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ABSTRACT 

We have measured the production cross sect ion 

f o r  prompt muons re la t ive  t o  pions, produced in  nucleon- 

nucleus interact ions  a t  incident energies from 30 t o  300 GeV 

and f o r  muon transverse momenta from 1 t o  2.3 GeV/c. 

FERMILAB-PUB-75-109-E



Several experiments have recently reported eyidence f o r  
1 - 5  

prompt lepton production i n  nucleon-nucleus col l is ions .  Since 

the  cross sect ion appears t o  be subs tan t ia l ly  larger  than estimates 

based on known mechanisms, i t  is par t icu la r ly  important t o  map out 

the  features  of t h i s  new phenomenon. 

We report  here a measurement of prompt muon production i n  

nucleon-carbon co l l i s ions  over the  range of incident proton energies 
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from 30 t o  300 GeV and f o r  muon transverse mcmenta from 1.0 t o  2.3 GeV/c. 

The experiment was performed a t  the Fermi National Accelerator Laboratory 

(Fermilab) using the  internal  t a r s e t  f a c i l i t y .  A deta i led description 
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of the apparatus has already been given. Brief ly ,  the detector  con- 

s i s t e d  of a magnetic spectrometer equipped w i t h  e igh t  proportional chamber 

planes and located a t  91 mrad with respect t o  the  acce le ra tor ' s  in ternal  

beam. A 21-absorption-length hadron sh ie ld  was positioned between the  

production ta rge t  and spectrometer, beginning 23 cm dcwnstream of the  

ta rge t .  The f i r s t  few elements of this sh ie ld  could be remotely with- 

drawn t o  permit a measurement of the  muon r a t e  in the  spectrometer as a 

function of the  distance avai lable  f o r  hadron decay between the  t a rge t  and 

shie ld .  T h i s  distance was varied hourly during the experiment, as was 

the  f i e l d  po la r i ty  of the  magnet. A s ing le  s e t t i n g  of the  spectrometer's 

magnetic f i e l d  allowed a measurement of muon momenta above 9 GeV/c f o r  
V 

both charges simultaneously. A pa i r  of lead glass Cerenkov counters a t  



the downstream end of the apparatus was used t o  verify t ha t  hadron con- 

tamination of the  data was less  than 2%, as expected behind the thick 

shield .  

Figure 1 shows the observed muon momentum spectrum f o r  a 

sample of the  data taken with the longest decay path used i n  the  experi- 

ment, 110 cm. The shape i s  f u l l y  consistent with t h a t  expected f o r  

muons from pion and kaon decay. The predicted spectrum was calculated 
e 

from measured production cross sections combined w i t h  the meson decay 

kinematics and folded over the de tec tor ' s  acceptance by Monte Carlo 

techniques as described below. 

The muon r a t e  was measured as a function of decay path and 

an extrapolation performed t o  zero decay path t o  search f o r  short  l i fe t ime 

sources. Figure 2 shows the devendence of the  muon rate  on decay path 

f o r  one subsample of the data. Since the slope of the extrapolation 

curve corresponds t o  the number of hadron-decay muons per u n i t  decay 

path, and the intercept  corresponds t o  the number of prompt muons, the 

r a t i o  of slope t o  in te rcep t ,  sui tably combined w i t h  the hadron decay 

probabili ty,  gives the r a t i o  of the  prompt-muon cross section t o  hadron 

production cross section independently of a detailed knowledge of the 

detection eff ic iency.  Only the variation i n  detection eff ic iency with 

decay path must be evaluated, not the absolute detection efficiency. 

The muon r a t e s  a t  each decay path length shown in  Fig. 2 

have been corrected t o  the common detection efficiency of the  longest 

decay path. For the transverse momentum in te rva ls  reported below, 



t h i s  r e l a t i ve  correction i s  l e s s  than 12% i n  a l l  but t he  lowest 

momentum interval  , where i t  reaches 60%. The smallness of these multi - 
ple sca t te r ing  corrections follows from the f a c t  t h a t  the shield  thick- 

ness is only varied a small f ract ion of i t s  t o t a l .  Also, the lever  arms 

f o r  multiple sca t te r ing  displacement are  short  s ince the e n t i r e  detector 

extends only 10 meters downstream from the ta rge t .  

The re la t ive  corrections described above have been 

evaluated by Monte Carlo technique. The calculation includes energy 

loss and multiple sca t te r ing  correla t ions ,  the detai led geometry of 

the  apparatus, and the momentum resolution of the spectromster. The 

correctness of the r e su l t  i s  supported by the agreement between 

observed and predicted momentum spectra of Fig. 1 and by the l i nea r i t y  

of the extrapolation i n  Fig. 2. Other experimental d i s t r ibu t ions  have 

a l so  been compared w i t h  prediction and the agreement i s  excellent.  

We emphasize t h a t  the measurement of the muon t o  hadron ratio, 

as described above, is self-normalizing. I t  i s  insens i t ive  to  e lectronic  

dead time losses ,  proportional chamber ineff ic iencies  and reconstruction 

losses.  Nevertheless, the s c i n t i l l a t o r  counting ra tes  never exceeded 

5 MHz, and the proportional chamber e f f ic ienc ies  were typ ica l ly  95% 

i n  each of the  e ight  planes. We have searched f o r  a possible dependence 

of the detector  performance on the decay path and have found none. 

Extrapolation p lo t s  s imilar  t o  Fig. 2 have been made f o r  

a se r ies  of muon transverse momenta and incident proton energies. All 

show a posi t ive  intercept  a t  zero decay path. \ale have investigated 



mechanisms which could a r t i f i c a l l y  produce such an e f f ec t .  The 

absorption lengths f o r  pions and kaons entering the sh ie ld  must be 

included in the e f fec t ive  decay path, but have been measured in the 
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momentum range of t h i s  experiment. Target-out e f f ec t s  were regularly 

monitored and are  negligible.  Muon production from the decay of 

t e r t i a r y  mesons created within the hadron shield  contributes negligible 

background. This i s  confirmed experimentally by the agreement between 

the shapes of the observed and predicted momentum spectra  of Fig. 1 and 

by a t e s t  i n  which the f i r s t  absorber element was changed from Heavimet 

(tungsten) t o  s t e e l ,  thereby increasing the probabili ty of such meson- 

decay backgrounds. Muon r a t e s  for  the 2-absorption-length Heavimet 

absorber, and f o r  one of s t a in l e s s  s t ee l  of identical  geometry, are  

shown i n  Fig. 2 as the two points a t  the  shor tes t  decay path. The s t ee l  

block corresponds t o  5 times fewer radiation lengths f o r  Coulomb scat-  

ter ing and t o  an increase i n  nuclear mean f r ee  path of 80%. The r a t e s  

shown i n  Fig. 2, a f t e r  correcting for  the  change i n  detection efficiency 

and e f fec t ive  decay path, compare favorably. 

Results f o r  the  r a t i o  of the prompt muon y i e ld  t o  the pion 

y ie ld  a t  the same energy and angle a r e  shown in  Fig. 3 f o r  three 

intervals  of bombarding energy and three muon transverse momenta. Data 
+ f o r  p and p- have been combined since we observe no s ign i f i can t  

difference between them. I t  should be noted tha t  the s t a t i s t i c a l  signi-  

ficance of the  prompt-muon signal is  grea te r  than indicated by the 

e r ro r  bars of the  muon/pion ra t ios  of Fig. 3. Normalization e r rors  are  



included i n  the r a t i o s  and increase the e r ro r s  by approximately 30%. 

A t  the lowest transverse momentum the quoted e r rors  have a s ign i f ican t  

contribution from uncer ta int ies  i n  the absorption lengths,  detector 

geometry, and r e l a t i ve  eff ic iency correction,  while a t  higher momenta 

the e r ro r  i s  mainly s t a t i s t i c a l .  

The data of Fig. 3 show no evidence of a dependence of the  

prompt muon/pion r a t i o  on bombarding energy. A prompt muon signal is  

observed even i n  t he  lowest interval  of bombarding energy which extends 

from 30 t o  120 GeV. 

Figure 3d shows the data as a function of muon transverse 

momentum, averaged over bombarding energy. Also shown f o r  comparison 

are  the data from References 2,3,4. Care must be exercised i n  the 

detai led comparison of these experiments since each involves e i t h e r  

d i f fe ren t  center of mass energy o r  d i f fe ren t  lepton type. No s ingle  

experiment shows a s ign i f ican t  s t ruc ture  i n  the prompt-lepton/pion 

r a t i o  as  a function of transverse momentum, although t h e i r  combined 

e f f e c t  i s  ra ther  suggestive. 

Conclusive demonstration of an enhancement could indicate 

t he  production and leptonic o r  semi-leptonic decay of a new short-  

l ived s t a t e .  Figure 4a indicates  the  enhancement t o  be expected from 
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2-body and 3-body decays of a pa r t i c l e  of mass 3.1 GeV/c . Production 
3 3 charac te r i s t ics  f o r  the massive s t a t e  were taken as  Ed u/d p = 

Ae-4. 5P T ( 1  - 1 ~ 1 ) ~  and the to t a l  cross section times branching r a t i o  
2 f o r  Fig. 4a i s  approximately 1.1 x lom3' cm . The 3-body decay was 



t reated l i k e  a heavy K-meson. I t  i s  in te res t ing  t o  note t h a t  even 

in  the 3-body f ina l  s t a t e  there  is  an enhancement, although of reduced 

amplitude, in  the  lepton/pion transverse momentum spectrum. Figure 4b 

shows the e f f e c t  of d i f fe ren t  transverse momentum spectra f o r  the 

heavy pa r t i c l e  parent. The to t a l  cross section i n  t h i s  case is 

The to t a l  cross sections f o r  the  simple production parame- 

t r i za t ion  described above can be compared w i t h  the  measurements of 
1 0  

Q(3105) production and decay in to  p-pairs. For 250 GeV/c incident 

neutrons - and l x  I > 0.24, the  reported cross section i s  3.6 x cm2/ Q 
nucleon. 

Other potential  sources for  prompt leptons, such as lower mass 

vector mesons, have been discussed i n  References 2,3,4. 
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D. Reeder, J. Sidles ,  and A. Zylberstejn. 



FIGURE CAPTIONS 

1 .  Observed muon momentum spectrum, corrected f o r  energy loss i n  the 

hadron shield .  

2. Variation of muon event r a t e  w i t h  distance between the t a rge t  

and the hadron absorber. 

3. (a,b,c) Prompt-muon/pion r a t i o  as  a function of bombarding proton 

energy f o r  d i f f e r en t  in te rva ls  of muon transverse momentum. 

(d)  Prompt-lepton/pion r a t i o  as a function of transverse 

momentum. Data from t h i s  experiment have been averaged 

over bombarding energy. 

4. (a )  The (i.l/r) r a t i o  f o r  muons a r i s ing  from 2-body and 3-body 
2 decays of a mass 3.1 GeV/c par t ic le .  Production and decay 

charac te r i s t ics  are  described in the text .  The 3-body decay 

curve has been multiplied by 5 .  

(b) The ( ~ / I I )  r a t i o  f o r  muons from the 2-body decay of a mass 

3.7 G ~ V / C ~  par t ic le .  Production cross sections were assumed 

t o  be of the  form e -4.5PT(1 4 - 1x1) and e-3PT(1 - 1 x 1 ) ~ .  
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