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ABSTRACT 

We have studi ed the product i on of mas s i ve muon pa i rs ( 75Mµµ ' l� GeV/c
2

) 
i n  proton-nucl eon col l i s i ons at Fermi l ab .  I t  was found that a very l a rge 
percentage of h i gh Pi di rect muons i s  produced as a member of a h i gh mass muon 
pai r .  The production c ross sect ion  for muon pa i rs was a l so found to agree wi th 
pred i ct i ons of  the Dre l l -Yan model of quark-anti -quark ann i h i l at i o n .  
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The Chi cago-Pri nceton col l aboration 1 has measured the p ro d u c t i o n  c r o s s  

section for the process p + N � µ+µ- + X at Fermi l ab i n  order to determ i n e  how 

often h i gh Pi di rect muons are members of h i gh mass muon pa i rs . 

The apparatus i s  s hown schematical ly  i n  Fi g .  l .  
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The magnet i c  spectrometer2 

detected parti c l es produced near 90° i n  the proton-nucl eon center of mass .  W i th 

a hadron a bsorber i n serted at the upstream end of the spectrometer , a detected 

µ was a di rect µ -70% of the t ime .  I n  order to determi ne whether a di rect µ was 

a member of a h i gh mass pa i r , the mul ti ho l e  spectrometer ( MHS ) was bui l t .  I t  

cons i sted of ten 3 . 7 m h i gh x 1 . 2 m wi de l i qu i d  sci nti l l ati on  counters i nserted 

i n  6 m deep hol es i n  the ground . The counters were p l aced a l ong  a l i ne para l l e l  

to , but at a d i stance of 6 meters from the i nc i dent proton beam l i ne .  The 6 m 

earth sh ie l d produced an approximatel y  uni form transverse momentum cutoff of 

3 GeV/c ,  bel ow which  no muon produced at the target coul d reach  a mul ti hol e 

counter .  The mu l ti ho l e  detector covered a range in  the  center of mass of  60° 

1 26° i n  po lar  angl e and -8° - 25° i n  azimuth . The mass acceptance of the 

apparatus was centered on tw i ce the transverse momentum ( P1
s ) of the di rect muon 

detected i n  the magnet i c  spectrometer .  Typ i ca l  mass resol ution was 2 GeV/c2 

FWHM at M = 1 0  GeV/c2 . µµ 

The mul t i ho le  counters were i nterrogated each t ime a part i c l e  was detected 

i n  the magneti c  spectrometer .  The t ime of  fl i ght of  the mu l ti ho l e  count  wi th 

respect to the tri gger in the magneti c spectrometer was recorded .  Fi gure 2 

shows the resu lts  for a run w ith 400 GeV i nc i dent protons and wi th the magnetic  

spectrometer set  to  tri gger on parti c l es w i th transverse momentum of 4 . 5  GeV/ c .  

The rel ative t ime of  fl i ght i s  p l otted i n  u n i t s  wh i ch refl ect the Fermi l ab beam 

structure - 2 nsec wi de RF b i n s  separated by 1 9  nsec . RF b i n  n umber 4 was 

i ndependently determi ned to be the coi nc i dence bi n .  The µµ data ( Fi g .  2a ) shows 

a c l ear s i gnal above a fl at acci dental background . Fi gure 2b shows the time of 

fl i ght spectrum for mul ti hol e muons in coi nc i dence w i th a p i on in the 

spectrometer . I n  th i s  case there i s  no s i gnal above the acci dental background . 
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Fi g .  2 .  Time d i s tri butions  o f  MHS counts wi th respect to ( a )  a muon trigger, 

and ( b )  a p i on tri gger in the magneti c spectrometer ( set  at P1s = 

4 . 5  GeV/c ) .  Time i nterva l s  are pl otted i n  u n i ts of an RF peri od 

of the Fermi l ab accel erator ( 18 . 9  nsec ) . 
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T h i s  11µ data , taken s i mu l taneously wi th the µµ data , shows conc l us i ve ly  that the 

µµ s i gna 1 is real . 

TABLE I 

Pls <M > Di muon Y i e l d  per µµ/µ )J)J Y i e l d  1 01 2  Protons Observed 

3 . 75 GeV/c 7 .6 GeV/c2 55 ± 1 1  1 1 7  ± 20 ( 0 . 6  ± 0 . 1 )% 

4 . 50 8 . 7  1 52 ± 1 5  70 ± 7 ( 3 . 2  ± 0 . 3 )%  

5 . 25 9 . 9  34 ± 6 35 ± 6 ( 9 . 9  ± l .  7 )%  

6 . 00 1 1 . 0 1 3  ± 4 5 .  3 ±2 ( 1 2  ± 3 .  7 ) %  

T h e  raw resul ts a t  400 GeV i nci dent beam energy a re presented i n  Tabl e I .  

The fraction of  di rect muons whi ch was accompan i ed by a muon i n  the mul t i hol e 

detector i ncreases with i ncreas i ng P1
s At P1

s 
= 5 . 25 GeV/c ,  for exampl e ,  the 

fract ion was -1 0% .  I n  order t o  deduce the total fraction o f  di rect muons which 

was produced as a member of a h i gh mass pa i r , one must correct for the 

acceptance of the MHS . I f  the parent of the muon pai r had l imi ted transverse 

momentum ( �300 MeV/c )  wi th respect to the i nc i dent proton d i recti on , then the 

muon detected in the MHS woul d l i e in the production p l ane , defi ned by the 

i nci dent beam l i ne and the magneti c spectrometer . The MHS detection effic i ency 

for the second muon wou l d  then be qui te h i g h .  I f ,  on the other hand , , the muon 

pa i r  had l a rge transverse momentum w i th respect to the i nc ident beam, then the 

copl anari ty cond i t i on wou l d  not be sati sfi ed resul t ing  i n  a s i gni fi cantly l ower 

MHS detection effi ci ency . Fi g ure 3 s hows the vert i ca l  di stri but ion of counts i n  

the mul t i hol e counters a l ong w i th the expected d i s tribut i on for l imi ted dimuon 

transverse momentum. From the vert i ca l  di stri bution it was determined that the 

mean transverse momentum of the d i muon parent is <P1> "  1 . 2 GeV/ c .  

I n  order to eval uate the detection effi c iency for dimuons , a model was 

assumed for the P1 and x dependence of the di muon production cross section : 

E � a e - 1 . 6 P1 ( 1  - l x l ) 4 . 3 . 
dp3 

The P1 dependence refl ects the <P1> determi ned from the data . The Feynman x 
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F i g .  4 .  Dimuon cross secti ons pl otted t o  show scal i ng properties o f  the data . 

The resul ts of two parton model cal cul ati ons are a l so shown . 
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dependence i s  that measured i n  J/� production at Fermi l a b . 4  ( The resul ts 

presented here are i nsens i ti ve to the form of the x dependence . )  Us ing  thi s 

parametri zation , we find that ,  for a spectrometer transverse momentum of 5 . 25 

GeV/c ,  1 3% of dimuons wou l d  be detected i n  the MHS . Si nce ( 1 0  ± 2 ) %  of the 

d i rect muons at Pis = 5 . 25 GeV/c are accompan i ed by an MHS count , we concl ude 

that � v� l arge fraction of high P1 d i rect muons has h i gh mass dimuon 

parentage . 

The res u l ts of the experi ment can be compared wi th pred i ctions of the 

Drel l -Yan model 3: quark anti -quark ann i h i l ation i nto a vi rtual photon wh ich  

material i zes i n to the muon pa i r .  

o f  the cross section M 3 .QQ__ µµ dMµµ 

One s uch prediction  i s  the sca l i ng behavior 
M 

= f(·_JJJJ ) where f depends only on the 
rs 

fraction of the center-of-mass energy carri ed off by the muon pa i r .  The cross 

secti ons , eval uated by usi ng the producti on model gi ven above , are shown i n  

Fi g .  4 .  The sca l ing  behavi or, i . e . , data a t  di fferent center-of-mass energies 

lying  on a uni versal curve , i s  observed.  Resul ts from Hom et a l . 4  as we l l  as 

from two parton model ca l cul ations 5 ' 6  are a l so shown . The model s di ffer in the 

assumed form of the anti -quark di stribution in the nucl eon . Agreement between 

data and the model i s  q u i te good .  

The  atomi c number dependence of the  dimuon i nvariant cross section  has  a l so 

been measured . 
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