t ions  

of  events  generated according t o  
2 2 

(1) d o / d x d ~  0: exp(-ax)exp(-pPA I , 
I 

where x is  t h e  r a t i o  of t h e  dimuon momentum t o  t h a t  of t h e  

incoming neutron i n  t h e  labora tory?  The s imulated events  

were then mul t ip ly  s c a t t e r e d  through t h e  absorber and accepted 

by the  apparatus.  The r e s u l t i n g  d i s t r i b u t i o n s  f o r  pL2 and P 

are shown as t h e  s o l i d  curves i n  Figs. 10a-c, f o r  d i f f e r e n t  
I1 

values of f3 a s  ind ica ted  and f o r  a = 10. 

The t o t a l  c r o s s  s e c t i o n  is c a l c u l a t e d  a s  follows: The 

t o t a l  number of i n t e r a c t i o n s  was recorded. Each i n t e r a c t i o n  

was assumed t o  be 40 m b  p e r  nucleon. Af te r  c o r r e c t i n g  f o r  

e l e c t r o n i c  deadtime and geometric acceptance,  w e  ob ta in  

. . 
2 

= 1.7 x cm /nucleon f o r  1x1 > 0.32 . 
I n  c a l c u l a t i n g  geometric acceptance,  w e  used a = 10 and B = 2. 

W e  a l s o  c a l c u l a t e d  t h e  acceptance f o r  a = 7.5, a = 12.5, and 

f3 = 1, @ = 4. On t h e  b a s i s  of  these  c a l c u l a t i o n s ,  w e  be l i eve  

t h a t  w e  measured t h e  t o t a l  c r o s s  s e c t i o n  t o  wi th in  a f a c t o r  

of 2. 

I f  w e  e x t r a p o l a t e  t h e  equat ion  (1) t o  XF = 0, w e  

o b t a i n  

where y is r a p i d i t y .  This is  c o n s i s t e n t  with t h e  c r o s s  

s e c t i o n  determined a t  t h e  ISR. 
4 

W e  now con5ider t h e  dimuon continuum which we de f ine  

i n  t h e  mass region of 1.0 r Mvv < 2.4 GeV and w e  w i l l  

compare our d a t a  wi th  t h e  Drell-Yan mechanism. 
5 

The mechanism they  considered f o r  massive dimuon pro- 

duct ion  is  shown i n  Fig. 11. The p a i r  i s  c r e a t e d  by parton- 

a n t i p a r t o n  a n n i h i l a t i o n  when a  pa r ton  (an t ipa r ton)  moving t o  

t h e  r i g h t  with a  f r a c t i o n  xl of t h e  nucleon momentum annihi-  

l a t e s  with an a n t i p a r t o n  (par ton)  with a  f r a c t i o n  x2 of the  

nucleon momentum. They o b t a i n  



41ru2 2 * Js 
6 (M -xlx2S) 6 (P - -(x -X 1 )  

3~~ 2. 1 2 
* 

where M = dimuon mass, P = dimuon longitudinal momentum, 

x1.x2 = longitudinal fractions of the incident partons i, 

ei = parton charges, f i  = density of parton of type i. 

The normalization of f i  i s  such that  

Our experiment measures only a small par t  of the kine- 

matics available for  the parton antiparton phase space. 

Typical values are: 

M* - 2 ( G ~ v )  2 S - 620 ( G ~ V )  * 
XI " 0.2 X1" 10-~  . 
W e  can now approximate the kinematical region we . 

observe by: 

or using a value of v ~ 2 ( 0 )  = 1/3, fi(0) 1/4, we then obtain 

T h i s  equation was then integrated with a pllL > 60 G ~ V / C .  

cutoff. A comparison of the model with the experimental data 

is shown i n  Fig.  6. Except for  the low mass region where we 

see a possible qjO production and the t a i l  of the peak, 
we are  consistent within a factor of -- 3 with the predictions 

of the model. Given the uncertainty of the normalization (a 

factor 2-3), the agreement i s  remarkable. It should be 

pointed out that  the dimuon i n  th i s  mass region could be 

produced due to  an ent i re ly  different mechanism, such as 
+ 

P '  CL CL-• 
I would l ike  t o  thank my colleagues on these 

experiments. 
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