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Review of Neutrino Physics a t  Brookhaven 

M.J. Murtagh' . . 

Brookhaven National ,Laboratory, Upton, New York 
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. . . . . . 
I. Introduct ion ' . . . 

, , , This is an i n t e r e s t i n g  ~ o i n t  i n  time t o  d i scuss  t h e  neutr ino physics 

program a t  Brookhaven. F i r s t l y  because t he  Brookhaven neutr ino beam is t h e  
I 

. .  . 
I 

l a s t  operat ing medim,energy beam, and,. secondly because t h e  program here  

. is i n  t r ans i t i on .  The f i r s t  round counter experiments . a re  winding down t o  
l a successful  conclusion and a major new experiment has been approved and is 

expected t o  begin t a k i n g d a t a  i n  l a t e  1979. No attempt w i l l  be made t o ,  

review a l l  t he  cur ren t  physics here. Rather a few top ics  w i l l  be discussed 

t o  i l l u s t r a t e  both t h e  problems inherent  i n  medium energy neutr ino physics 

and t h e  fu tu re  prospects  here  a t  Brookhaven. An a l t e r n a t i v e  discussion of ' ' . 

the  Brookhayen program may be found i n  t h e  HEDG t a l k  by P. ~ o k o l s k ~ ( l )  while 

a complete review of t he  neu t r a l  current  r e s u l t s  i s  contained.  i n  t h e  Tokyo 
(2) . . 

review t a i k  by. C. Baltay. 

The ev.ent r a t e s  i n  t he  Brookhaven neutrino'  beam w i i l  be discussed 

and then a b r i e f  review of the  current  experiments w i l l  be presented. The 

physics t op i c s  t o  be discussed a re ,main ly  neu t r a l  current  i n t e r ac t i ons ;  e las-  

t i c  neutr ino s c a t t e r i n g  from e lec t rons  and protons; and s i n g l e  pion production. 

F ina l ly  t he  search f o r  charmed baryon production and the  associated search f o r  

d i lep ton  events w i l l  be presented. 

Apart from BNL, medium energy neutr ino physics r e s u l t s  have come 

from t h e  CERN PS beam and the  Argonne ZGS. The PS beam was very s imi l a r  t o  

the  Brookhaven beam. Physics t he re  was dominated by the  heavy l i q u i d  bubble 
. .. 

chamber GARGAMELLE. From mi l l ions  of p i c tu re s  i n  f r eon  and propane many 

neutr ino and an t ineu t r ino  r e s u l t s  have been extracted.  However, as will  be 

apparent l a t e r ,  t he  combination of bubble chamber and heavy l i q u i d s  is inher- '  

. . ' e n t l y  l imi ted  i n  t h e  accuracy one can obtain.  Furthermore, s i nce  GARGAMELLE 

has been moved t o  t he  SPS, no addi t iona l  da ta  w i l l  be ava i lab le .  The only 
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other  PS neutr ino experiment was a counter experiment mounted by an ~ a c h e n -  

Padua col laborat ion.  This' produced r e s u l t s  on ve and v p ' e l a s t i c  s ca t t e r ing  and 

d i lep tons ,  and these w i l l  be considered l a t e r .  The ~ r ~ o n n e  ZGS neutr ino 

program has a l so  terminated. The ZGS neutr ino beam had maximum flux. a t  Q . - 

. . 

0.7 GeV ( t h e  BNL spectrum peaks a t  s 1.5  GeV). . The program cdnsis ted of only 

. . neutr ino running with t h e  ANL, 12'  .bubble chamber f i l l e d  with  hydrogen o r  deu- . , . 

. . terium. A t  ZGS energies t he  dominant production is,  quasi-e las t ic  vn. + p-P . . 

and s i n g l e  pion vN -t ~ N ' B  f i n a l  s t a t e s .  

11. Rates and ' Spectrum . . 

Since neutrino.  f l u x  ca lcu la t ions  a r e  somewhat unrel iable ,  it is perhaps 
. . 

b e t t e r  t o . d i s c u s s  r a t e s  and energy spec t ra  i n  terms of the  observed events i n  

t he  7 , .  bubble' chamber. These' ca lcu la t ions  a r e  based on. t he  recent  D2 running 

where with 8x10'~ protons per pulse  bn t a rge t  and a r e s t r i c t e d  f i d u c i a l  volume 
. . 

of 4m3 (0.55 mtons) 1 neutr ino in t e r ac t ion  was detected every 210 p ic tures .  
13 

I f ' o n e  assumes t h a t  normal running conditions a r e  10 ppp a t  a 1.4 s ec  rep. 

r a t e ,  then the.number o f . even t s  per metr ic  ton per day (NEMD) assuming t h e  7' 

bubble chamber scanning e f f ic iency  t o  be .90% is 600: I n  g e n e r a l  t h i s  must be . '  . 

corrected f o r  the  e f f ic iency  of the  neutr ino l i n e  (say 90%) and . the  loca t ion  . .  

of the.experiment. This l a t t e r  f ac to r  is es sen t i a l l y  the  r a t i o  of t he  s o l i d  

angle subtended by the  experiment from the  center  of the  pion decay tunnel 

t o  the. s o l i d  angle subtended by t h e  bubble chamber. A t  be s t  t h i s  f a c t o r  w i l l  

be r % 112. Consequently, f o r  an apparatus of mass.M metric t o n s . t h e  number 

of charged",current events de tec tab le  per day a t  BNL is  F 540xMxr. It should 

be noted t h a t  t h e  equivalent r a t e  a t  FNAL (based on Exp. 53A da ta  of 0.6 
i 2  

events per pulse f o r  20 mton f i d u c i a l  volume with 8x10 ppp and a 10 .set rep. r a t e  

is 'L 300- where a t  FNAL r % 1. . . . . 
. . 

There. has been l i t t l e  an t ineut r ino  running i n  the  BNL bubble chamber. . , . + 
However, s ince  a t  BNL energies t he  r a t i o  of B t0.r- production is approximate- - 

v v 
l y  2 t o  1 and aTOT Q 0.38xaTOT, the  corresponding ca lcu la t ion  f o r  t h e  number 

of charged current  an t ineut r ino  in te rac t ions  per day is 5 100xMxr. 

The observed energy d i s t r i b u t i o n  f o r  charged current  events i n  t he  7 '  

bubble chamber(3) is shown i n  Fig. 1. The spectrum peaks a t  1 .5  GeV but 

14% of events have energies g rea t e r  than 4 GeV. This is s i g n i f i c a n t  i n  t h a t  

t h e  threshold f o r  charmed baryon production (n Q 2.2 GeV)'is i n  t h i s  region. 
, c 



. . 2' 2 2 . '  
. . 

The r e c o i l  hadron mass W = m  + 2m (E,-EU) - Q d i s t r i b u t i o n  f o r  D 
P P 2 

events i n  t he  7 '  bubble chamber is shown i n  Fig. 2. The predominant 

f i n a l  s t a t e s  a r e  the  quasi  e las t ic .channe1  LI-P and the  s i n g l e  pion 
. .. 

f i n a l  s t a t e s  P-NT. .  However, 23% of t he  events a r e  above threshold f o r  

s t r ange  p a r t i c l e  production. 
. . 

From the  energy and r e c o i l  mass d i s t r i b u t i o n s  i t  f s  c l e a r  t h a t  t h e  . . 

neut r ino  c ross  sec t ion  a t  BNL is t h e  sum of a few exclusive channels. . And to. . . 

t h e  ex t en t .  t h a t  one intends t o  study exclusive.  processes one ~ i o u l d  p re f e r  t o  , . 
. . . . 

. . . . . . 

use simple t a r g e t s  (H2 o r  D )  and, where appl icable ,  t o  use  kinematic f i t t i n g  
2 

t o  i s o l a t e  t h e  desi red f i n a l  s . ta te .  This  would argue f o r  t h e  bubble chamber 

as t h e  i d e a l  de tec tor  and f o r  t h e  study of constrained charged eu r r en t  processes - - - + 
(e.g. vn u p, vp + v  p ~ + ,  vn + p C e tc . )  t h i s  is ce r t a in ly  t rue .  

. . 
IIowever,' f o r  low cross-section processes o r  low charged multi- 

p l i c i t y  f i n a l  s t a t e s  t h i s  is not so obvious. For example, t o  measure an exclu-. 
-++ -2 s i v e  proton (N IN E 1/2)  channel (vp + .p X ) whose c ros s  sect ioi i  i s  10 . of t he  . .  ' . 

P . .. 
.. . '-1 

. t o t a l  c ross  sec t ion  and' f o r  which t he  expected de tec t ion  e f f i c i ency  i s  10 , t he  ex- 
. . 

pected number of even t s  per met r ic  ton per day is only 5 4 ( h r 1 / 2 1 / 2 1 0 - ~  . . = 0.14. ' . .  : 
Thus,, t o  observe one :event per day, a 10  mton f i d u c i a l  volume is' required.  . 

The dilemma of &udying exclusive channels i n  neutrino i n t e r a c t i o n s  is 

then t o  use . . t h e  bubble chamber with  H2 o r  D and be l imi ted  by r a t e  o r ,  i n  2 
some cases ,  background o r  t o  use  a heavy t a rge t  t o  y ie ld  an acceptable  r a t e  

but  t o . s u f f e r  from a reduced de tec t ion  e f f ic iency  and u l t imate ly  from nuclear  

cor rec t ions  which se rve  t o  mix t h e  f i n a l  s t a t e s  produced i n  t he  o r i g i n a l  reac- 

t ion .  This problem is perhaps bes t  i l l u s t r a t e d  by the  study of s i n g l e  pion 

f i n a l  s t a t e s  (Sect. IV) and i s  somewhat minimized i n  the' s tudy of e l a s t i c  scat-  

tering.  (Sect. V ,  Sect. VI). 

I .  Detectors 

. . A. 7 '  Bubble Chamber (H2,D2 f i l l )  

The 7'  bubble chamber has operated very r e l i a b l y  over t h e  pas t  few years  

and an average of 50,000 p i c tu re s  per day is  ,a reasonable es t imate  of i t s  

present  capabilities. However, t h e  present Bh4 s c a ~ i n g  capaci ty  i s ,% 400,000 

p i c tu re s  per year ,  so  without a l a r g e  increase  i n  personnel one could expect 

t o  analyze a t  most % 1 mil l ion  p i c tu re s  (%7,000 charged cur ren t  neutr ino 

. . in te rac t ions)  i n  t h e  next few years.  This is reasonable f o r  t h e  s t u d y .  . . 

. . 



of t h e  dominant. charged current  channels and . should a number (Sect. VII) 

of i den t i f i ed  charmed p a r t i c l e  decays. For ' neu t r a l  current  s t u d i e s  four  2" 
. . .  

t h i ck  6'x5' s t a i n l e s s .  s t e e l  p l a t e s  have been inser ted  i n  the  back t h i r d  of 

the  chamber. This. provides a r- i d e n t i f i c a t i o n  e f f ic iency  of %SO% and provides 

an adequate n e u t r a l  current  sample f o r  miny invest igat ions .  '   ow ever , apa r t  from . .  

. . 
rate the re  a r e  some inhe ren t . l imi t a t i ons  i n  t he  use of t h e  bubble chamber. Since 

the  l i f e t i m e  of t he  chamber is Q msecs, there  is no timing information. I n  
. . 

p a r t i c u l a r  , beam produced slow neutrons provide an almost unsurmountable back- , ' . 

ground (np ;+ np) f o r  the  study of e l a s t i c  neutr ino proton s c a t t e r i n g  (vp + up.). . -  : : 
. . 

It should be noted thaf t he  high energy (.P > 0.8 GeV/c). neutron background is . .' 

wel l  understood by de tec t ing  the  cons t ra ined f i t  neutron. channel (np + n-pp) 

+d using the re levent  neutron c ross  sec t ions  t o  estimate'backgrounds i n  un- 
+ - 

constrained channels (eg. np -t npn r ). The o ther  fundamental l i m i t a t i o n  is . ': 

t h e  scanning and de tec t ion  e f f ic iency ,  f o r  s ing le  charged p r o n g ' f i n a l  s t a t e s  . . . '  

+ 
(eg. vp -t v m  , vp -t v i rO) .  There is  l i t t l e  hop& f o r  a de t a i l ed  study of s ing le  

. . pion production by neu t r a l  currents .  . . 

. . 
B . 7 ' Bubble Chamber ' ~ e a v y  Neon-H2 mixtuie (64%' Neon by ' volume) 

. . 

The 7 '  bubble chamber has recent ly  run with  aheavy  Ne/R2 mixture. A .. 

t o t a l  of 220,000 v-pictures and 300,000 were taken. .These should 

y ie ld  approximately 4,500 charged current  v-events and 1,025 ;-events. The 

major advantage of t h i s  neon mixture is t h a t  t he  rad ia t ion  length  is ' ~ 4 0  cms 

and f o r  a reasonable f i d u c i a l  volume the re  is excel lent  e lec t ron  and y-detec- 

t ion.  There is 'also reasonable neutron de tec t ion  efficiency.. The bas ic  prob- 

lems here  a r e  the  l imited s t a t i s t i c s ,  l a ck  of kinematics, l a r g e  neutron back- 

ground due t o  t h e  chamber l i f e t i m e  and the  fundamental problem of nuclear  

cor rec t ions  i n  t he  study of exclusive.  channels.. I n  general  t h e  physics avai l -  

ab l e  to: t h i s  experiment is sfiilar , t o  t he  GARGAMELLE experiments, however, t he  

systematics a r e  d i f f e r e n t  and the re  is l i k e l y  t o  be less neutron'background. 
. . . . 

C. Columbia - I l l i r i o i s  - Rockefeller 
. . 

The o r i g i n a l  C I R  de tec tor  (Fig. 3) was a 26 ton de tec tor  comprising 26 

o p t i c a l  spark chamber modules of 6'x6'x1/4" A 1  with interspersed s c i n t i l l a t i o n  

counters t o  give timing and dE/dx measurements. Since each o p t i c a l  spark chamber 

was a f r ac t ion  of a rad ia t ion  length t h i s  was a good shower de tec tor .  The 



0 (4) 
experiment : o r ig ina l ly  concentrated on. neu t r a i  current  s ing le  n production ; 

(Sect. IV) and l a t e r  produced the  f i r s t  measurement on e l a s t i c  neutr ino proton 
. . 

sca t t e r ing .  ( 5 )  To reduce background from prompt neutrons the  apparatus was 

mounted i n  an a i r  house f a r  removed from poten t ia l  massive sources f o r  back- 

ground neutr ino in te rac t ions .  However, the  experiment w a s  then s e n s i t i v e  t o  

t he  sea of .lower energy beam associated neutrons and t h i s  l ed  t o  l a r g e  back- 

grounds i n  t h e  o r i g i n a l  measurement. I n  the  course of the  o r i g i n a l  ana lys i s  

of no production, t he  group w a s  l ed  t o  t h e  conclusion t h a t  t he re  w e r e  some . ' .  ' 

- + r e. + . .. events i n  t he  sample w h e r e t h e  e+ w a s  not obviously from asyunnet&..c 

Dal i tz  pairs.(6) This led  t o  a new de tec tor  (Pig. 4) which, &I addi t ion:  to 

t he  o r l g i n a l  o p t i c a l  spark chamber, contained a magnet and a s e c t i o n  of magne- 

t i zed  to ro ids  f o r  dimuon iden t i f i ca t ion .  I n  addi t ion,  t he  new d e t e c t o r ' i s  

contained i n ' a  p a r t i a l  blockhouse with a heavy concrete roof t o  i s o l a t e . t h e  

apparatus from t h e  primary sea of beam produced slow neutrons. When f u l l y  

analyzed t h i s  new de tec tors '  da ta  should y ie ld  a few hundred e l a s t i c  vp and up 
- + 

events and extrapolat ing from the  few p e events about 100 d i lep ton  events a r e  

expected . . .  . 

. . 

. D. ' Harvard - Pennsylvania - Wisconsin - Brookhaven . ' . 

The HPWB detec tor  (Fig. 5) was 33 tons composed primarily of  l i q u i d  s c i n t i l -  

l a t o r  modules 2.6 m x 2.6 m x 20 cms with the f i n a l  c e l l s .  a l t e rna t ed  with d r i f t  

chambers t o  give angular measurements f o r  some f r ac t ion  of t he  de tec tor .  In' 

general ,  though, the  de tec tor  has poor angular reso lu t ion  and poor granular i ty  

a s  t r ack  segments were only defined t o  be i n  20 cms cubes of l i q u i d  s c i n t i l l a t o r '  

(The pos i t ion  along the  s c i n t i l l a t o r  c e l l  was determined from the  t i m e  d i f fe rence  

between the  pho.totubes a t  each end of t he  c e l l ) .  The apparatus w a s  completely 

enclosed i n  a concrete blockhouse. While t h i s  eliminated the  f l u x  of slow beam 

associated neutrons, it proirided a po ten t i a l  source f o r  f a s t  neutr ino produced 

neutrons from the  blockhouse wall .  The group argues ' that  these  neutrons can be 

eliminated t o  a s a t i s f ac to ry  degree by t h i n g .  The physics from t h i s  de tec tor  

has been e l a s t i c  neutrincl a id  an t ineut r ino  proton scattering(') and t h e  f i r s t  
2 

measurement of t he  q d i s t r i b u t i o n  f o r  these processes 

IV. Single  Pion Neutral Current Production 

The study of s ing le  pion neut ra l  current  production is probably the bes t  

example of the  problems inherent i n  t he  study of exclusive f i n a l  s t a t e s .  These 



a r e  important processes f o r  'es tabl ishing the  isospin proper t ies  of the  

neu t r a l  current .  More spec i f i ca l ly ,  i f  the  neu t r a l  current  is a  mixture 

of isovector  and i sosca l a r  components, then three  amplitudes ( t h e  5sovector 

I = 1, I = 0 and t h e  i sosca la r )  must be determined. A good measurement of 
z 2 

0 + 0 
the  exclusive channels a) vp -t vpn , b) vp + vnn , c) vn + vnp , d) vn + vpr- . . 

allows a determination of t he  isospin.  For example, (Table I )  i f  t h e  i sosp in  . . 

i s  pure i s y e c t o r  o r  i sosca la r  some simple r e l a t i o n s  must be s a t i s f i e d .  

, . Only the  GARGAMELLE grdup has attempted t o  measure a l l  ' four c ros s  sect ions .  (8) . . 

They.observe a  number of events i n  each f i n a l s t a t e  .and then c a l c u l a t e  t h e  number . . 

. . 
i n i t i a l l y  created by neu t r ino . in t e r ac t ions  from t h e  equations ' .  

, .  . + 
'where N r S  i s  the  number of e v e n t s  observed , i n  t he  channels a---d l i s t e d  above, 

Wi is the  f r a c t i o n  by weight of 8,  C, F, B r  i n  t h e  bubbie chamber l i qu id ,  T(Ai) 
;t 

is t h e  probabi l i ty  of f inding a  proton o r  neutron i n  the  element Ai, u 
FREE is 

the  set of c ross  sec t ions  t o  be determined and S. (A.) is f o r  each element Ai 
~k 1 

a matr ix  such t h a t  t he  j k  element is the  probabi l i ty  f o r  the  element Ai t h a t  

: the  (Nr). f i n a l  s t a t e  i n  t he  o r i g i n a l  neutr ino in t e r ac t ion  i s  observed, because 
3 

of nuclear  correct ions ,  a s  the  f i n a l '  s t a t e  (Nn) k. The observed and corrected 

r a t i o s  (Table I )  suggest a  mixture of isovector and i sosca l a r  components. 

Since only r e l a t i v e l y  l i g h t  elements are i n  the. chamber mixture and events with 
I /  

observed nuclear. breakup a r e  not  used the  correct ion f ac to r s  ca lcu la ted  a r e  . ' . . 

always l e s s  than 1.5. 'However, t he  estimated systematic uncer ta inty i n  the  cal-  

c u 1 a t i o n s . i ~  %(20-30)% and' it is not  c l e a r  i f  b e t t e r  s t a t i s t i c s  were ava i lab le ,  

how t o  reduce the  systematics. 

An a l t e r n a t i v e  approach t o  t he  study o f , i s o s p i n  would be t o  search f o r  

t he  A(1236), which is  s t rongly excited i n  charged currents ,  i n  neu t r a l  current  
0 f i n a l  s t a t e s  such a s  vpn . Two r e s u l t s ,  one from GARGAMELLE'~) and one from 

the  CIR  group a t  BNL, have been reported.  GARGAMELLE (Fig. 6) c la ims 'an  even 
0 

s t ronger  A(1236) si,gnal i n  t he  neu t r a l  current  channel vpa than i n  t he  charged 
0 cur ren t  channel, p-pn , which is somewhat unexpected. I n  addi t ion,  t he re  is 

about a  30% neutron background contamination i n  t he  plot .  The C I R  ana lys i s  

y i e ld s  a  d i f f e r e n t  pic ture .  Their t o t a l  neu t ra l  current  sample (Fig. 7a) 

suggests a  A(1236) s ignal .  However, they claim t h i s  is l i k e l y  t o  be charged 
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0' 
c u r r e n t ,  punch through s i n c e  i t  is 'predominantly i n , t ' h e  sample where t h e  pn 

i s  forward OpnO < 20°. and, t h e r e f o r e ,  t h e  muon is slow A d  a t  wide angle  and '. 

i n  t h i s  c a s e  can be e a s i l y  missed i n  t h e  d e t e c t o r .  

The only l i g h t  l i q u i d  bubble chamber measurement of s i n g l e  p ion produc- 

t i o n  is from t h e  Argonne 12'  chamber f i l l e d  wi th  D2. I n  t h e  a n a l y s i s  of 
+ 0 

about 750,000 p i c t u r e s  7 candidates  f o r  v n . +  vnn and 7 f o r  vp + vpn were 

obtained.  This.  g a v e . t h e  c r o s s  s e c t i o n  r a t i o s  

- a ~ v p  + v<n0) ' ' 

Ro - - + = 0.51 k '0.25 f 0 r . P  < 1 GeV 
. . a ( v p + . v  pn P . . 

+ - ~ ( v p  + vnn ) 
R+ - - + = 0.17 t '0.08 f o r  Pn+ < 4 0 0 ' ~ e ~ .  

d v p ' +  v pn 1 
. . 

,Again, it is d i f f i c u l t  t o  see how one can o b t a i n  t h e  s t a t i s t i c s  r equ i red  t o  

p r e c i s e l y  determine t h e  i s o s p i n  of t h e  n e u t r a l  cu r ren t .  

A t o t a l l y  d i f f e r e n t  approach is t o  s tudy t h e  r a t i o  of two pion production 
4- - 

vn + vnn ' n - 
R2 - + - 

vp + vpr n .. 
. . 

~ 0 t h '  r e a c t i o n s  a r e  easy t o  s tudy i n  t h e  7' and reasonable  s t a t i s t i c s  w i l l  be 
. . 

'accumulated i n  t h e  near f u t u r e .  At p resen t ,  based.on 25 even t s  t h e  measured 

r a t i o  is 

R2 = 0.49 t 0.21. 

I f  t h e  n e u t r a l  c u r r e n t  i s o s p i n  i s  pure i s o s c a l a r  o r  i sovec to r ,  then R2 should 

be  i d e n t i c a l l y  one. 

. . 

V.. Neutrino and Ant ineutr ino E l a s t i c  Proton S c a t t e r i n g  : 

There a r e  two s e p a r a t e  arguments f o r  measuring neu t r ino  proton s c a t t e r i n g .  

F i r s t ,  i t  is t h e  s imples t  hadronic n e u t r a l  c u r r e n t  i n t e r a c t i o n  and w.ith a few 

qu i t e '  reasonable  assumptions one can determine t h e  Weinberg ang le  i n  t h e  . . 

s tandard  SU(2) x U(1) model. However, t o  do t h i s  one needs p r e c i s e  neu t r ino  

and a n t i n e u t r i n o  data .  A s  can be seen i n  Fig. 8 even a p r e c i s e  measurement 
2. 

of vp s c a t t e r i n g  w i l l  a t  b e s t  determine a range of s i n  8 no t  a s p e c i f i c  angle ,  
w ' 

The combination ..of vp and vp d a t a  (Fig. 9) can i n  p r i n c i p a l  y i e l d  a unique 

solut ion. '  However, t h e  q u a l i t y  of t h e  c u r r e n t  d a t a  is such t h a t . w h i l e  t h e  

n e u t r a l  c u r r e n t  being pure v e c t o r ' o r  axia l -vector  is  ru led  o u t  a t  t h e  2-30 

l e v e l ,  no p r e c i s e  determination of t h e  coupling i s  poss ib le .  



Secondly, i t  i s  a n  important ingredient  i n  some model independent analyses 

of t h e  n e u t r a l  current  .couplings. I f  one assumes t he .neu t r a1  cur ren t  is only 

a mixture of vector  and a x i a l  vector  cur ren ts ,  then only four  couplings corres- 

ponding t o  r i g h t  and l e f t  handed u and d quark t r a n s i t i o n s  ('%,%,d. need be 

(10*11) use  i s  inpu t  determined. These model independent analyses 

a) Deep i n e l a s t i c  n e u t r a l  cur ren t  inc lus ive  s ca t t e r ing  d a t a  which 
2 2 2 2 

determines t he  s t rengths  (t + dL) and (uR + $) 

b) . Inc lus ive  n e u t r a l  cu r r en t . p ion  production 
+ - + . . . . VN -t VIT----, VN + vlr---- . . 

. . 

c) Neutral  cu r r en t  s i n g l e  pion exclusive production . . . . .  

d) up, Tp elastic sca t t e r ing  t o t a l  c ross  s ec t i ons  . . , . .  

2 . - 
e) 'up, up Q d i s t r i bu t ions .  

The e a r l i e s t  analyses  r e l i e d  heavi ly  on the  pion production d a t a  bu t  more 

r ecen t ly  Clandson, Paschos and Sulak (11) have shown tha t '  t he  i nc lu s ive  n produc- . ' 

t i o n  (a)  coupled with t h e  e l a s t i c  s ca t t e r ing  (d) and t h e  measured Q' d i s t r i bu -  

t i o n s  (e)  can be used t o  determine t h e  couplings i f  one accepts  some general  

q u a l i t a t i v e  f ea tu re s  of t h e  s ing l e  pion data.  This i s  s i g n f f i c a n t  i n  t h a t  

improvement i n  the  proton measurements is poss ib le  but t h e  same is  not obvious- 

l y  t r u e  f o r  t he  pion data .  The current  ana lys i s  i s  c l e a r l y  l im i t ed  (Fig. 10) 

by t he  present an t ineu t r ino  data.  
-. 

There a r e  now four  separate  measurements of vp e l a s t i c  s c a t t e r i n g  (Table 11) 

and one of up e l a s t i c  sca t te r ing .  The most p r ec i s e  measurement i s  by the  HPB 

group a t  BNL. Their estimate('ll  is  t h a t  there  is a possible  systematic e r r o r  

of ~ 2 0 %  which. i s  comparable t o  t he  present  s . t a t i s t i c a 1  e r ro r .  
- - - -. - - - . . . . . . . 

Since a de t a i l ed  study of up and yp sca t t e r ing  is p a r t i c u l a r l y  su i t ed  

t o  t h e  BNL beam, one could se r ious ly  en t e r t a in  construct ing a major new detec- 

t o r  t o  make a prec i se  s tudy of these hadronic channels. This, i n  pa r t ,  was 

t he  motivation f o r  t h e  recen t ly  approved Exp. No. 734 (I2) which w i l l  be dis-  

cussed i n  t h e  following sect ion.  There a r e  a number of obvious ways ' to  im- 

prove t he  cur ren t  measurements. F i r s t ,  a more massive de tec tor  i s  required.  . .' 

.. This would not only y i e ld  b e t t e r  s t a t i s t i c s  but  allow t h e  s e l e c t i o n  of a small 

f i d u c i a l  volume i so l a t ed  by the  bulk of t he  de tec tor  from poss ib le  background 

neutron sources. Second, f i n e r  t a r g e t  segmentation f o r  more f requent  d ~ / d x  

sampling, frequent t r ack  de tec tors  f o r  b e t t e r  angular and s p a t i a l  reso lu t ion  
2 would provide super ior  v , p  separat ion,  an improved Q range and r e j e c t i o n  of 
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. . 

some multiprong backgrqund. events.  Third,  t h e  nuclear  c o r r e c t i o n s  can a t .  

l e a s t  be  minimized by working wi th  a l i g h t  nuclear  t a r g e t  such a s  l i q u i d  
. , 

. . 

s c i n t i l l a t o r .  

The des ign of Exp. No. 734 w a s  p r imar i ly  d i c t a t e d  hy t h e  cha l l enge  

of measuring elastic e l e c t r o n  s c a t t e r i n g  (ve + ve, lye + ye). H O W ~ V ~ ~ ,  t h e  
- 

major improvements r equ i red  f o r  an  improved measurement'of vp, $up s c a t t e r -  
' i n g  .are i m p l i c i t  i n  t h e  design,  and Current  e s t ima tes  are t h a t  a n  improvement 

of a t  least a -  f a c t o r  of "four: i n  t h e  sys temat ic  e r r o r :  of the .  f i r s t  round BNL . ' . 
. . 

. . 
. experiments w i l l  be  a t t a i n e d .  . . 

VI: Neutr ino 'Elect ron E l a s t i c  Scas te r ing  

Theore t i ca l ly ,  n e u t r i n o  e l e c t r o n  e l a s t i c  s c a t t e r i n g  is t h e  s imples t  . , . . 

process  t o  analyze'. However, from a n  experiment viewpoint,  i t  is extremely 
. ,  

d i f f i c u l t .  S ince  t h e  c r o s s  s e c t i o n  i s  propor t iona l  t o  the' t a r g e t  mass 

~ ( v e  + ve) I ~ Y N  + y-X) a m /mn ?. 1/2000 e 
and NO. e-/NO.N 1 112 even wi th  a 50% e -  d e t e c t i o n  e f f i c i e n c y  and r = 112' 

t h e  number.of de tec ted  events  p e r  day per  mton is 
. . . . 

No(ve -+ ve)/day/mton = 54012000x8 = 0.03. 

Consequently, wi th  a 70 mton f i d u c i a l  2 eventslday would b e  observed. For- 
2 - 

t u n a t e l y  s i n c e  s i n  0 = 114 a(.ve + ve) = u(ve + ye) s o  one would expect  s 
W 

1 (3e + y e )  event  de tec ted  per  day. 

There a r e  a number of reasons why one might do t h i s  experiment a t  BNL. 

A s  was noted e a r l i e r  (Sect.  2) ,  t h e  number of events  pe r  day pe r  mton i s  . . 

s i m i l a r .  h e r e  and a t  FNAL. I n  a d d i t i o n ,  a reasonable  ( ~ 1 0  mrad) angular  reso- 

l u t i o n  on t h e  e l e c t r o n  measurement i s  s u f f i c i e n t  a t  BNL. The fundamental 
. 

s i g n a t u r e  f o r  ve s c a t t e r i n g  i s  a s i n g l e  e l e c t r o n  i n  the ' fo rward  d i r e c t i o n .  

For elastic s c a t t e r i n g  wi th  a f ixed  n e u t r i n o  energy t h e  e l e c t r o n  a n g l e  (9 ) 
e 

and energy (E ) a r e  cor re la ted .  However, f o r -  a broad band beam one can show 
2 

t h a t  Eeee 5 2me = 1 MeV. This  impl ies  (Table 111) t h a t  t h e  t y p i c a l  ang les  

a t  BNL are 70 t o  1 0  mrad, whi le  a t  FNAL t h e  range i s  1 0  t o  I mrad. .Las t ,  

t h e  backgrounds at  BNL energ ies  a r e  w e l l  understood. I n  f a c t ,  t h e  dominant 
0 0 background i s  vn + vnr where one y from t h e  ~r decay goes . forward whi le  t h e  

0 second y and neutron escape d e t e c t i o n .  From t h e  measured. vnr  c r o s s  s e c t i o n  

one concludes t h a t  wi th  reasonable  2nd y d e t e c t i o n  (%50%), n e u t r o n  d e t e c t i o n  

. . 
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(%33%) and some y-e discr iminat ion ( ~ 5 )  t h i s  background w i l l  c o n s t i t u t e  'only 

a f.ew percent of t h e  s ignal .  A t  FNAL i t  is not  so apparent what t he  major 
. . 

backgrounds w i l l  be and how t o  handle them. 
(12) A proposal . from a BNL-Brown University-University of Pennsylvania 

col laborat ion t o  study neutr ino e lec t ron  and neutr ino proton sca t t e r ing  was 

recent ly  approved and is expected t o  begin taking da ta  with %1/3 of the  detec- 
. 

t o r  i n  place i n  Oct. 1979. .. The completed de tec tor  w i l l  be 150 tons  with 90% 

of t he  mass a s  Liquid S c i n t i l l a t o r .  There w i l l  be 130 modules each. 4m, A 4m 

and roughLy 15..5 cms long i n  the.'beam di rec t ion .  Each module w i l l  contain  . . ,  . 

a v e r t i c a l  plane of 16 l i qu id  . s c i n t i l l a t i o n  counters (4m x 25 cms x: 7.5 cns) , 
a X-plane of 64 proportional d r i f t  tubes (PDT) each 4 m x 4'cm x 8 cms, and 

a Y-plane of PDT's. Pulse  height ,  crude pos i t ion  and the  event time w i l l  be 
. . 

determined from the  s c i n t i l l a t o r ' c e l l s .  The d r i f t  time and 'pulse height, w i l l  

be measured i n  t he  PDT's. Test  beam s tud ie s  have shown t h a t  pos i t i on  resolu- 

t i o n  of < 1 mm. with adequate pulse  height .resolution can be achieved. . This 

w i l l  y i e ld  t he  required angular reso lu t ion  and y-e discr iminat ion f o r  the  

ve,ye sca t t e r ing  experiment. Monte Carlo simulations i nd ica t e  t h a t  with the 
'L proposed de tec tor  the  vnnO background w i l l  be < 7%:. . , 

The p r h a r y  ob jec t ive  of t h i s  experiment i s  t o  de t ec t  100 events i n  

each of t he  e l a s t i c  channels ve + v e  and ue + J e .  The expected e r r o r  on the  

c ross  sec t ion  r a t i o  R = a (ve  + ue)/a(ye + ye) should then be -15% and t h i s  
2 

w i l l  produce a determination of s i n  8 t o  10%. 
W 

I n  addi t ion ,  a s  was discussed i n  t he  previous sect ion,  t h i s  de tec tor  

w i l l  g r ea t ly  improve the  measurement of vp and. cp e l a s t i c  scat ter ing, .  

V I I .  Cham Production a t  BNL 
. . 

A. Hadronic Charm Decays 

. . 
I n  t he  conventional G I M  quark scheme there  a r e  t h ree  d i s t i n c t  ways t o  

produce s t range p a r t i c l e s  i n  neutrino in te rac t ions .  Since charged current  

neutr ino in t e r ac t ions  have a y- i n  the  f i n a l  s t a t e ,  t he  charge change (OQ) 

i n  t he  quark t r a n s i t i o n  must be AQ = +l. The allowed quark t r a n s i t i o n s  a r e  

from Q = -1/3 quarks/or antiquarks) t o  Q = +2/3 quarks (or ant iquarks) .  The 

dominant t r a n s i t i o n s  a r e  then d -t u o r  s + . c  with amplitudes proport ional  t o  



. . 

2 - 
cos28 where 0 is the ~abibbo angle (tan 0 % 0.06) while the transitions 

C C C 2 
d + c, s -t u are suppressed as these amplitudes are proportional to sin 8 . 

(13) C Strange particle production 'can then .occur from 

i) Associated production where an ss pair is excited from the sea 
.. . 

- - - + 
vd -+ j~ uss e.g. vn + p K 

2 
which has a rate proportional to d(x)cos 8- ~(ss) where F(-S;) 

is the probability of exciting an ST pair 
or ii), AS = +AQ strange particle production 

. 2  2 
which has a rate proportional to ;(x)sin 8 or s(x)sin 8 . It is . . 

C .C - 
important to note that a s is always produced so AS = +AQ 

or iii) Apparent AS = -AQ strange particle production 

Since the dominant charm decay is c +'s. if one produces a 

c-quark from'a d-quark the final state will almost always contain 

an s-quark 

The rate in this case is proportional to d(x)sin20 and since the . . .  C 

final state contains only an s-quark and not an &park, it is an 
. . 

apparent AS = -AQ transition. 

Iq general then one expects more AS = -AQ production than 

AS = +AQ since 

but associated production dominates both the other mechanisms. 

The BNL neutrino beam and the 7' chamber are well suited to the study 

of strange particle production since one has good efficiency for separating' . 

the three mechsnisms for strange particle production. Since the beam energy 

is relatively low, the produced particles are in general slow and one can 
(14) successfully use kinematic fitting to distinguish associated production 

- + - + 
events (e.g. p K A) from single strange particle production (e-g. p n A ) .  

For identified single strange particle production one can separate AS = -AQ. 

events from AS = +AQ events in one of two ways. If the strange particle is 

a A, then since a A has S = -1, it must have beenAS = -AQ production.. For 



0 K production t he re  i s  no t r i v i a l  so lu t ion .  However, i f  t h e  KO i s  from a 

K*- + KOn- decay and t h e  x-value f o r  t he  event is cons i s ten t  with 

valence production (AS = +AQ events a r e  always produced from sea  quarks),  

then t he re  is a high probabi l i ty  t h a t  t h e  KO i s  ac tua l ly  a ? and the  event 
- + 

is charm production. The threshold f o r  p Ac is Ev = 2.5 GeV while f o r  

It is 4.0 GeV, so  a t  BNL one would expect exclusive charm baryon production 

t o  be t h e  dominant charm channel. 

The a b i l i t y  t o  i d e n t i f y  charm by searching f o r  i ts AS = -AQ is  a unique 

a t t r i b u t e  of t h e  BNL beam and chamber. With higher energy beams and heavy 

l i q u i d  chambers, t h i s  approach becomes a t  be s t  unl ikely  t o  succeed. And t h e  

conventional approach i n  these  cases  of p lo t t i ng  a l l  e f f e c t i v e  m a s s  combina- 
+ + -  0 

t i o n s  (e.g. An n n , K p---) and searching f o r  narrow peaks is proving t o  be 

q u i t e  tedious.  (15) 
. . 

To d a t e ,  2 AS = -AQ events have been observed i n  t h e  7' chamber. - The 

The f i r s t  ebent(16) published s h o r i l y  a f t e r  the  discovery of t he  J/$ was , , 

i d e n t i f i e d  a s  . . 

and determined the  mass of the  t* t o  be 2426 f 12 MeV and m + 2 2260 ' , 

C A c 
A second event (Fig. 12) has recen t ly  been found. ( I7 )  1r is. i d e n t i f i e d  

+ 
where m,, + = 2254 k 12 and i f  one, accepts  t h a t  t h e  Ac mass has  a l ready  been '; 

. .  

C 
es tab l i shed ,  t h e  probabi l i ty  t h a t  t h i s  event is not charm i s  ,< : 

The importance of t h i s  event is t h a t  i t  e s t ab l i shes  t he  decay mode of t h e  
+ 

A and w i t h 2  events observed i n  4,500 charged cur ren t  neutr ino i n t e r ac t i ons ,  . . 
C 

it allows a rriasonable es t imate  f o r  t he  r a t e  a t  which charmed baryons can be 

expected t o  be detected i n  t he  7' chamber. For example, t h e  BNL spectrum (14% 
+ 

of events have E > 4 GeV) together  with the  assumptions t h a t  Ac + v i s i b l e  
v 

P 



.+ - . . 
A + pn- o r  a v i s i b l e  KO n n 113 of the  t h e ,  a n d  1 / 4  df the  t imi Am + 

+ b .  

a l l  charged t racks  and no neu t r a l s  a r e  produced with the A- (.i.e. no t  u- 
+ 0 

C 

A n production) one ca lcu la tes  a charmed baryon production. r i te  of %4% i n  
C 

agreement with the.Cabibbo angle predict ion.  

The present r a t e  of one iden t i f i ed  charmed baryon event i n  '250,000 

p i c tu re s  implies t h a t  with t h e  present scanning f a c i l i t i e s  some.5-10 events 

could be found i n  t h e ,  next few years . .  Clearly a e j o r  .cormnitment with  addi- 
. . 

t i o n a l  suppor t  could' increase  t he  number subs t an t i a l l y  s ince  the  p e s e n t '  
.. . 

l i m i t a t i o n  is not taking f i lm  but analyzing it. . . . . . . 

While the  projected rate f o r  observing charmed baryons a t  BNL is modest, 

i t  is not obvious how wel l  other  searches w i l l  proceed. A t  present  t he re  

a r e  two o ther  r e s u l t s  on charmed baryon production. A FNAL photoproduction 
- - - +  

experiment U8) has reported a ~ i g n ~ f i c a n t  peak  i n  the  AT n n e f f e c t i v e  mass 

spectrum at  2.26 GeV which they i d e n t i f y  a s  the  . . Nore recent ly  (19) the  
C 

same group working with a subs t an t i a l l y  modified apparatus has  confirmed the  

o r i g i n a l  observation. They have not  a s  y e t  been ab le  td  observe t h e  A . 
. c. . 

. + -. 
In  e e c o l l i s i o n s  a t  SPEAR a s ign i f i can t  threshold i n  5 and h production is 

. . 

observed c20) i n  t he  reg ion  of E = 4-4.5 GeV. . This i s  suggestive of the  
cm - 

onset of charmed baryon production. The observed r a t e  of p + p production i s  
+- - 

. %  8 times the  A + production. I f  e e + BE is the  dominant production, t h i s  , . 

0 would argue f o r  charmed baryons predominantly decaying i n t o  K 's and .not  A ' s .  
+ - 

I f  ' t h e  process e e + B M ~  ( i . e .  a charmed baryon,' anticharmed rnesdn and a baryon) 
+ - 

is  competetive with e e + BE, t h i s  conclusion is  weakened considerably. How- 

ever,  it should be noted t h a t  t o  d a t e  no spec i f i c  charmed baryon decays have 
+ - 

been observed i n  e e co l l i s ions .  An a l t e r n a t i v e  arena f o r  t he  study of charmed 

baryon decays is neutr ino in t e r ac t ions  a t  high, energy. No events have been- 

reported yet(21)and the success of t h i s  search w i l l  depend c r i t i c a l l y  on the  

r a t i o  of charmed meson t o  charmed baryon production a t  high energies ,  the  

r a t i o  of B + A compared t o  B + KO (kinematic cons t ra in t s  are more d e f i n i t i v e  

f o r  A' f i n a l  s t a t e s  i n  l i g h t  l i qu ids )  and the r a t i o  o f  two body t o  multibody 

decay modes ( i n  e f f e c t i v e  mass p l o t s  two body decays w i l l  be on the  tai ls  of 

phase space d i s t r i bu t ions  whereas multibody decays lie near t he  peak). 

B. Dilepton Production 

- + 
Since charm p a r t i c l e s  decay semileptonically,  d i lepton events (p e o r  . 

- + 
p p ) should be produced a t  BNL. Indeed the CIR group a t  BNL an,d t h e  



.. . 

GARGAMELLE and ~ a c h e n k a d u a  groups working i n  the  CEm PS neutr ind beam have 

reported the  observation of di leptons.  The f i r s t  and ce r t a in ly  . the  c l e a r e s t  ' .  

- + - + o  (24) They observed' 14 p e and 3 p e V r e s u l t  was from the  GARGAMELLE group. 
- - - + 

events but no p e events above background. The presence of only p e events, 

t he  momentum spectrum of t h e  e+ and the  VO content a r e  all cons is ten t  with 

charm production. ,Nei ther  of the  counter experiments a r e  magnetic de tec tors  

s o  t h e  charges of t he  leptons a r e  not determined. The CIR ha$ ob- 

s e r v e d 7 p e  events where the  momentum of t he  e is grea te r  than 2 GeV and the  . . 

-4. 
' r a t e  pe/p is - 3 ~ 1 0  . The source of these  events is not  understood. . The , . . . 

. .  . . . 
(25) has searched f o r  f i n a l  s t a t e s  which contain  anly a p, an Aachen-Padua 'group 

. . 

e and possibly r e c o i l  stubs.  They f ind  14 of these  events wi th  a calculated back- 
0 

ground from asymmetric Da l i t z  and c lose  pa i r  conversion.frorn n decay of 4 

events. The e f f e c t  i s  most pronounced f o r  e lec t ron  energies over 2 GeV. They 

argue t h a t  these events are inconsis tent  with charm production and argue f o r  

a heavy lepton MO a s  the  possible  source. . . 

Therefore, while d i lep ton  events have been observed',in medium.energy . . 

beams t h e  number of events is s m a l l ,  t h e  momentum cut  i n  the  counter experi- . . 

ments is high and there  is some contention a s  t o  the  source o r  sources of 

t hese  events. I f  one accepts t h a t  t he  r a t e  o f . d i l e p t o n  production a t  these  

energies  is ,;3x10-~, . then t h e  new BNL experiment (1734) w i l l  d e t e c t  1 i e  

event approximately every 2 hours..  I n  addi t ion,  t he  a b i l i t y  t o  de t ec t  second 
0 

photons from a decays and t o  discr iminate  y ' s  from e ' s  provides good rejec-  
0 

t i o n  aga ins t  conventional apparent e-sources l i k e  R decays. Consequently, 

there  is every expectation t h a t  with t he  improved s t a t i s t i c s  one can inves t i -  

ga t e  i n  some d e t a i l  t he  produc.tion of d i lep tons  a t  moderate neut r ino  energies.  
. . 

1 1  Conclusion 

The high event r a t e  and r e l a t i v e  s impl ic i ty  of the  produced f i n a l  s t a t e s  

are t h e  unique' f ea tu re s  of neutr ino physics a t  Brookhaven which niake i t  par t ic -  

u l a r l y  s u i t a b l e  f o r  t h e  study of many top ics  of current  inter .es t .  This not  ' 

only app l i e s  t o  exclusive charged current  s tud ies ,  which a r e  t h e  province of 

t he  7' bubble chamber program but t o  t he  e l a s t i c  s ca t t e r ing  from protons and 

e lec t rons  which i s  the  focus of t he  recent ly  approved experiment. A l so , ' i n t e r -  

e s t i ng  r e s u l t s  on multipion neu t r a l  current  production and charm baryon produc- 

t i o n  can be expected from t h e  7' chamber i n  the  not  too d i s t a n t  fu ture .  
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Figure Captions 

1: -78 Fig. 1 Neutrino energy distribution for observed 7' bubble chamber events. 

12-72-'78 Fig. 2 RecoiLhadron mass distribution for observed 7' bubble, chamber events.. 

12-265-78 Fig. 3 Original Columbia-Illinois-Rockefeller detector. 

12-264-78 Fig. 4 New Columbia-Illinois-Rockefeller detector. 

12-266-78 Fig. 5 Harvard-Pennsylvania-Wisconsin-BNL detector.. . . 
0 - 0 0 

12-263-78 Fig.. 6 Effective pn mass distributions for y-pn and vpn final states as 
. . 

observed in GARGAMELLE experiment. 
. . 

0 0 .  
12-267-78 Fig. 7 Effective mass distribution for tl-pr and vpn final states as. ' 

. . 
. . 

observed in the CIR experiment. . . . . 

12-69-78 Fig. 8 Measurements of R = (.vp + vp) / (.vn -+ and compariiori to Weinberg- v 
Salam model prediction. . . 

12-71-78 Fig. 9 Measurements of R and R- and comparison to wefnberg-Salab model v v 
prediction. 
2 12-73-78 Fig. 10 Q distributions for vp and up elastic scattering. ' ~easurement from 

HPWB experiment. 

..12-75-78 Fig.11 Effective,mass distributions for BNL 7' bubble chamber strange particle 

events. 

10-1339 -78 Fig. 12 . Picture of 2nd 7 ' bubble chamber charmed baryon event as. seen. in , 

View 2. 
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Table I. Isospin Relations for Single Pion Production 

Table IT. Elastic Scattering on Protons -. 

Table 111. Electron Energy and Angle Correlation 



TABLE I. 

Isospin Relations f o r  Single  Pion Producti0.n 

+ !,. ' 0 
'VP + vpnO ; vp '+ vnn ; vn + vnn ; vn + vpa- 

A1 = 0 1 2 1 2 
A 1  = 1 

GARGAMELLE Data 

A f t e r  Corrections 
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TABLE 11. 

Elastic Scattering on Protons 

HPB 
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Aachen-Padua 
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Event s  round 
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Events 



TABLE 111. 
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Electron Energy and Angle correlation 

E (GeV) 
e . 

71 

45 - BNL 
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