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Abs t rac t  

Scple-noninvariance i s  observed i n  150 and 56 SeV muon s c a t t e r i n g  from 

2  an i r o n  t a r g e t .  I n  the  range l<q2<40 ( G ~ V / C ) ~ ,  dl2 r i s e s  w l t h  q  a t  f i x e d  

u'  ? 6  and f a l l s  a t  o' 5 6. The scale-breaking i s  s t a t i s t i c a l l y  a i d  systemat i -  

c a l l y  s i g n i f i c a n t ,  and P e r s i s t s  w l t h  a l t e r n a t e  choices o f  s c a l i n g  variabl i ! .  I t  

can be parameterized rough ly  by  a constant b  - a 2 1 n ( v l i 2 ) / a l n ( ~ ' ) a l n ( q 2 )  with a  

va lue near  0.09 

I n d i c a t i o n s  o f  sca le-noninvar iance i n  i n e l a s t i c  mvon s c a t t e r i n g  f roa  an 

il.on t a r g e t  have bc:n r c b o r t c d , ( l )  ~:io:t r e c c n t l y  i n  r a t i o s ' 2 )  o f  c r o s r - s c c t i o : : ~  

i n  bczms of  150 a n i  56 GcV. This  l e t t e r  cot:tpArcs thcsc c ro r r - : cc t i on r  w i t h  

lower-oncrgy c l c c t r 2 n - s c p t t e r i n g  Y i t h i t i  f i x e d  b&~!ds o f  u, v a r i a -  

2  t i o n s  of v ~ ~ [ ~ )  a r e  eva lua ted  over  t h e  f u l l  q rangc o f  t h e  bata.  The~cby .  

w i t h  accurate hlcnte C a r l o  s i m u l a t i o n  of  t he  experiment, a  s c a l l n g  t e s t  n!orc 

p r e c i s e  than i n  Ref. 1  i s  poss ib le .  

The muon spec t rone te r  was descr ibed e a r l i e r . ( l )  Two f u l l y  i n le?enden t  

b u t  col ivorgent data analyses were acco i~p l i shed ;  fo r  b r e v i t y  one i s  p rese r t cd  

here. Events were i d e n t i f i e d .  fit. and c u t  as r e c e n t l y  r e p o r t e d ( 2 ) ,  ; ~ c e S t  

t h a t  w e n t  s e l e c t i c n  t o  equate t h e  150 and 56 GeV beam r a d i u s  d i s t r i b u t i o n s  

was n o t  requ i red .  Data c o l l e c t e d  w i t h  tr io spectrometer c o n f i ~ u r a t i o n s  a t  each 

beam energy f l r s t  r e r e  t e s t e d  f o r  i n t c r n a l  cons is tency by c o r m r i n Q  r a t i o s  of 

data t d  Monte Car l c  r a t e s  i n  connon b i n s  smal ier  than the  ex?er isenta:  reso?u-  

t i o n .  S i m i l a r  cam(arisons then tes ted  the  cons is tency o f  data a t  t he  two 

energ i t s .  I n  a l l  rases t h e  confidence l e v e l s  es tab l i shed  good cons isrency,  

pe r~n i t ' t i ng  the  mercer o f  t h e  f o u r  samples. 

The Monte Car lo  s i a u l a t i o n  generated events us ing  a  pa ramete r i za t i on  

of  vW2(wa) from e l c c t r o n  s c a t t e r i n g  da ta (5 ) ,  w i t h  R = 0.18. The i r o n  t a r g e t  

nucleus was modeled as a c o l l c c t l o n  o f  nucleons i n  Fcrmi m t i ~ r . ( ~ ) .  Radia- 

t i v e  c w r e c t i o n s  w e d  a  peak ing approx imat ion d i f f e r i n g  f roa  the  !:ope exact  

c o r r e c t i o n ( 7 )  by l#!ss than 3%. i h e  c o r r c c t i o n  f o r  coherent  t ; i d c - a l ~ l e  

bremsstrahlung r o s !  from l e s s  than 3% f o r  w < 20 t o  ljat w r e a r  50('). The 

s imu la ted  muons s u f f e r e d  Coulomb s c a t t c r i n g ,  cnergy l oss ,  s t r a ~ g l i n g  f r o 2  

u-e s c a t t e r i n g  and bremnstrah lung i n  the  i r o n ,  and mi:aeasurcnant by tb,e spark 

chambers. Fu r the r  a n a l y s i s  t r e a t e d  r e a l  and s i m l a t e d  data i d e n t i c a l l y .  
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A number of t e s t s  e s t a b l i s h  t h e  accuracy of tlie s imulat ion.  Shapes of 

real  and s i n s l a t e d  d i s t r i b u t i o n s  i n  azimuth and radius of t r acks  ncar  f i d u c i a l  

bomdar ies  agree well .  The s imulat ion accounts fo r  t a i l s  i n  d i s t r i b u t i o n s  of 

X2 and reconstructed energy through 2.5 decades i n  populat ion.  Also, i t  ac.. 

c u r a t e l y  models d i f fe rences  between momentum reconstruct ion algori thms which 

use d i f f e r e n t  points  on the  muon t r a j e c t o r i e s .  Wc be l i eve  t h a t  inaccurac ie r  

i n  s imula t ing  the  acceptance and reso lu t ion  con t r ibu te  neg l ig ib ly  t o  t h e  over- 

a l l  e r r o r .  

Rat ios  of observed t o  simulated events are  shown i n  Fig.  1 ( a ) - ( h )  vs. 

q2 f o r  8 overlapping bands of ~ ( 9 ) .  Results of s t r a i g h t - l i n e  f i t s  t o  these  

da ta  po in t s .  along with the widths o f  the  o bands, a r e  given i n  Table 1 .  The 

po in t s  show a r i s i n g  trend with q2 a t  high w ,  and a f a l l i n g  t rend  a t  low w. 

2 F i t t i n g  a paver-law q2-dependence i n  each band y i e l d s  an overa l l  x of 45.6  

f o r  51 degracs of freedom. Scale- invariance i n  U' rcqu i rcs  each s e t  of 

2 
, points  t o  e x h i b i t  no q -de?endence. This hypothesis r a i s e s  t h e  x2 by 36.6 

with t h e  add i t ion  of 8 degrees of freedom. S t a t i s t i c a l l y ,  such a f l u c t u a t i o n  

has a p robab i i i ty  smaller  than 2 x These 8 f i t t e d  s1op.e~ 

> 1 n v ~ 2 ( w 1 , q 2 ) / a l n q 2  a r e  p lo t t ed  vs. w i n  Fig. 2 (a ) .  In  t h e  range of t h e s e  
2 d a t a ,  t h e  scale-breaking may be parameterized by a quan t i ty  b = a ln(vW2)/ 

~ l n ( , ' ) a l n ( q ~ ) .  I f  independent of both q2 and w, b has t h e  magnituie 

0.099 2 0.018. 

The s t a b i l i t y  of the  scale-noninvariance i s  reinforced by conver- 

gence with the o ther  independent ana lys i s  o f  the  da ta ,  which y i e l d s  b = 0.376. 

sub-samples of da ta  from individual spectrometer configurat ions o r  bcam 

energies  give values of b cons i s ten t  with the  overal l  r e s u l t  bu t  not  with 

zero. Agrerxcnt i s  exce l l en t  with t h e  value of b recen t ly  ob ta incd( l0 )  

using a d i f f e r e n t  ana lys i s  philosophy. 

s i n c c  d2 ( p c r  nuclcon i n  i r o n )  v a r i e s  slowly ovcr resolution ,w!dths 

i n  t h e  u range of Fig. l ( a ) - ( d ) ,  i t  may be equatcd t o  those p lo t t ed  va:i;es 

mul t ip l i ed  by 0 . 3 0 5 ( ~ ) .  Figure 2(b)  d i s p l a y s  the  s t r u c t u r e  i ~ n c t i o r ,  used i n  

t h e  Monte Carlo,  and Fig. Z(c) shows r a t i o s  of t h e  observed "'A2 t o  t h ~ :  

funct ion a t  q2 = ~ ( G ~ v / c ) ~ .  The e l e c t r o n - n u ~ ! e u s ( ~ ~ )  s c a t t e r i n g  r e ~ u l : s ( ~ . l ~ )  

a r e  consi!;tent with these  values wi th in  the  normalization u n c e r t a i n t i e ;  

(F ig .  2 c s p t i o n ) .  

Normalization ind cnergy c a l i b r a t i o n  of t h e  da ta  followcd the  5roce- 

durcs  r e c e n t l y  d i scussed(2) ,  and dominate t h e  systematic  e r r o r  i n  b ($19. 

Z ( a ) ) .  U~:ccr ta in t i es  of 10% (71)  a r e  ascrfbed t o  abso lu te  ( r c l a t f v e )  ?onaal iza-  

ti011 of d ~ t a  a t  t h e  two beam cncrg ies .  Thc 17, u n c c r t ~ i n t i e s  in  s c a t t c - c d  

muon cner';;y c a l i b r a t i c n  a t  each beam energy a r e  cor re la ted  t o  y i e l d  a ! P  r e l a -  

t i v e  e r r o ? .  The systematic  e r r o r  i n  j? i s *  0.032 with only t h i s  cor re l  i t i o n .  

r i s i n g  t o  10.041 with worst-case c o r r c l a t i o n  of 150 GeV energy c~1ibr; i : Ion 

and nor~na l iza t ion .  ?bat  i s ,  b would l i e  near  zero i f ,  a t  153 GcV, sca:tered 

energies  were r a i s e d  i y  2.6% and c ross - sec t ions  s inu l taneous ly  Mere re:uced 

by 181. Haaever, the re  s h i f t s  would only t r a n s f o m  thc  f o m  of t h e  s c ~ l e -  

breaking i n t o  a r e l a t i v e  dep le t ion  of even t  r a t e  a t  153 GeV. fo reover ,  the  
2 x which measures t h e  overa l l  smoothness and consis tency of data  a t  t h :  bio 

energ ies  would r i s e  b y  more than 40 i f  tli?se s h i f t s  u:ere in;;oscd. Co:?,ining 

r e s u l t s  end reasonab1:i c o r r e l a t i n g  a l l  e r r o r s ,  b i s  0.09 t 0.04, exceei ing 

ze ro  with 982 confidence. 

The scalc-nonlnvariance is i n s e n s i t i v e  t o  the  assuncd f o m  of 

vX2(u0),  because t h e  da ta  a r e  analyzed wi th in  bands o f  w.(13) i f  the  :!onte 

t a r l o  ins tead  uses a o'J2(o') which b r ings  t h e  q2-averased r a t i o s  i n  



Fig,  l ( a ) - ( h )  near  un i ty  (Fig.  2 ( 5 ) ? ,  b drops by 10f .  Other  cho ices  of 

u: '2(s ')(12? ~ r o d u c c  s i c i l a r  per t l i rbat ions.  Thc q2-dependence of V S I ~  f o r  w 5 6 

i s  c o ~ l c d  t o  ?kc asrulncd form of i t s  agprosch t o  asymptot ic  behavior. Use Of . as  a sca l ing  va r i ab le  increases  the scale-noninvariance i n  t h i s  range 
2 

(F ig .  2 ( a ) ) ,  while use of  ( w  + 1 . 4 1 ~  ) l a r g e l y  cancels  i t .  Conversely, t h e  

q2-dc?enden:e of vs2  f o r  ? G i s  incons i s t en t  with s c a l i n g  i n  any v a r i a b l e  

not  wildly d i f f e r e n t  fro-; w ,  s i n c e  "W2 i s  near ly  fndcpendent of w i n  t h i s  

range. !f ~ i l z  d<:pends upon and a l so  upon a second v a r i a b l e  u~ defined by 

h.0 adjustable  p , l r a r e t e r s ( l ~ ) .  the data  can be f i t  w i th in  sys temat ic  e r r o r s  

( ~ i g .  2 ( a ) ? .  Igmr ing  a l l  data  with q2 < 4 r a i s e s  t h e  confidence l eve l  !'or 

sca l ing  i n  .' t o  16%. Var ia t ion  of 2 between rn a t  qZ = 1 and 0 a t  q2 = 

5 ( G P V / C ) ~  crn accol;nt f o r  only 114 of t h e  scale-noninvariance a t  o = 2!i. 

The r i s i n g  q2-dcpendcnce of vi+2 a t  L 6 r i g h t  be a t t r i b u t e d  t o  e x d -  

t a t i o n  of new hadronic degrees of frecdo:l(l5?. with t h e  egpos i t c  behavior  f o r  . 5 6 o f f s e t  by a c l a i rvoyan t  choice of sca l ing  v a r i a b l e .  F ie ld  t h e o r i e s  0 6 )  

with anoralovs dimensions o r  asymptotic freedom p r e d i c t  scale-noninvariance 

a t  both lox and high w of a character(17)  s i m i l a r  t o  t h a t  observed hc re .  

!dhile adequately desc r ib ing  t h e  scale-nonfnvariance.  t h e  logar i thmic  

f i t s  serve only t o  f a c i l i t a t e  discussion of i t s  s t a b i l i t y .  They n e i t h e r  Pre- 

d i c t  the behavior of d a t a  i n  cxtcnded ranges of q2  and w ,  nor a n t i t i p a t e  the 

r e s u l t s  of more exact  f i t s  t o  t h c  form of v'd2 which w i l l  be publ ished e l s e -  

~ h e r c ( I ~ ) .  h'e ~:xpress again our g ra t i tude  t o  a l l  who have con t r ibu ted  t o  

t h i s  expcrimcnt. 
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Figure Captions 

F i e  I .  Ratio of observed t o  8in:ulated event r a t e  vs;  q2 f o r  8 ranges of 

u .  liidths of these ra rges  and paraceters of t h e  s t r a i g h t - l i n e  f i t s  a r e  de- 

t i e d  i n  a l  1 Errors  a r e  s t a t i s t i c a l .  

F i ~ u r e  2.  ( a )  f i t  s lopes  i n  on(qZ) f o r  the 8 w ranges. Errors  a r e  s t a t i s -  

t i c a l .  Dashed l i n e s  d e p i c t  e f f e c t s  of (1 )  r a i s i n g  E L  by 1% a t  150 GeV, 

( 2 )  s ~ ? e  a t  56 G c V ,  ( 3 )  misirg 150 5eV cross-sect ions by 7%. Assulning 

scal ing i n  u r r t b e r  than w '  in  the Hcnte Carlo y i e l d s  t h e  po in t s  indicated 

by " X " .  Using the  form i n  Ref. 14 yields  t h e  diamond-shaped points .  

( b )  v ~ 2 ( Y , q 2 = j )  per nucleon used in the P,onte Carlo,  with sca l ing  i n  w '  and 

R 2 .  Ti,? dd;l,cd l i l ip  i j  ti,? a l t c r n ~ t l '  f o ~ i n  described i n  the  t e x t .  

( c )  Ratio of ,Up a t  $2=3 t o  the  form i n  ( b ) .  Errors  on lnuon d a t a ,  f r o a  f i t s  

de ta i l ed  i n  Table 1 ,  include energy ca l ib ra t ion  e r r o r s  bu t  not  t h e  normali- 

zat ion e r r o r  of t10:. Er ro rs  on SLAC-NIT c-D s c a t t e r i n g  data  do no t  include 

s y s t n a t i c  uncer ta in t i es  o f  4-65 (Ref.' 3 ) .  The e-Fe po in t s  use the same deo- 

t e r i u n  data  with A-depeneences from Ref. 12.  Thel r  sys temat ic  e r r o r s  r e l a t i v e  

pA-p, t Anything 
150 GeV and 56 GeV 

to  deuterium are 7%.  Figure 1 






