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AliSTRACT 

Measured d i s t r i b u t i o ~ ~ s  i n  the s c a l i n g  v a r i a b l e s  x and y obta ined  from 

- f 
the r e a c t i o n s  v (5) + nucleon i. w ( k  ) f hadrons a t  high energy a r e  p resen ted .  

LI $ 

The x -d i s t r ibu t l ' oas  are c o n s i s t e n t  w i th  scale i nva r i ance -  The x- and y - d i s r r i -  

bu t ions  a r e  used t o  perform the f i r s t  t e s r  of charge syrmuetry invar iance  i n  

h i g h  energy neutrino i n t e r a c t i o n s .  
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1 
I n  a  r e c e n t  paper  we  r e p ~ r t e d  ( i )  a  measurement of the  t o t a l  c r o s s  

s e c t i o n  f o r  neu t r ino  i n t e r a c t i o n s  0 a s  a  func t ion  of neu t r ino  energy E up v v 

t o  150 GeV, and ( i i )  measurements of t h e  r a t i o  of the  a n t i n e u t r i n o  t o  t h e  

neu t r ino  t o t a l  c r o s s  s e c t i o n s  +/o up t o  70 GeV. Within experimental  e r r o r ,  
V V 

t ;pse  r e s u l t s  a r e  c o n s i s t e n t  with V-A coupling,  Bjorkett s c a l e  invariance2 and 

1 3 
t h e  spin pa r ton  model . To t e s t  t hese  ideas  f u r t h e r  a t  high e n e r g i e s ,  we 

p resen t  h e r e  t h e  experimental  d i s t r i b u t i o n s  i n  t h e  s c a l i n g  v a r i a b l e s  

2 
x = q /2t.ftzh and y = E / E  f o r  n e u t r i n ~ s  and a n t i n e u t r i n o s ,  where 

h  V 
2 2  - 4~ E s i n  (0$/2) ,  Eh i s  the  energy of the  hadron cascade r e s u l t i n f i  from 

v ,- 
1 

the  neutr ino-nucleon c o l l i s i o n ,  and >I  i s  the  nucleon mass. A s  be fo re  , we 

i d e n t i f y  p o s i t i v e  and negat ive  charged f i n a l  s t a t e  muons with i n c i d e n t  a n t i -  

n e u t r i n o s  and neu t r inos ,  r e s p e c t i v e l y .  

The experimental  method was descr ibed  e a r l i e r . l p 4  B r i e f l y ,  an  enriched 

beam of neu t r inos  o r  a n t i n e u t r i n o s  a t  Fermilab impinged on a  pure l i q u i d  

s c i n t i l l a t o r  i o n i z a t i o n  ca lo r ime te r  ( t a r g e t - d e t e c t o r )  i n  vhich t h e  neutr ino-  

nucleon i n t e r a c t i o n  occurred ,  and i n  which the  hadron energy E was measured. h 
The vector  momentum of t h e  emerging muon p  was measured i n  a  magnetic spec- 

IJ 

t rometer  d i r e c t l y  downstream of the  t a rge t -de tec to r .  The energy of the  i n c i -  

dent  neu t r ino  was then computed from t h e  sum (E + Ew). Data were obtained h  

with n e u t r i n o  and a n t i n e u t r i n o  s p e c t r a  generated i n  proton-nucleus c o l l i s i o n s  

with proton e n e r g i e s  E o f  300 and 400 GeV. 
.. 

P 

Useful i n t e r a c t i o n s  took p lace  i n  a  f i d u c i a l  region  of t h e  i o n i z a t i o n  

2 ca lo r ime te r  o f  c r o s s  s e c t i o n a l  a r e a  (2.4 x 2.4)m and length a long t h e  beam 

of 4 .1  m .  The t o t a l  a r e a  and length of the  i o n i z a t i o n  ca lo r ime te r  a r e  

2  1 (3 x 3)m and 7.2 m, r e s p e c t i v e l y .  Q u a s i e l a s t i c  and A-production events  were 

e l iminated  from the  s c a l i n g  v a r i a b l e  d i s t r i b u t i o n s  by means of t h e  

2  2 combined c r i t e r i a  W < 1.6 GeV and q < 1 . 0  GeV , where W i s  t h e  inva r i an t  



hadron mass. 

The energy response of t h e  i o n i z a t i o n  ca lo r ime te r  was c a l i b r a t e d  with 

p ions  of known ene rg ie s  between 15 and 150 GeV inc iden t  on the  f r o n t  of t h e  

ca lo r ime te r .  The mezsured response of t h e  ca lo r ime te r  a t  any energy w i t h i n  

t h a t  i n t e r v a l  is Gaussian wi th  CJ = 12%. There i s  no. evidence of  a  high 

energy t a i l  a t  t h e  1% l e v e l  a t  any energy. A low energy c a l i b r a t i o n  po in t  i s  

provided by muons t r a v e r s i n g  the  d e t e c t o r .  The response of  t h e  muonspec- 

t rometer  t o  muons of known momentum is approximately Gaussian with 0.: lX  

f o r  any muon momentuT l e s s  than about 80 GeV. These r e s o l u t i o n  f u n c t i o n s ,  

end a l s o  t h a t  f o r  oil, a r e  'included i n  t h e  c a l c u l a t i o n  of the expected s c a l i n g  

;.ariz'ole d i s t r i b u t i o n s  described below. 

There a r e  shown i n  Fig.  1 t h e  d i r e c t l y  observed d i s t r i b u t i o n s  ( h i s t o -  

grams) i n  x  f o r  neu t r inos  and a n t i n e u t r i n o s ,  combining d a t a  taken a t  300 and 

400 GeV. To e x h i b i t  t h e  dependence on E (G-), t h e  d i s t r i b u t i o n s  a r e  p l o t t e d  
v v 

5 
f o r  two d i f f e r e n t  reg ions  of neu t r ino  and a n t i n e u t r i n o  energy.  For compari- 

son we show a l s o  i n  Fig. 1 t h e  corresponding x - d i s t r i b u t i o n s  c a l c u l a t e d  by 

assuming s c a l e  invar iance  and the  s impl i fy ing  r e l a t i o n s  among t h e  nucleon 

s t r u c t u r e  func l ions ,  v iz :  2xFl(x) = F  ( x ) ,  xF3(x) = -F2(x) ,  and Fi(x) - 2 - - 
F i ( x ) ,  where F . (x )  r e f e r s  t o  an t ineu t r ino -nuc leon  s c a t t e r i n g .  We have a l s o  

1 

6 
used t h e  form of F (x) obtained from e lec t rop roduc t ion  experiments ( f o r  2 

1 
x  2 0.1) ,  and included inc iden t  neu t r ino  and a n t i n e u t r i n o  s p e c t r a  and t h e  

geometric d e t e c t i o n  e f f i c i e n c y  of t h e  a p p a r a t ~ s l ' ~  i n  ob ta in ing  t h e  ca lcu-  

l a t e d  d i s t r i b u t i o n s ,  which a r e  compared with t h e  uncorrected experimental  

d i s t r i b u t i o n s ,  both normalized t o  t h e  same a r e a .  

The shapes of  t h e  observed and c a l c u l a t e d  x - d i s t r i b u t i o n s  i n  Fig. 1 

i n d i c a t e  t h a t  the  x - d i s t r i b u t i o n s  f o r  neu t r inos  and a n t i n e u t r i n o s  a r e  es -  

s e n t i a l l y  t h e  same, and a r e  not s i g n i f i c a n t l y  dependent on E (L). I n  F ig .  2 
v V 



a r e  p l o t t e d  t h e  measured y - d i s t r i b u t i o n s  f o r  neu t r inos  and a n t i n e u t r i n v s  i n  

the  same reg ions  of E (6) a s  b e f o r e ,  v i t h  t h e  c a l c u l a t e d  d i s t r i b u t i o n s  in-  
v v 

cluded f o r  comparison. The observed x- and y - d i s t r i b u t i o n s  fo r  n e u t r i n o s  a r e  

c o n s i s t e n t  with t h e  complex of  assumptions t h a t  e n t e r  the  c a l c u l a t e d  d i s t r i -  

bu t ions ,  and with e a r l i e r  d a t a .  8 . 9  

The y - d i s t r i b u t i o n s  f o r  a n t i n e u t r i n o s ,  however, a r e  not  completely con- 

s i s t e n t  with t h e  s imples t  form expected from lover  energy (3 < < 10 GeV) 

8 2  
% 

d a t a  , v i z ,  d ~ / d ~  -(I-y) . For E- < 30 GeV (Fig.  2b) ,  the  experimental  
v 

y - d i s t r i b u t i o n  i s  not i n  ev ident  disagreement with t h a t  form. but  f o r  

L. > 30 GeV (Fig .  2 d ) ,  t h e  observed y - d i s t r i b u t i o n  has  43 events  with y  > 0 . 5  
'J 

2  
o u t  of a  t o t a l  of 145. i . e . ,  (30 + 5)%, vhere (1-y) m u l t i p l i e d  by the  de- 

t e c t i o n  e f f i c i e n c y  p r e d i c t s  l e s s  than 10%. 

A somewhat more g e n e r a l  a n a l y s i s  of t h e  y - d i s t r i b u t i o n s  may be made by 

r e l a x i n g  t h e  assumption t h a t  xF (x) = -F2(x) .  We v r i t e  t h e  s c a l e  inva r i an t  3 

d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  i n e l a s t i c  neu t r ino  (an t ineut r ino)-nucleon 

c o l l i s i o n s  i n  the form 

vhere t h e  upper s i g n s  a r e  t o  be taken f o r  neu t r inos ,  B V  = -xF3(x)/F2(x),  

R: = 2xFl(x) - F2(x) ] / F ~ ( x )  and BU = -xF3(x)/T2(x), e t c .  From t h e  pos i -  - 
t i v i t y  c o n d i t i o n s ,  i xF (x)  I 5 2xFl(x) 5 F2fx) ,  i t  f o l l o v s  t h a t  R I: 0,  and 

3  L 

t h e r e f o r e  the  term i n  R cannot c n n t r i b u t e  t o  t h e  excess  of  even t s  observed 
L 

a t  y  > 0.5.  With RL = 0 ,  eq .  (1) is  equjva lent  t o  a  pa ramet r i za t ion  which 

2 
mixes a  y-independent term and a  (1-y) term i n  a r b i t r a r y  p ropor t ions .  

Assuming t h a t  charge synunetry invar iance  ho lds ,  t h e  r a t i o  of a n t i n e u t r i n o  - 
t o  neu t r ino  c r o s s  s e c t i o n s  i n t e g r a t e d  over a l l  x  and y  is o w / ~ V  = (2-B)/(2+F), 



- 
where B is t h e  average value of ~ ( x ) .  One ob ta ins  < = 0.9 + 0.2 from the  

- 
r a t i o  OV/uV = 0.37 .t 0 . 1  measured1 a t  a  mean energy of about 40 GeV, and 

- 
I$ z 0.85 a t  lower neu t r ino  ene rg ies .  

8 

The dependence on x of the  y - d i s t r i b u t i o n s  h a s  been inves t iga ted  by par-  

t i t i o n i n g  t h e  d a t a  of Fig. 2 between the  regions  x  < 0.1 and x  > 0.1. W e  

have a l s o  divided the  d a t a  by t h e  r e l a t i v e  d e t e c t i o n  e f f i c i e n c y  t o  d i sp lay  

the  co r rec ted  experimental  d i s t r i b u t i o n s .  The r e s u l t s  f o r  0.6 > x 2 0.1 f o r  

neu t r inos  and a n t i n e u t r i n o s  a r e  shown i n  Figs .  3 a a n d  3b,  where i t  is seen 

t h a t  the excess  of even t s  a t  high-y i n  t h e  a n t i n e u t r i n o  d i s t r i b u t i o n  has  

l a r g e l y  disappeared.  I n  F igs .  3c and 3d a r e  shown the  co r rec ted  y - d i s t r i -  

, . !;u;lons f o r  neutr ini ls  and a n t i n e u t r i n o s  i n  t h e  x < 0 . 1  r eg ion .  Note the  

s t r i k i n g  d i f f e r e n c e  between the  a n t i n e u t r i n o  y - d i s t r i b u t i o n s  i n  the  two 

x-regions.  

Apart from r e s o l u t i o n  e f f e c t s  t h a t  inf luence  the  lowest b i n  i n  y ,  t h e  

experimental  d i s t r i b u t i o n s  i n  Figs. 3a and 3b a r e  f i t  t o  eq .  (1) with t h e  
- 

values  B' = 1.4 5 0.6 and B' = 0.6 -L 0.2, which a r e  c o n s i s t e n t  with the  value 

- 
of B given above. The y - d i s t r i b u t i o n s  of Figs.  3c and 3d ,  however, y i e l d  

- 
g V  = 1.3 +_ 0.6  and B V  = -1.2 M.8 

-1.3 ' 

I f  charge symnetry is assumed, B(x) can be determined us ing  eq. (1) f o r  

each value of x from the  r a t i o s  of a n t i n e u t r i n o  and neu t r ino  c r o s s  s e c t i o n s  

i n t e g r a t e d  over a l l  y. The x - d i s t r i b u t i o n s  i n  Fig .  1 were combined, co r rec ted  
- 

f o r  d e t e c t i o n  e f f i c i e n c y  and normalized t o  the  value aV/OV = 0.37. The 

r e s u l t s  a r e  shown i n  Fig. 4 where i t  is seen  t h a t  B(x) is cons tan t  wi th in  ex- 

per imenta l  e r r o r  over the  e n t i r e  x-range, x < 0.5. These r e s u l t s  a r e  s t a -  

t i s t i c a l l y  i n s e n s i t i v e  t o  the  p o s s i b l e  decrease  of B(x) a t  very small x  con- 

jec tured  i n  the  pa r ton  model. 



To t e s t  charge symmetry invarfance,  we compare the valucs o f  H de- 

tcrmined separately from x- and y -d i s t r ibu t ions  and t o t a l  cross sec t ion  

measurements. In F i g .  4 are shown, i n  addi t ion t o  the  values o f  B(x )  from 
- 

the  x -d i s t r i bu t i ons ,  t he  four values o f  BV(x) and BV(x) obtained from the  

four y -d i s t r ibu t ions  o f  F i g .  3 .  Charge symmetry invariance requires that  
- 
v V B (x) = B (x) = B ( x ) .  I n  the  region 0.6 > x 2 0.1, there  i s  agreement wi th in  

- 
1 standard deviat ion among the  various measured values o f  B V ,  nV and ~ ( x )  , 

indicat ing tha t  the  data are not inconsis tent  wi th  charge synnxetry. In the  

V region x < 0 .1 ,  t h e  measured value o f  B d i f f e r s  from the  separately de- 

termined values o f  BV and B(x)  by about 3  standard deviat ions .  

We sumnarize these r e s u l t s  as fol lows.  The c lose  s im i la r i t y  o f  the 

s tructure  function F ( x )  observed i n  both e lectron and neutrino deep ine- 2 

l a s t i c  sca t ter ing ,  up t o  a neutrino energy o f  about 150 GeV ( F i g .  I), and 

the  consistency o f  the  y-dis tr ibut ions  i n  the region 0.6 > x r 0.1 (Figs.  3a 

and 3 b ) ,  are fur ther  substantive confirmation o f  scale invariance. In that  
- 

x-region,  the  approximate equal i t y  o f  the  values o f  n V ( x ) ,  gV(x )  and ~ ( x )  
- 

V normalized by means o f  aV/O cons t i t u t e  evidence for  charge symmetry invari -  

ance. On the  other hand, i n  the region x  C 0.1 the  excess o f  events  at high-y 
- 

i n  the ant ineutr ino y -d i s t r ibu t ion  leads t o  a  value o f  B' d i f f e r e n t  from the 

v values o f  B and B ( x ) ,  which i s  suggestive o f  an e f f e c t i v e  dev ia t ion  from 

charge symmetry. Th i s  may a r i s e  i n  part from new par t ic le  production or from 

an anomalously large cross sec t ion  for d i r ec t  strange par t ic le  production. 10 

Note t ha t  new par t ic le  production tends for  kinematic reasons t o  populate 

p re f e ren t i a l l y  the regions o f  small x  and large y .  
11 
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Figure Captions 

2 
F i g .  1. Experimental d i s t r i b u t i o n s  (his tograms) i n  x  = q /2ME and c a l c u l a t e d  

h  

d i s r r i b u t i o n s  ( s o l i d  l i n e s )  expected from s c a l e  invar iance  using F  (x) from 2  

e l ec t rop roduc t ion  and s impl i fy ing  r e l a t i o n s  among t h e  s t r u c t u r e  f u n c t i o n s  

( see  t e x t ) .  

F ig .  2.  Experimental and c a l c u l a t e d  d i s t r i b u t i o n s  (assuming B = 1)  i n  

y = E / E  . The f a l l - o f f  i n  t h e  f i r s t  b i n  i n  y i n  ( a )  and (b)  is  due t o  the  
h  v 

2 2 
j o i n t  s e l e c t i o n  c r i t e r i a  W > 1.6 GeV and q > 1.0 Lev . 

Fig .  3. Corrected experimental  y - d i s t r i b u t i o n s  Tor the  r eg ion  0.6 > x  0 .1  

(a)  and ( b ) ,  and fo r  t h e  r eg ion  x  < 0 .1  (c)  and ( d ) .  P o i n t s  a t  y  = 0.05 a r e  

omit ted because they  a r e  s e n s i t i v e  t o  r e s o l u t i o n  c o r r e c t i o n s .  P o i n t s  a t  

y  = 0.95 i n  (a )  and (b) a r e  omit ted because they are s e n s i t i v e  t o  e f f i c i e n c y  
- 

corrections. Calcula ted  cu rves  f o r  d i f f e r e n t  va lues  of B V  and B V  a r e  a l s o  

shown jn  (a) and (b ) .  
- 

Fig .  4 .  P l o t  of  t h e  va lues  of  ~ ( x ) ,  BV(x) and BV(x) obta ined  from t h e  exper i -  

men ta l  x- and y - d i s t r i b u t i o n s  i n  t h e  r eg ions  x  < 0 .1  and 0 .6  z x z 0.1. The 

t h r e e  p o i n t s  i n  t h e  x  < 0 . 1  r eg ion ,  a l l  of which should be p l o t t e d  a r  x = 0.05, 

a r e  s h i f t e d  s l i g h t l y  with r e s p e c t  t o  each o t h e r  f o r  improved c l a r i t y .  
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