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INTRODUCTION

In the Summer and Fall of 1975 the CITFR group
had a major data taking run to measure total charged
current cross sections using a dichromatic beam. Much
of the data from that run are published in the Sep-
tember 9 and December 19, 1977 Physical Review Letters.
The objectives of that run included tests of Bjorken
scaling in deep inelastic neutrino and antineutrino
scattering. These tests are conventionally discussed

in terms of the scaling variables x, y.l If the usual
assumptions about scaling, V-A weak charged currents,
isoscalar target, MW large, etc., are made then:
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Q° = 4 EvEu sin Gu/2,
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y = EH/Ev'
We report here only on the observed y dependence of
the cross sections. Consequently the following in-
tegrals over the structure functions are defined:

£, = J XF) (x)dx; f, = 1) F,(x)dx; £, = J xFg (x)dx. (2)

The cross section expression then becomes:
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The thrust of our experimental effort was:
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BEAM AND APPARATUS
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to a foil irradiation and secondary emission monitor
(SEM) by passing a 200 GeV primary proton beam through
them simultaneously. The SEM was calibrated absolutely
with single turn extracted beam from the Fermilab Main -
Ring and a toroid. The downstream ion chamber was

separately calibrated in a low intensity, lO6 PPP, 200
GeV proton beam where individual particles were count-
ed. The agreement between the calibrations is 2%.
During neutrino event data runs the two ion chambers
tracked each other to better than 5% and disagreed

to this extent because of beam containment within the
ion chambers. Corrections up to 10% have been made
for the specific ionization of the gas in the ion
chambers for different species of particles (m, K,

p) relative to the 200 GeV protons used for calibra-
tion.
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Fig. 2: Particle Ratio Measurement Apparatus.

To know the number of Vg and Vo at the apparatus,

the ni, Ki, p fractions of particles in the beam were
measured. The counter arrangement is shown in Fig.

2. These counters were located immediately downstream
of a steel dump at the end of the decay pipe. The

secondary beam of reduced intensity (106 particles/
pulse) entered the detectors through a 4" square hole
in the dump. Both a sixty foot long differential
counter and ten foot long threshold counter (set to
count pions) were used in the measurement. The dif-
ferential counter focussed 1.84 * .01l6 mr light onto
an iris of width 0.040". A pressure curve for -230



Y T T L | g T Y
0.5 * ¥ ! ¥ T T T L

t+ Data
— Pt to o,
- g Blkg urder I 7

. -
0.4‘- 05010 Frrrrrrrrrvrrrerersy h
H ] i
ﬂ -
H K 1
—— ~ f
S | 1
0.3} _ |
W : | -
T 0.005 - -
e
O : i |
4 i ]
g | .
9 0.2 |
1)) - 3 J -
U -
b .‘.'-.-“-“uu o .
IR RN N AT:..:-:“L“I 1-
0-00%3 110 180]
0.1+ Pressurs m

0,0 L 12 PRI D YT et X LT P NPT U T S
0 100 <00

Pressure {(mm)

Fig. 3: Cerenkov pressure curve for the dichfomatic beam
tuned to ~230 GeV. The inset shows the measured pion
background under the K peak.
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GeV is shown in Fig. 3. The inset shows the measured
pion background under the K peak. Because the sec-
ondary beam was somewhat larger than the 4" hole at
the end of the decay pipe, Cerenkov data were obtained
by steering the beam, to sample different portions

of the vertical and horizontal phase space. Table

I and Fig. 4 show the particle fractions at the target
for mean energies where neutrino event data were taken.
The secondary particle production angles range from

0 to 2 mr and the Ap/p is %16% (¢). The particle
fractions are determined to *(1-5)% for n's, *(3-7)%
for K's and #(1-2)% for protons. This, combined with
the ionization chamber data give overall v, and Vi
flux errors of (5 to 9)%,

Table I Particle Fractions vs., Mean Hadron Momentum
< Pn > < Pk >, < Pp > K/t P/
+122%19, 125+18, 131+19 0.103 #0.004 0.989+0.018
+170£23, 173+23, 182%25 0.1295+x0.005 3.076+0.065
+215129, 218+28, 235%+33 0.1618+0.013 8.029+0.406
~-128+23, =128x23 0.0567+£0.0019

~-179+28, =177%26 0.0472x0.0020

—202£31, -179%26 0.0458+0.0011

EVENT DATA

A total of 18,000 v and 12,000 v events were ob-
tained with two triggers which are labeled muon and
hadron.

MUON TRIGGERS

The muon trigger (MT) required a muon to penetrate
the toroidal magnet (~2.4 m of steel and 1.5 m of tar-
get steel). In this case the measured gquantities are
Eh' Eu' and eu, with Gu restricted to angles less than

110 mr. These events are used to check the energy
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in the region to the left of the 110 mr curve in Fig.

(5a).
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calibration of the calorimeter and muon spectrometer
for both vy and v, at the six different beam momenta.

The calibration agrees at all twelve energies to 4%.
In Fig. 5a the scaling variable MT acceptance

is shown for a neutrino energy of 61 GeV. The y ac-

ceptance begins to be limited above y = 0.28. In the

low y region geometrical event loss is fully corrected

by the ¢ rotation defined in Fig. 5b. Since the total

energy of the events is measured, the Vi and Vo data

are separated. An example of this separation is shown
in Fig. 6 for the +190 GeV data. The y = 0 cross sec-
tions are then obtained in the y < 0.2 region from:

da CN
g = = = —e— where
y =0 FT Ay

N is the number of events for y < 0.2, F is the flux,
T is the number of target nucleons, Ay is 0.2 and C
is a correction factor for the shape of the y distribu-

tion between y = 0 and y = 0.2. Figure 7 shows cbv

and obv as a function of neutrino energy. If the form
of cb/Ev is assumed to be a + b Ev' then a best fit
to the data of Fig. 7 yield (in units of 10“38 cmz/GeV):

v — _ -3

o /E, = (0.77+0.06)-(0.66+0.65)x10 ~ E_ and
v - _ -3 _

o, /E; = (0.75£0.06)-(0.24£0.50)x10 "~ Eg.

Clearly the data are consistent with a single value

of ¢ /E and the charge symmetry hypothesis: qbv =
co". The best combmed fit gives o /E = (0.719 %
0.035) x 10 ~-38 cm /GeV which in terms of the integrated

structure function is _I'F2 (x)dx = 0.46 * 0.02 at a

mean Q of about 5 GeVz. This value agrees with the
Gargamelle result of 0.49% % 0.05 obtained at energies
below 12 GeV. / The value of J'Fz(x) dx obtained this

way, from the low y cross sectlon, is independent of
the Callen—Gross assumptlon of spin 1/2 partons.

The integral F (x)dx is consistent with the expected
mean squared charge of the three quark model from
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predictions which relate electron or muon-deuteron
scattering and neutrino nucleon scattering:

[ e max < 18/5 [ P (myax,

where f ng (x) dx is measured to be 0.153 % 0.005

for muons® and 0.147 * .06 to 0.178 + 0.04 for elec-

trons.9
HADRON TRIGGERS

To measure total cross sections, neutrino data
were also obtained with a hadron trigger. The hadron
trigger required an average energy deposition in the
calorimeter of at least 6 GeV. To be certain the event
was a charged current neutrinoc interaction, a penetra-
tion requirement of 1.5 meters of steel (~9 absorption
lengths} was imposed on the outgoing muon in the anal-
ysis. This condition implies muon angular acceptance
out to 360 mr. The hadron trigger data were efficiency
corrected by azimuthal weighting as were the muon trig-
ger data.

Figure 8a shows the acceptance regions for both
the muon and hadron triggers at a neutrino energy of
61 GeV (< E, > at 190 GeV). The substantial region

T
of overlap for the two triggers allows a determination
of efficiencies:

= 97
n

%{ = 95 * 1% for EH > 10 GeV,.

I+

1% and

SEPARATION OF Vit Vv EVENTS

K

In Fig. 8b a similar acceptance plot is shown
for the mean vy energy, scaled by the mean energy ratio

< EvK >/< Ev >. From a comparison of figures 8a and
14

8b it can be seen that all of the Vi events, which
have hadron energy in an Ey region ambiguous with Vo

data, are muon trigger events and are consequently
identified as Vg data from total energy. Events with



13-

E,= 61 GeV
I r T T

1
‘\ —— Muecn Trigger Acceptance
_ |- g.<tlomr
X \
L 1 A
(1 Trig \| ——— Hadron Trigger Acceptance
0 for Vo \; 8#':360”—”'
O Y !
Fig. 8a
E, =171 GeV
[ f
{
\
\
\
X jL Triggers \\
for Vi \
\
\
O \
0 Y |
Fig.8b

Fig. 8:

Muon and hadron trigger acceptances for
neutrinos of energy 61 and 171 GeV.
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hadron energy greater than Ev can only result from
A

V- Figure 9 shows the hadron energy histogram for

the +190 GeV running and demonstrates the separation
of Vg Vo data.

There is a small loss of data at large angles,
or large y, due to the 360 mr acceptance cut. An esti-
mate of the number of missing events is made by histo-

gramming the scaled muon angle variable, Ky = 2M/Ev82,

which shows a small loss at low Ke. Table I1II gives

the estimated loss as a function of energy. The cor-

rection is less than 2% for antineutrinos and less
than 7% for neutrinos.

Table II Estimated Event Loss Due to 360 mr Cut

E,, (GeV) Loss E; (GeV) Loss
45.2 0.066%.021 45.9 0.016+.005
61.3 0.052%.015 60.6 0.000%.005
72.4 0.042%+.013 65.7 0.013+.005

125.0 0.020%.007 122.0 0.00 +.005

171.0 0.014£.005 168.0 0.00 %.005

205.0 0.00 *.005 188.0 0.00 %.005

TOTAL CROSS SECTIONS

The values of the cross section and mean energies
are given in Table III. They are shown graphically
in Fig. 10. 1Included in the plot are the lower energy

results from Gargamelle (GG[**![).7"]‘0 The GGM Vv slope
of 0.28 goes through the Gn data but undershoots the
GK points. The v slope of 0.74, which fits the GGM

data well, is an overestimate for our high energy data.
The best fit slopes, in units of ¢ /E are;
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Fig. 10: Neutrino and antineutrino total cross sections.
The lower energy results (Ev < 12 GeV) from Gargamelle

(GGM) are also shown. The curves are the GGM best fits
at low energy extrapolated to the higher energy region
of our measurements. See text for details.
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0.61 + 0.03 x 10 -8 cm2/GeV,

38

Sy

0.29 + 0.015 x 10

it

2

Sv cm” /GeV
with x2 of 3.8 and 6.5, respectively, for 5 degrees of
freedom. It is possible the decrease in the slope
for neutrinos is consistent with scaling violations
observed in ep and up deep inelastic scattering. The
cross sections reported here are in good agreement
with BEBC data obtained in a recent CERN narrow band

11

neutrino run. The cross section ratio U;/ov, of
Fig. 11, shows a (20 + 10)% rise from 45 GeV to the
high energy points, 125 to 205 GeV. Our data do not
show the more substantive rise reported by other

2 . . :
authors. This rise does not allow a right handed
coupling quark (B quark) of mass 5-7 GeV which was
suggested to explain the original measurements of

HPWF.12 It is possible to f£it the cross section ratio
with a combination of scaling violations and asymptotic

freedom effects.13

Table III Cross Sections vs. Mean Neutrino Energy

E(GeV) CI""’(lO“38 cmz) E (GeV) 05(10_38 cm2)
45,2 30.1+2.0 45.9 13.2%0.7
61.3 35.3+1.8 60.0 16.9+0.8
72.4 44.4:3.0 65.7 18.1*1.1

125.0 76.3£9.3 129.0 51.0%x7.4

171.0 105.2+7.6 168.0 54.6+5.7

205.0 122.419.8 188.0 63.3+8.6
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MEAN ELASTICITY

From the acceptance considerations discussed
earlier it is clear the y distribution has missing
events at high y because the muon energy is unmeasured.

On the other hand the Vi and v hadron energy distri-

bution is measured. Using our knowledge of the mean
beam energy with position in the detector we can es-
tablish a mean neutrino energy which allows a calcu-
lation of < y > = < Ey >/< Ev >. The equivalence of

< EH > with < y > * < Ev > follows from the central

limit theorem and integration of the hadron energy
resolution function over a complete sample of data
in our apparatus. A small correction to < y > is
necessary for the data which escapes both the muon
and hadron trigger conditions (8u > 350 mr). Figure

12 shows the < y > versus neutrino energy and the
values are given in Table IV. Again it is noted that
we measure no unusually significant increase as was
found by previous authors (the high y anomaly). Av-
eraging over the six energies one finds < y, > = 0.47

t 0.01 and < y; > = 0.32 * 0.01l. These values are

consistent with the BEBC data and our previously pub-
lished data.l4 For the antineutrino data the 10% in-

crease in < y > from the lower energies ( 65 GeV) to
the higher energies (150 GeV) may be related to the
(20 * 10)% increase in o5 discussed earlier.

Table IV < y > vs. Mean Neutrino Energy

E (GeV) <y >’ E (GeV) <y >
45.2 0.487+.026 45.9 .306 + .014
61.3 0.461%.022 60.0 314 = .016
72.4 0.452+.023 65.7 .314 * .016

125.0 0.503+.026 129.0 .343 *+ .020

171.0 0.473%.020 168.0 .350 + .022

205.0 0.476%.022 188.0 .339 + .029
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Fig. 12: Mean Inelasticity, < y >, for neutrinos (open
circles) and antineutrinos (closed circles).
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INTEGRATED STRUCTURE FUNCTIONS

Integration of Egq. (3) and calculation of the
first moment of the y distribution yields:

= 2
v,V _ G°ME 1 U |
o = 3 v gy 55, (4)
2
- = _ G'ME 1 1 5
GVV <y VIV = g {E £, + 5 £, & 57 f3}. (5)

Since there are three structure functions and four
measured moments, the consistency of the structure
functions can be tested. One way to see this is to
define the ratios:

5, = : (6)

The S_ ratio, displayed in Fig. 13 as a function of
energy shows the consistency of the f3 determination.

The assumption of spin 1/2 for the partons (i.e.,
Callen-Gross, 2fl = £,) implies S_ = 7/16 and the data

of Fig. 13 are reasonably consistent with this value.
If, however, one lets A = (f2—2fl)/f2 then 85, = (7-33)/
16-4A). The measured mean of S+ = 0.424 % 0.007 gives

= 0.17 = 0.09 which implies a small violation of Callen-

Gross at the two standard deviation level.
With the assumption, 2fl = f2, the integrated

structure functions, f2 and f3, have been fitted to

the zeroth and first moments of the y distributions.
These are displayed in Fig. 14 where it is evident
there is a gradual decrease in the value of f3 with

energy. This effect which may be associated with scale
breaking or other phenomena is equivalently seen as
a decrease in the B parameter (B = f3/f2) or as an

increase in the fractional amount of momentum carried
by the antiquark in the nucleon as E, 5 is increased.
r
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CONCLUSIONS

{1} <Charge symmetry invariance, as measured by com-
paring the equivalence of neutrino and antineu-
trino cross sections at y = 0, is valid to about
5%. The value of f2 obtained at low y is con~-

sistent with predictions which relate charged
lepton and neutrino deep—inelastic scattering.

(2) The mean y and cv/E, for neutrinos, is flat from
45 < Ev < 205 GeV. The value of ov/E = 0.6l is

less than the lower energy value 0.74 of Garga-
melle. _

{3) For antineutrinos cv/E shows a (20 * 10)% rise
above 100 GeV and < y > increases {10 * 5)% in

the same energy region. Gv/E for energies less
than 100 GeV is consistent with the Gargamelle
value of 0.28.

(4) Right-handed quarks, coupled full strength via
the weak coupling constant to u quarks, are ruled
cut for masses less than 8 GeV.

(5) There is evidence for scale breaking, especially
in £, and some indication at the two standard

deviation3 level, for a small violation of the
Callen-Gross relation.
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