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A b s t r a c t  

We r e p o r t  h e r e  a d d i t i o n a l  p o s i t i v e  r e s u l t s  o f  a s e a r c h  f o r  

muonless  n e u t r i n o  and  a n t i n e u t r i n o  i n d u c e d  e v e n t s  u s i n g  a n  en-  

r i c h e d  a n t i n e u t r i n o  beam and a muon i d e n t i f i e r  o f  r e l a t i v e l y  h i g h  

g e o m e t r i c  d e t e c t i o n  e f f i c i e n c y .  The r a t i o  o f  muonless  t o  muon 

e v e n t  r a t e s  i s  o b s e r v e d  t o  b e  R = 0.20 + 0.05 .  We o b s e r v e  no 

background d e r i v e d  f rom o r d i n a r y  n e u t r i n o  o r  a n t i n e u t r i n o  i n t e r a c -  

t i o n s  t h a t  i s  c a p a b l e  o f  e x p l a i n i n g  t h e  muonless  s i g n a l .  



The investigation reported here is a search for high energy 

inelastic neutrino and antineutrino interactions that differ from 

the usual processes by the absence of a muon in the final state. 

A previous search for such events by us1 yielded a positive sig- 

nal. To test the validity of that experiment the original detec- 

tor was modified significantly and new data were taken which are 

presented here. 

The experiment was carried out at the National Accelerator 

Laboratory, where collisions of 300 GeV protons with an aluminum 

target produced secondary hadrons that were focussed by a single 

magnetic horn to provide a beam enriched in anti neutrino^.^ The 

experimental apparatus (Fig. la) is a modified version of the ar- 

rangement described previously. ly3 The modifications are : 1) the 

addition of 35 cm of iron immediately downstream of the ionization 

calorimeter to form a muon identifier (ul) consisting of counter 

B and spark chamber 4 and 2) doubling of the area of counter C and 

replacement of the 5.3 m2 narrow-gap spark chambers in the magne- 

tic spec,trometer with 8.4 m2 wide-gap chambers to increase the 

solid angle of the second (original) muon identifier (p2). 

The experiment was triggered by the deposition of energy ( E )  

in the ionization calorimeter greater than a preset minimum value, 4 

with counter A in anticoincidence. The hadron cascade of an actual 

event is illustrated in Fig. lb and the track pattern observed in 

spark chambers SC1-SC8 is illustrated in Fig. lc which shows one 

of the three stereoscopic views of the event. Events were verti- 

cized by extrapolation of tracks in the two +7.5O stereo views and 



in the g o 0  stereo view, and consistency was required between the 

z-position obtained from the visual reconstruction of the vertex 

and the calorimeter pulse height information. 

The z-dependence of all triggers was observed to be uniform 

except for a small excess of events in the first segment (module) 

of the target-detector, which is consistent with the small (5%) 

geometrical inefficiency of counter A. There is no evidence of 

neutrons or photons, unaccompanied by charged particles, entering 

the front of the target. Since each segment of the calorimeter 

corresponds to approximately 0.6 nuclear collision lengths, to pro- 

vide additional protection from penetrating hadrons, events occur- 

ring upstream of module 5 were excluded. A further restriction, 

z L 12, was imposed to reserve 4 modules for detection of the 

hadronic cascade and as additional absorber for u 1' 
Events can be tentatively classified as having a muon or not 

according to the response of scintillation counter B, and are 

labeled ~ E B  and X E ~ ,  repectively. In Fig. 2 are shown the distri- 

butions in hadron energy, E ~ '  for the 1410 triggers in the z fi- 

ducial region. The shaded histograms show those events for which 

a hadron shower with a reconstructed vertex was present in the 

spark chambers. Except for very low energy AEB triggers, about 

two-thirds of the events have a reconstructed vertex.5 The remain- 

der can be accounted for in the main by neutrino interactions in 

the calorimeter beyond the spark chamber boundaries. The larger 
- - 

excess of low-energy AEB triggers appears to be diffuse showers 

that originate outside the target of which only traces are seen in 



t l ~ e  spark  char.bers. 

Tlle d i s t r i b u t i o n  o f  shower v e r t i c e s  i n  t h c  t r a n s v e r s e  p lane  

i s  near1.p uniform, wi th  a s m a l l  d e p l e t i o n  toward t h e  t a s g e t  bolrnd- 

a r y  c o ~ s i s t e n t  wi th  t h e  n e u t r i n o  beam r . n . s .  r a d i u s  c f  $ 7 . 5  mete r s .  

A f iCuc ia1  boundary l i m i t  o f  2 1 2 0  cm i n  x al:3 y  was imposed t o  

avoid r eg ion$  of ;Ow d e t e c t i o n  e f f i c i e n c y  and t o  i n s u r e  complete 

t r e j e c t i o n  of hadrons e n t e r i n g  t h e  s i d e s .  A -coral of  5 3 5  even t s  

passed t h e  t h r e s h o l d  on EH acd s a t i s f i e d  t h e  c r i t e r i a  on v e r t e x  

l o c a t i o n ,  everlt q u a l i t y  and t ime of ozcur rence  wi thi t i  t h e  J ean  

gcte. 

To use  tour-ter B o r  SC4  ?6 a muon i d e n t i f i e r  it i s  1.ecessary 

t o  ncosure  t h e  p r 'obab i l i ty  E t h a t  hadrons ? e n e t r a t e  t h e  p1 ab- 
P 

sorber,.  A sample of even-rs wi th  muon;: i d e n t i f i e d  by tlle c c a n t e r  

c o n f i g u r a t i o n  X E ~ C  were used t o  measure thi! p e n e t ~ a t i o n  (punc;l- 

t h r sugh)  p r o b a b i l i t y  of t h e  accompanying hadrons as a f u n c t i o n  of  

the z-posit iorr  of the e v e n i  ver+e.x ( F i g .  3 ~ 1 ,  &nC 6 s  a functio:~ o l  

t t ,e  energy of t k e  11ddronic shower ( F i g .  3b ) .  The shapes  of t h e s e  

depende:ices a r e  c o n s i s t e n t  w i t t  o t h e r  mcasurernents' of hadron pene- 

t r a t i o n  a s  i n d i c a t e d  i n  F i g s .  3a ar.3 3b. 

The angu la r  d i s t r i b u t i o n  of 2 tLJ~s '  i d e n t L f i e d  by a spark  i n  

SC4 ( f o r  about 2 / 3  of  t h e  muon sample) Is shown as t h e  his togram 

i n  F ig .  3c, a f t e r  c90?'reution fcr t h e  geometr ic  accep tance  of SC4.  

T1.e gedmetsic accep tance  of S C 4  i s  c a l c u l a t e d  u s ing  on ly  t h e  05- 

scsved cizt ; . ibutions of even t  v c r t e x  p o s i t i o n s  a1i.l assuming a z i -  

m~ti-.a1 symnetry of t h e  primary n e u t r i n c  intelmactiun.  The raw d a t a  

d i v i d e d  by t h e  c a l c u l a t e d  accep tance  y i e l d  d i r e c t l y  t h o  i n t r i n s i c  



muon angular, distribution in Fig. 3c.  Calculations whiclk use the 

measured neutrino-antineutrino spectrum and a model oi the interac- 

tion dynamics3 yield the intrinsic muon angular distribution shown 

by the solid curve in Fig. 3c. We conclude from the good agree- 

ment in Fig. 3c that these latter calculations reproduce the ob- 

served angular distribution out to the maximum detected angle of 

500 mrad. Only 4% of the muons are predicted to lie at angles 

greater than 500 mrad. The muon detection efficiency, E is then 
U' 

obtained from the measured angular distribution, corrected for the 

loss of events with 0 > 500 mr. 9 
P 

The ratio of muonless events to events with muons is obtained 

from the formula 

where Rm is the measured ratio of events without and with a count 

in a given muon identifier. In Fig. 3d we plot the observed frac- 

tion of events with a muon as a function of z and of (x, y ) ,  after 

correction for hadron punch-through, which should be equal to E 
lJ 

if R = 0 (eq. 1). The data were obtained using SC4 alone as a 

muon identifier (l~i), and are to be compared with E shown as the u' 
cross-hatched regions in Fig. 3d. A clear discrepancy is indi- 

cated, providing evidence that R is different from zero. 

Figures 4a, 4b and 4c present R as a function of (a) the 

transverse position of the event vertex, (b) the z-position of the 

event vertex, and (c) the hadron energy, EH. We have included in 

Fig. 4 results for SC4 alone (pi), as well as for p1 and u2. The 



best solid angle is achieved with ul, but for 1-11 the measured 
values of E are smaller than for p1 (Fig. 3b), and for u2, E = 

P P 
O. Furthermore, the dependence on z ,  (x, y) and EH of the E for 

1-I 

p19 1-1; and p2 is significantly different, which serves to test 

the internal consistency of the data. Apart from statistical 

fluctuations, Fig. 4 indicates that the same value of R is ob- 

tained from each of the muon identifiers over the entire range 

of each of the variables plotted and provides evidence for stabil- 

ity of the results. These results integrated over z, transverse 

position and EH yield 

R = 0.20 4 .05, 

where the error includes an estimate of 0.03 for uncertainty in 

the magnitude of E and E . 
1-1 P 

The value of R measured for the combined neutrino-antineutrino 
- 

beam used in this experiment is related to the values of R' and R', 

for pure neutrinos and antineutrinos, respectively, by - 
v v 

R = aR + (1 - a)R , 

where a = 0.63 4 0.11 is the corrected observed ratio of the nega- 

tive muon event rate to the total muon event rate. The allowed 
- 

V values of R and R' are presented in Fig. 4d which also shows the - v recent results for R and R' from CERN. 11 

In summary, this experiment, which includes a number of tests 

of its internal consistency and uses mainly directly measured quan- 

tities in making necessary corrections to the data, yields an ex- 

cess of muonless events, in agreement with our earlier experiment. 1 
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Figure Captions 

Fig. 1 (a) Plan view of the modified experimental apparatus. 

The target detector consists of liquid scintillator seg- 

ments (1-16) with wide-gap spark chambers (SC1-SC4) in- 

terspersed. The muon spectrometer includes SC5-SC8. 

Auxiliary scintillation counters are A, B, C and D. 

An inelastic neutrino event with an associated muon is 

sketched into the spark chambers (c) and the energy de- 

position in each segment is shown in (b). 

Fig. 2 (a) The EH distribution of all KEB triggers and of the 

corresponding verticized events (cross-hatched). 



Fig. 3 

Fig. 4 

(b) The EH distribution of all XEE triggers and the 

corresponding verticized events (cross-hatched). 

(a) The measured punch-through probability of hadrons 

accompanying ~ E B C  events (for all hadron energies) as a 

function of z,  and the expected shape of the distribu- 

tion. 

(b) The measured punch-through probability (for z be- 

tween 5 and 12) as a function of EH, compared with the 

expected variation. 

(c) The corrected muon angular distribution measured in 

SC4 compared with the predicted distribution. 

(d) Comparison of the observed fraction of events with 

a muon for the p i  identifier (SC4 alone) and E as func- 
1-I 

tions of transverse position and z-position. The cross- 

hatching indicates the uncertainty in E arising from 
1-1 

the statistics of the data in Fig. 3c.  

(a) R obtained from three different muon identifiers as 

a function of the transverse distance from the center 

of the calorimeter. 

(b) The z-variation of R obtained using three different 

muon identifiers. Each calorimeter unit corresponds to 

0.6 nuclear collision lengths. 

(c) The EH variation of R from three muon identifiers. 
- 

(dl The allowed region of R' and R~ from this experiment 
- 

compared with R' and R' obtained in the CERN measure- 

ment. 
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