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I n c l u s i v e  hadron  p r o d u c t i o n  i n  muon-proton i n e l a s t i c  s c a t t e r i n g  

2 
h a s  been measured for q2 > 0 .5  (G~V/C)  and 10 < v < 135 GeV. 

The  r e s u l t s  are p r e s e n t e d  i n  t h e  form o f  the t r a n s v e r s e  momentum 

d i s t r i b u t i o n  o f  charged hsd rons  and t h e  hadron i n v a r i a n t  s t r u c t u r e  

2 f u n c t i o n  F ( s l ) .  R e s u l t s  a r e  g iven  for d i f f e r e n t  r e g i o n s  o f  q and s.  
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We repor t  here on p a r t  of a comprehensive muon-proton 

sca t t e r ing  experiment a t  the  Fermi National Accelerator Labora- 

t o ry .  This paper discusses the  r e s u l t s  of measurements of the  

inc lus ive  charged-hadron cross  sec t ions  f o r  the process p + p - 
+ + 

p. + h - + x .  

Muon-proton s c a t t e r i n g  is dominated by the exchange of a 

s i n g l e  v i r t u a l  photon and the  kinematics can be characterized 

2 
by q , t he  magnitude of t he  four-momentum squared, and by v, the  

energy t ransferred by the photon. The d i f f e r e n t i a l  muon s c a t t e r i n g  

2 2 
cross  sec t ion  d $/dq dv can be expressed i n  terms of a v i r t u a l  

2 
photon f lux  r (q , W )  and the  v i r t u a l  photon t o t a l  cross  section:  

2 2 2 2 
d o,,/dq dv=f'(q , v )  o(q , W )  . I n  the  cen te r  of m a s s  of t he  

v i r t u a l  photon and proton, t he  kinematics of a produced hadron 

w i l l  be described by i t s  momentum transverse  t o  the photon 

2 2 
d i rec t ion  p by t h e  t o t a l  c.m. energy s = M + 2M W - q , and 

T' P P - - 
* *2 

by the  value of a Feynman sca l ing  var iab le  x '  = pII/(pmax 
2 1/2 - P ~ )  2 

* 
where p is the  hadron's longi tudinal  center-of-mass momentum I1 * 
and Pmax 

is the  maximum value t h i s  momentum can have. I n  ca l -  

cu la t ing  x ' ,  we assume every hadron is a charged pion s ince  no 

iden t i f i ca t ion  of hadrons is made. 

The number of hadrons per v i r t u a l  photon i n  a p a r t i c u l a r  

phase-space region is given by t h e  invar ian t  expression: 



E and p a r e  t he  labora tory  values  of t h e  hadron's  energy and 

momentum, E- is t h e  hadron energy i n  t h e  cen t e r  of mass. 

The i nva r i an t  s t r u c t u r e  funct ion  is defined by: 

I m 

The t ransverse  momentum d i s t r i b u t i o n s  a r e  given a s  values of:  

Figure 1 is a schematic drawing of t h e  experiment (a complete 

d e s c r i p t i o n  w i l l  be published elsewhere). Muons of 150 G ~ V / C  

s t r i k e  a 1.19-meter LH t a r g e t  upstream of t h e  spectrometer .  The 
2  

momentum of t h e  i n c i d e n t  muons is measured by t h e  p ropor t iona l  

chambers SO and magnet 1E4. Muons t h a t  s c a t t e r  through s u f f i c i e n t  

angle  o r  l o se  s u f f i c i e n t  energy s t r i k e  counter  hodoscopes G, H, 

M, and t r i g g e r  the appara tus  i n  coincidence w i t h  the beam counters  

B. V and N counter  hodoscopes ve to  ha lo  muons and beam muons t h a t  

do no t  i n t e r a c t .  The mult iwire chambers S1, 5 2  and S3 measure 

t h e  momentum of hadrons and muons us ing magnetic bending i n  the 

magnet CCM (transverse-mozentum k ick  of 2 . 2  G e V / c )  . The 2-meter 

i r on  absorber  A absorbs t he  hadrons and t h e  s c a t t e r e d  muon is 

i d e n t i f i e d  us ing chamber 54. The spectrometer  has  h igh muon 

2  2 
acceptance f o r  a l l  q and V (except  f o r  q2 < 1.5 ( ~ e V / c )  where 

v must be above 90 G e V ) .  Hadrons a r e  accepted by our appara tus  



only i n  t he  region x '  =. 0. Events a r e  s e l e c t e d  f o r  a n a l y s i s  a s  

fol lows : 

Triggers  wi th  s u i t a b l y  reconst ructed  i nc iden t  and s ca t t e r ed -  

2 
muon t racks  provide ~ ( q  , s)  and candidates  f o r  hadron reconstruc-  

t i o n .  A 1 1  hadrons a r e  accepted with reconst ructed  t racks  i n  

spark chamber modules S2, S 3  which l i n k  through t h e  CCM t o  t r a cks  

i n  S1. I n  add i t ion ,  appropr ia te  hodoscope counters  along t h e  

t r acks  must be s t r u c k  and t h e  t r acks  must pass  through t h e  muon- 

s c a t t e r i n g  ve r t ex .  The ve r t ex  r e so lu t i on  enables us t o  exclude 

f r a n  cons idera t ion  a l l  m a t e r i a l  except  t h e  l i q u i d  hydrogen, t h e  

t a r g e t  f l a s k  end windows, and t he  downstream end of t h e  aluminum 

vacuum v e s s e l .  The l i q u i d  hydrogen c o n s t i t u t e s  95.4% of t h e  

t a r g e t  mass a s  defined ( v e r i f i e d  by empty-target r u n s ) .  

Only t h e  e l e c t r i c  charge and momentum of t h e  hadrons is 

0 
measured. Elec t ron contamination from T photon conversion is  

l e s s  than 3%. Muon-electron s c a t t e r i n g  events  a r e  el iminated 

2 
by a kinematic c u t  demanding q2 2 0.5  (~eV/c )  . Correct ions  a r e  

made t o  t he  hadron s p e c t r a  f o r  acceptance, t r a c k  recons t ruc t ion  

and r e - i n t e r ac t i on  i n  t h e  t a r g e t  a s  follows: 

Each observed hadron is weighted by an  acceptance i n  x '  

2 
and p This acceptance is determined by the  d i r e c t i o n  of t he  

T' 

v i r t u a l  photon f o r  t he  p a r t i c u l a r  event .  The v i r t u a l  photon 

d i r e c t i o n s  vary with r e spec t  t o  t he  appara tus .  This leads  t o  

wi th  boundaries which a r e  regions of zero  acceptance i n  x '  - pT 



2 
q - s dependent. Only muon scatters t h a t  can con t r i bu t e  t o  

a  p a r t i c u l a r  x '  - pL b i n  a r e  used i n  t h e  eva lua t ion  of F ( x l )  o r  
T 

S i x  pe rcen t  of t h e  muon-produced hadrons undergo secondary 

i n t e r a c t i o n s  i n  t he  t a r g e t .  The x '  of secondary hadrons is  altjays 

reduced from t h a t  of t h e  primary hadrons. The induced migrat ion 

of da ta  is such t h a t  any da t a  p o i n t  is  a f f e c t e d  only by data  

po in t s  of smal ler  c ro s s  s e c t i o n .  W e  c o r r e c t  only  f o r t h e  6% l o s s .  

The o v e r a l l  r econs t ruc t ion  e f f i c i e n c y  of t h e  hadrons is est imated 

2 
to be 90 + 5%. The p r ec i s i on  i n  t he  measurement of x '  and pT has 

neg l i g ib l e  e f f e c t  on t h e  hadron d i s t r i b u t i o n s .  

F ( x l )  i s  formed by t ak ing  t h e  t o t a l  number of hadrons near  

L x '  having q - s with in  the region s p e c i f i e d .  This i s  div ided 

by t h e  t o t a l  number of muons i n  t h e  qb - s region along with 

appropr ia te  kinematic f a c t o r s .  Weighting t h e  muons and cor- 

responding hadrons by t h e  muon acceptance has no e f f e c t  on t he  

r e s u l t s .  Radia t ive  co r r ec t i ons  a r e  no t  made t o  t h e  number of 

L 
hadrons o r  t o  t h e i r  apparent  x' and p  . The number of muons 

T 

is reduced by t h e  ca lcu la ted  number o f  r a d i a t i v e  e l a s t i c  muon 

(1) 
s c a t t e r s ,  t h i s  c a l c u l a t i o n  using the formulae of Mo and Tsai  . 

The r e s u l t s  a r e  presented i n  Figs .  2-5. F igure  2 shows 

2 2 
G(pT). For a l l  q , s and x '  regions s tudied ,  t h e  b e s t  f i t s  were 

found t o  be o f  t h e  form: 



The resu l t s  of these f i t s  a r e  shown i n  Fig. 3 a s  functions 

2 of s and x ' .  No discernible  q variat ion was seen. In  Fig. 3, 

2 
b, typical  of high p  behavior, shows no var ia t ion  with s o r  x ' .  

T 
2 M, typical  of low p  behavior, seems t o  increase with x ' .  Equi- 
T 

valently the low pL slope of the data decreases with x' . 
T 

2 
F ( x t )  is shown i n  Fig. 4 broken i n t o  q - s regions. The 

dotted l i n e  is .35 exp (-3 .25x1) allowing a  comparison of the 

data  i n  the d i f fe ren t  regions. This l i n e  is a l so  a  good repre-' 
2  

sentation of F ( x t )  f o r  negative hadrons as  measured by Dakin e t  a l .  

a t  lower energies. This measurement shows no s t a t i s t i c a l l y  s igni-  

f i can t  var iat ion of F ( x l )  with q' and s. Fig. 5 show5 the charge 

+ - 2 
r a t i o  N /N as  a  function of q  , s and x ' .  For x' < 0.4 the  r a t i o  

is 1, within s t a t i s t i c s ,  a s  it must  be for  high energy events 

For x '  > 0.4 the data suggest a  small posi t ive charge asymmetry 

2 
whose dependence on q and s i s  unclear. 

We conclude the following: 

2 
(1) The hadron spectra show no subs tant ia l  q - s variat ion.  

(2 )  The spectra a r e  i n  agreement with previous measurements (3 )  of 

v i r t ua l  photon-hadron production. A s  must be expected, t he  e a r l i e r  

charge asymmetry has largely vanished a t  higher energies.  (3) While 

there a r e  differences, the data a r e  typical  of hadron-hadron in ter -  

act ions.  (4) 
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Fiqure 1. Plan view of spectrometer .  SO, S1 a r e  mul t iwire  

p ropor t iona l  chambers; 52, 3 ,  4 ,  5, 6 a r e  mul t iwire  

spark chambers; B ,  G,  H, M, N,  V a r e  counter  hodo- 

scopes; 1E4, CCM a r e  magnets; R, C, A are absorbers .  

Fiqure 2 .  Typical t r ansverse  momentum spectrum f o r  charged 

hadrons. Two x i  ranqes are shown, t h e  f i t s  are of 

t h e  form A exP Fb(p; + M ~ )  "3 and apply  t o  t h e  negat ive  

hadrons a s  shown i n  F ig .  3 .  

Figure 3 .  Two-parameter f i t  t o  t r ansve r se  momentum d i s t r i b u t i o n  

of i nc lu s ive  hadrons ( E q .  4 ) .  Lo x' means 0 .2  < x'i 0.5: 

H i  x' means 0.5 < x '  < 1.0; Lo s means 20 < s < 100; 

H i  s means 100 < s .  

Fiqure  4 .  I nva r i an t  long i tud ina l  momentum spectrum f o r  charged 

2 
i nc lu s ive  hadrons i n  s e v e r a l  i n t e r v a l s  of q and s. 

The do t ted  l i n e  is .35 exp ( - 3 . 2 5 ~ ) .  

Fiqure 5.  Rat io  of p o s i t i v e  t o  negat ive  charged hadrons a s  a  

funct ion  of q2 f o r  s e l ec t ed  s, x' i n t e r v a l s .  
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