
CALT 68-605 
ENERGY RESEARCH AND 
DEVELOPMENT REPORT 

MEASUREMENTS OF vPN AND ;p~ CHARGED CURRENT 

tt 
B. C. Barish, 3. F. Bartlett, A. ~ o d e k ~ ,  K. W. Brown, D. Buchholz , 

Y. K. Chu, F. Sciulli, E. Siskind, and L. Stutte 
5 

California Institute of Technology, Pasadena, California 91125 

and 

H. E. Fisk, G. Krafczyk, and D. Nease 

Ferd National Accelerator Laboratory, Batavia, Illinois 60510 

and 

0. Fackler 

Rockefeller University, New York, New York 10021 

ABSTRACT 

Measurements of flux normalized neutrino and antineutrino total charged cur- 

rent cross-sections (a) in the energy range 45 < E < 205 GeV are presented. We 

see no evidence for the anomalous sharp rise in o-/a reported by earlier authors. v v 

The neutrino cross-section rises linearly with energy and with o/E about 18% 

smaller than other measurements below 10 GeV. The average antineutrino slope 

at 55 GeV is consistent with measurements at low energy; however, a (20 f lo)% 

increase is indicated over our energy range. 
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The energy dependence of the neutrino and antineutrino total charged cur- 

- + rent cross-sections, v (Cu) + N +. u (u ) + hadrons, provides a fundamental test u 
of two basic assumptions: (1) the four-fermion (V-A) weak interaction and (2) 

the scaling of the nucleon structure functions. These assumptions imply the cross- 

sections rise linearly with incident heutrino energy (E) and, hence, that the 

slope parameters s = o/E are independent of energy. Substantial failure of this 

test may signal deviations from the simplest local V-A form, production of new 

hadronic or leptonic states, or qualitatively different behavior of the nucleon 

structure functions at high energies. It should be noted that small deviations 

from exact scaling are expected on theoretical grounds1 and may have already been 

2 observed in electron and muon scattering . 
Measurements of the slope parameters at low energies3 (E < 10 GeV) give for 

neutrinos and antineutrinos respectively, s 0.74 + 0.05 and s = 0.28 f 0.02 

4 in units of cm '/G~v. Earlier direct measurements at high energies, while 

in agreement with these values, have rather large errors (-20%) and extend to 

only 110 GeV. 

We present major new results on flux normalized total cross-sections in,the 

energy range 45 < E < 205 GeV, obtained with the Fermilab narrow-band beam5 and 

4 the Caltech-Fermilab neutrino detector . The total data sample consists of about 

18,000 v and 12,000 interactions. 

The incident neutrino flux is obtained directly from the measured number 

of pions and kaons in the decay region. These measurements have been described 

in a previous communication6; errors in the neutrino flux measurement are about 

7%. 

The neutrino target4 is a calorimeter consisting of 140 tons of steel plates 

interspersed with spark chambers (every 20 cm) and scintillation counters (every 

10 em). Hadron energies are determined by calorimetry. A steel toroidal spec- 

trometer downstream of the target provides momentum analysis for muons. 



Neutrino events  were recorded when e i t h e r  o r  both of two independent t r i g -  

ge r s  were s a t i s f i e d .  The f i r s t ,  t h e  muon t r i g g e r  (MT), requi red  a secondary 

muon t o  t r a v e r s e  counters  upstream and downstream of t h e  t o r o i d a l  magnet. No 

requirement was made on hadronic energy depos i t ion .  The second, t h e  hadron t r i g -  

ger  (HT), requi red  a minimum energy depos i t ion  (> 6 GeV) i n  t h e  ta rge t -ca lor imeter  

along wi th  a t r a c k  t h a t  penet ra ted  150 cm of s t e e l .  The hadron t r i g g e r  d i d  not  

involve  t h e  t o r o i d a l  magnet. By u t i l i z i n g  t h e  s u b s t a n t i a l  over lap  of t hese  two 

t r i g g e r s ,  i t  was determined t h a t  t h e  muon t r i g g e r  e f f i c i e n c y  was 97%, and t h e  

hadron t r i g g e r  e f f i c i e n c y  averaged 95%. 

The measurement of t o t a l  c ross-sec t ions  u t i l i z i n g  t h e  narrow-band beam i s  

4 6 i n  p r i n c i p l e  q u i t e  d i r e c t  . Each of s i x  beam s e t t i n g s  y i e l d s  two f l u x  bands 

(v,,vK), from rr and K decay, which d i f f e r  i n  mean energy by over  a f a c t o r  of 2 

and wi th  t y p i c a l  r . m . s .  widths of 29% and 18%, r e spec t ive ly .  The neut r ino  f l u x e s  

i n  t h e  two energy bands a r e  i n d i v i d u a l l y  determined. Measurements of o a t  t h e  

two energ ies  a r e  then obtained from t h e  number of events  induced by neu t r inos  

i n  each of t h e  bands. 

For MT even t s ,  t h e  v n ,  vK s e p a r a t i o n  is made us ing  t h e  t o t a l  observed neu- 

t r i n o  energy ( t h e  sum of measured muon, E and hadron, Eh, ene rg ie s )  and t h e  u '  
t r ansve r se  ve r t ex  p o s i t i o n .  Af t e r  c o r r e c t i n g  f o r  azimuthal acceptance l o s s e s ,  

t h e s e  events  provide a complete sample i n  t h e  range of muon polar ang les ,  

0 < Q < O (Q = 110 mrad) .  The a n a l y s i s  of MT events  is d iscussed  i n  more de- 1 1  

tail i n  r e fe rence  6 .  

To complement t h i s  da t a  sample, we u t i l i z e  t h e  HT events .  Although these  

do not  i n  genera l  provide measured va lues  of muon energy on an event-by-event 

b a s i s ,  they do cover po la r  ang les  up t o  O2 = 360 mrad wi th  f u l l  e f f i c i e n c y  ( a f t e r  

c o r r e c t i n g  f o r  azimuthal l o s s e s ) .  The va lue  of 0 r e s u l t s  from t h e  requirement 2 

t h a t  a charged p a r t i c l e  t r ave r se  150 cm of s t e e l .  This  pene t r a t ion  c u t  i n s u r e s  

7 
t h a t  a muon i s  present  . 



Without individually measured muon energies in the HT events, we utilize 

an alternate technique to separate the u v data. This procedure is illustrated 
T r  K 

in Fig. 1 for one of the narrow-band beam settings (+I90 GeV). The hadron en- 

ergy distribution for all HT events is shown. Also plotted are the distributions 

for the vK MT events and the sum of the v and v MT events in restricted energy 
TI K 

ranges. The angular coverage 0 < G of the muon trigger implies, by kinematics, 1 
mx complete acceptance in hadron energy for E < Eh , where E~~ depends on the in- 

8 cident neutrino energy . At any of the beam settings, E? for vK events is larger 

than the maximum possible hadron energy in v events. The complete distribution 
TI 

for all vK events is obtained by combining the distribution from the muon trig- 

ger for Eh < Em with that from the hadron trigger for E h > EY. This distribu- 
tion is indicated by the solid curve in the figure. The E distribution for vn h 

events is obtained by subtracting the much smaller uK distribution from the to- 

tal spectrum. The cross hatched area in the figure yields the total number of 

9 
events . Variations in the E~~ cuts by +lo% result in changes in the number 

of vn and vKevents which are typically < 3%. 

The final separated E distributions do not contain events for 0 > O h 2 .  

(360 mrad.). An empirical estimate of the small number of missed events is ob- 

tained from the distribution in K = ZM/E@~, the scaled muon angle variable, for 

the separated v n' ' K  data. The neutrino energy is obtained from the beam prop- 

erties and the muon angle is measured for each event. By extrapolating the 

distribution to K = 0, we determine corrections from this event loss that range 

from (0. + 0.5)X to (6.6 + 2.5)% for neutrinos and from (0. + 0.5)% to (1.6 * 0.5)% 
for antineutrinos, where the largest correction occurs at the lowest incident 

neutrino energies. 



The resulting total cross-sections represent integrals over the entire final- 

state phase space. The values and their errors are given in Table 1 and shown 

in Fig. 2. An overall normalization error of 4%, common to v and 3 ,  is not in- 

cluded in the errors shown. Our previously measured4 cross-sections are consis- 

tent with these new measurements. The errors on these new data, however, are 

a factor of five smaller due to substantial improvements and redundancies in the 

6 technique . The best fit slope parameters to the v and 3 data (with all errors 

included) are 

The neutrino data fit the hypothesis of linearity extremely well, with a 

x2 = 3.8 for 5 d .f . The measured slope is about 18% (3.6 SD) belowlo the value 

3 
quoted by experiments at low energy (E < 10 GeV). Small scaling violations as 

2 1 
seen in up and ep data are a possible explanation for this decrease at high 

energies. 

The hypothesis of linearity fits the antineutrino data of Fig. 2 adequately 

with x2 = 6.5 for 5 d.f. although a systematic increase in s at higher energies 
is indicated. The average slope <s> is consistent with measurements at low en- 

3 
e=gy . 

Figure 3 shows the ratio of antineutrino to neutrino cross-sections vs. neu- 

trino energy R = ~(E)/s(E). The ratio of the average slopes is 0.476 ?r 0.019. 
C 

We see no evidence for the dramatic and anomalous rise in this ratio observed 

by other authors1' in the energy range 30 to 100 GeV. However, a more gentle 

increase of (20 + 101% over our larger energy range (45 to 205 GeV) is indicated 

by the data1'. This two standard deviation effect is in contrast to a recent 

result13, in which no energy dependence was observed over the same energy range. 
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TABLE CAPTION 

Table 1: Neutrino and antineutrino t o t a l  charged-current cross-sections 

a t  various incident energies. These values represent in tegra l s  

over the e n t i r e  phase space. A l l  e r rors  a r e  included except an 

overal l  4% ca l ibra t ion  uncertainty common t o  a l l  points.  The 

quoted e r rors  a r e  dominantly from estimated systematic e f fec t s ;  

i n  general, the  raw s t a t i s t i c a l  e r rors  contribute l e s s  than half 

of the  net  error .  Mean neutrino energies a r e  known t o  1.5%. 



TABLE 1 



FIGURE CAPTIONS 

Fig. 1: The hadron energy d i s t r i bu t ion  for  events obtained a t  the +I90 GeV beam 

se t t i ng .  This f igure  i l l u s t r a t e s  the  technique f o r  separating events 

i n  the  two energy bands (vT, vK). A l l  events have been corrected f o r  

azimuthal detection eff ic iency.  Because the muon t r igger  for  v events 
K 

has acceptance up t o  a hadron energy la rger  than the maximum possible 

E fo r  v events, the vK d i s t r i bu t ion  is uniquely determined. The vT h w 

d i s t r i bu t ion  (cross-hatched area) i s  obtained by subtracting the much 

smaller v d i s t r ibu t ion  from the t o t a l .  K 

Fig. 2:  Neutrino and antineutrino t o t a l  cross-sections a s  a function of the 

incident energy. Data from t h i s  experiment ( 0 ,  A) and from Ref. 3 

(e, A) a r e  shown. The e r ro r s  on our data include a l l  s t a t i s t i c a l  and 

estimated systematic uncer ta int ies ,  but not an overal l  4% nomaliza- 

t i on  uncertainty. For comparison, the  best  l i nea r  f i t s  from Ref. 3 

a r e  shown. 

Fig. 3: The r a t i o  of antineutrino t o  neutrino cross-sections, R = G(E)/S(E), 
C 

a s  a function of neutrino energy, E. The so l id  l i n e  indicates  the  

best  average. The higher energy data average i s  20 f 10% higher than 

the lower energy data. For comparison, t h e  average value of t h i s  

r a t i o  from Ref. 3 i s  a l so  shown. 
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