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ABSTRACT 

We have observed muons produced d i rec t ly  i n  Cu and 

W targets by 300 GeV incident protons. We find a 

yield of muons which i s  approximately a constant frac- 

t ion (0.8 x loe4) of the p ion  yield fo r  both posit ive 

and negative charge and fo r  transverse momenta between 

1.5 and 5.4 GeV/c. 

In this l e t t e r  we report on the observation of muons produced 

direct ly  in nuclear targets by 300 GeV incident protons. Study of muon production 

a t  high transverse momentum was or iginal ly  motivated by the search fo r  the inter-  
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mediate vector boson. Early experiments were carried out a t  the Argonne Z.G.S. 
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and the Brookhaven A.G.S. with negative resul ts .  More recently,  several experi- 
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ments have shown evidence e i the r  fo r  the d i rec t  production of s ingle  muons, or 
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muon pai rs i n  nucleon-nucleon col 1 i s  i ons . Extensive theoretical work suggests 
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that  collisions of point-like constituents of the nucleon would resu l t  i n  the 

di rect  production of muons. 

In t h i s  experiment, performed a t  the National Accelerator 
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Laboratory (NAL) , we have used an apparatus described in a previous pub1 i cation. 

I t  consists of a single arm focusing spectrometer equipped w i t h  two Cerenkov 

counters and a calorimeter t o  identify hadrons, and a 15-ft.-long s t e e l  f i l t e r  

sampled each 2.5 f t .  with dE/dx counters t o  identify muons. The spectrometer 

viewed secondaries produced in a heavy ta rge t  a t  an angle of 77 mrad re la t ive  t o  

the incident 300-GeV proton beam. This angle corresponds t o  'L 90' i n  the nucleon- 

nucleon cam. Direct muons from the ta rge t  were separated from muons coming from 

.rr and K decays i n  f l i gh t  w i t h  the aid of two absorbers which could be inserted 

into the spectrometer close t o  the target .  The f i r s t  absorber was a 23-in.-long 

W block with i t s  upstream face 9.5 in.  from the center of the target .  The second 

absorber was a 42-in.-long Fe block w i t h  i t s  upstream face 42 in.  from the target .  

We used a 2-in.-long W t a rge t ,  primarily in runs with negative muons, and a 3-in.- 

long Cu target  primarily in runs with positive muons. 

Data were taken under three conditions : 1)  no absorber, 2) W absorber 

inserted only, and 3) Fe absorber inserted only. Runs were made a t  10 GeVjc inter-  

vals between 20 GeV/c and 70 GeV/c corresponding t o  transverse momenta ( 5 )  from 

1.5 t o  5.4 GeV/c. A t  20 and 30 GeV/c, data were also taken w i t h  both absorbers 

in the beam as a consistency check. To verify tha t  the muons were associated with 

the ta rge t ,  we also took data w i t h  the target  removed for  the three principal con- 

dit ions a t  20, 30 and 4.0 GeV/c. 

For each absorber condition we measured the ra t io  of muons detected 

a t  the end of our apparatus t o  pions of the same charge detected by the apparatus 



when the absorber was absent. Two counter telescopes which looked a t  the target  

a t  90" laboratory angle permitted normalization of different  runs. The yield of 

pions with no absorber was corrected f o r  nuclear absorption i n  the remainder of 

the apparatus and for  decay i n  f l i gh t .  

The hadrons were attenuated by factors of Q 200 and 1, 270 w i t h  the 

W and Fe absorbers respectively. These rather small attenuations resulted in a 

s ignif icant  hadron penetration. These hadrons were ident i f ied by the  combination 

of the Cerenkov counters and the hadron calorimeter. Those decaying appeared as 

muons. Thus the observed muons w i t h  absorber i n  place consisted of three com- 

ponents: 1) muons produced d i rec t ly  in the t a rge t ,  2) muons produced by hadrons 

decaying upstream of the absorber, and 3) decay muons from hadrons which penetrated 

the absorber. 
9 

For process ( 3 )  the r a t io  of muons t o  pions was d i rec t ly  measured 

a t  each n~oinentum and pclar i ty  in runs without the absorbers; the corresponding 

muon yield in the absorber runs i s  calculated from the observed penetrating pions. 

The remaining muon yield coming from processes (1) and (2) i s  then corrected for  

the loss due t o  the absorber insertion (e.g. multiple sca t te r ing) .  Finally, the 

direct  muon y ie ld  i s  obtained by l inear  extrapolation t o  zero decay path. 

In Table I we present the reduction of the raw data from a typical 

run a t  40 GeV/c. The absorber loss factors ,  calculated by Monte Carlo techniques, 

are presented i n  Table 11. These factors account fo r  the multiple scat ter ing 

loss,  as well as the increased yield due t o  acceptance of smaller P, when the 

absorber i s  in place. The dependence of yield on P; was taken from our previous 
8 

measurements of hadron production. We thus assume tha t  the d i rec t  muon component 

has a similar dependence on P, , an assumption that  can be checked 3 post ior i .  



Figure 1 shows the corrected resul ts  of a typical run along w i t h  the predicted 

slope. The points are plotted a t  a distance (d + A) where d i s  the distance 

between the target  and the upstream end of the absorber, and X is the measured 

interaction 1 ength i n  the absorber. 

The predicted slope can be obtained from the ra te  of hadron decay 

between the target  and the absorber. I t  was calculated by numerical integration 

as a function of momentum. The yield of decay muons between the ta rge t  and 

absorber depends on both K and TT decays. Kaons are  twice as e f fec t ive  as pions 

in producing detected muons. Thus the slope i s  sensi t ive t o  the K/TT r a t i o  a t  the 

target .  Figure 2 shows fo r  both charges the predicted and observed slopes 

plotted against the inverse of the muon momentum. 

The agreement between calculated and observed slopes i s  a s ign i f i -  

cant verification of the corrections which are quite different  in nature fo r  the 

two absorbers. The W absorber i s  more sensi t ive t o  the broadening of the 

acceptance because of i t s  proximity t o  the t a rge t ,  b u t  i s  less sens i t ive  t o  

multiple scat ter ing for  the same reason. The inverse i s  t rue  f o r  the Fe absorber. 

Table I11 gives the r a t i o  of d i rec t  muons t o  pions a t  the ta rge t  

f o r  a11 conditions. The most s t r ik ing  aspect of these resul ts  i s  the constancy 

of the r a t i o  HIT. The constancy for  different  target  materials i s  par t icular ly 

interest ing.  In a separate experiment, t o  be reported i n  a subsequent publica- 

t ion ,  we have found the yield of pions per interact ing proton a t  3 GeV/c P, t o  

be 3.5 times larger from a W target  than a Be target .  This e f fec t  i s  believed 

t o  be due t o  secondary scat ter ing i n  the nucleus. Since the d i rec t  muons follow 

the sanie pattern, a strongly interact ing,  short  l ifetime source is suggested for  

the muons. 



One such source can be t h e  known vec to r  mesons. For  example, 

i f  p and I+ were each produced w i t h  t h e  same cross sec t i on  as T, we would expect 

4 
a r a t i o  x 10 of 0.68, 0.46, and 0.33 a t  P, o f  1.5, 3.0, and 4.5 GeV/c 

respec t i  ve ly  . 
I n  Figure 3 we p l o t  t h e  i n v a r i a n t  cross sec t i on  p e r  nucleon f o r  

i n c l u s i v e  muon product ion. A lso  p l o t t e d  i s  t h e  i n c l u s i v e  p i o n  cross sec t i on  

x  loq4  and t h e  i n c l u s i v e  muon cross sec t i on  expected from a model based on 
1 0  

par ton-ant ipar ton  a n n i h i l a t i o n .  It i s  c l e a r  t h a t  t h e  y i e l d  o f  muons i s  every- 

where i n  excess o f  t he  par ton model p r e d i c t i o n .  
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FIGURE CAPTIONS 

Figure 1. 

Figure 2.  

Figure 3. 

Plot of data reduced in Table I .  The dashed curve shows the 

l inear  extrapolation t o  the target .  The so l id  l i n e  is the 

calculated s 1 ope. 

Plot of observed slope and calculated slope vs. reciprocal of 

the muon momentum. The points are  the experimentally measured 

slopes; the so l id  l ine  i s  the calculated slope. 

Plot of the invariant cross section for  d i rec t  muon production 

vs. PL. Also shown i s  the pion cross section x and the 

cross section predicted by a parton model 

TABLE CAPTIONS 

Table I .  Reduction of raw data t o  d i rec t  muon yield a t  the ta rge t .  

Processes ( 1  ) , (2)  , and (3) are referred t o  i n  the t ex t .  

Tungsten and Iron refer  t o  the part icular  absorber used. 

Table 11. Ca1 cu1 ated absorber 1 oss factors .  

Table 111. Ratio of d i rec t ly  produced muons t o  pions in the proton-nucleus 

col l is ion.  The observed pions emerging from the 0.4-interaction- 

length target  are multi'plied by a factor  1.25 t o  account fo r  

absorption in the ta rge t  . i t s e l f .  
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Tungsten Iron 

Observed muons 

Observed pions 

Ratio V / T  wi thout  
absorber 

Muons from hadron 
penetration o f  absorber 
(process (3) ) 

Muons f r o m  processes 
(1)  ar?d ( 2 )  

Absorber loss factor  

Corrected muons from 
processes (1) and ( 2 )  

Pions a t  target  

Muons/Pi ons a t  target  

Effective distance t o  
target  (meters) 

Extrapolated V/T 

a t  target  

Table I 



Momentum (GeV/c) Tungsten I r o n  

Table I 1  



4 
p / ~  x 10 (Target) 

PI ( G e m )  Pos i t i ve  Negative 

.66+.25 (Cu) 

.72+.11 (Cu) 

.88+.18 (Be) 

.94+.16 (Cu) 

.60t. 15 ( W )  

.98t.23 (Cu) 

.87+. 30 (Cu) 

.94+.47 (Cu) 

.86+.20 (W) 

.67+.12 (W) 

- - -  
.88t.12 (Cu) 

.74+. 16 (W) 

.88+.26 (W) 

1 . 0 2 ~ 3 4  ( W )  

1.205.46 ( W )  

- - - - - - - - - - - - 

Table I11 




