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Abstract: Distributions  of  dN/dQ2  for  - 150 events  of the process  v,,p -0 v  p  and
for - 40 events of vklp -' Okip are shown in the region 0.35 6 Q2 9 0.9 (GeV/1) 2
where -Q2 is the square of the four momentum transferred from the incident
neutrino to the proton. Preliminary estimates of the weak neutral current to
weak charged current ratios from these data are consistent with the values of
R  = 0.17 f 0.05 and R_ = 0.2 f 0.1 measured by us previously.
V                      V

Resume:  Les distributions de dN/dQ2 pendant - 150 incidents du procSdb vup -* vwP
et pendant - 40 incidents de v lp -' v p se trouvent dans la rSgion
0.35 f Q2 6 0.9 (GeV/c)2 ou' -Q2 Qst.le carrd du four-momentum transfdri du
neutrino incidentiel au proton. Les ivaluations pr&liminaires de la proportions
du courant neutri au courant charg& s'accordent aussi a leurs valeurs

ant6rieures du R  = 0.17 f 0.05 et R- =· 0.2 f 0.1.
V                                        V
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1.

•                   Introduction

The simplest manifestationof the weak hadronic current occurs in the neutral
''

current "NC" elastic scattering channel:  v+p- *v+ p. Two independent variables
W       U

2
describe this process:  E¥, the incident neutrino energy, and Q , the negative

square of the four momentum transferred from the lepton to the nucleon.  In

practice, only T and 4, the kinetic energy and recoil angle of the proton, are

measurable (see below).                         '

V'
/1

i

VB >

M  /
TJp,

2
From T and $, E  and Q  may be constructed.

V

Q2=-%.% = 2MT

E v=  .     /   2 M'
M

(cos   $   •91  +  -F       -  1)

At present, the dynamics of neutral current elastic scattering are not

/ fully understood. The framework in which one usually works  is the "current-

current" formalism which is common to theories of weak and electro-

magnetic interactions.  The weak interaction hamiltonian involves a product

of the neutral leptonic and neutral hadronic currents:

Hw =  4GY  jx' Jx  , GB= 1025
M

The precise space-time  structures of j , the leptonic current,and-Jx' the

hadronic current, may be determined from vwp  and G,ip elastic scattering data

interpreted in the context of a particular theory.
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In the Weinberg-Salam model  the currents  jx  and  Jx.have a natural  form.

Both neutral currents possess a space-time structure which is a mixture of Vector and
".

Axial-vector. (Recall  that the parity violating "V-A" combination success fully des-

cribes the charged-current "CC" quasi-elastic reactions, vwn -*w-p andotip -'K+nf')Neu-

tral and charged currents are related through "weak isospin" rotations; this require-
0 (VP  -D \Ip)ment leads to a maximum relative rate of 0.25 for R  .    (vn -,w-P)  and Rv  for anti-

neutrinos. Finally, the model allows for the unification of the weak and electromagretic

interactions via the Weinberg angle, ew'which mixes the weak and electromagnetic currents.

The matrix element of the neutral hadronic current may be written as follows

< PIJ.Alp > = GP[ (gov + gI · 75) YX + i (Px + Pi)  ' fov]up- 2 sin28;<PIJAe-mIP>

The Weinberg angle  is  the  only free parameter in the theory since go, fo are related
0

to the "dipole" form-factors measured in elastic  ep  and en scattering;  gA'

determined from quasi-elastic neutrino data, has a dipole structure characterized

by a mass MA x 0.9 GeV.

The experiment described herein tests the basic assumptions which underlie

the Weinberg-Salam model: (1)mixed V,A structure of the weak neutral current,

(2)  the existence  of  a weak 'isospin symmetry,  and  (3) the mixing .of weak

and electromagnetic currents via the angle ew'

Experimental Setup

The method for isolating the elastic channels is intended to overcome

the problems of low statistics and high neutron background. The intense,

low energy, Brookhaven neutrino beam (Fig. 1) and the massive Harvard-

Pennsylvania-Wisconsin target detector  (Fig.  2a) together provide

10
adequate rate, The  beam has an intensity  of . 10  v /

W,
(3m x 3m) distributed in 12 RF correlated bunches of width 40 nsec; the

· 5antineutrino flux is approximately one-half the ·neutrino flux.

The target detector donsists of 30 tons of liquid scintillator

contained    in 12 calorimeter modules; 4 drift chamber supermodules   (2  "X"  and
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2"Y" planes) are interspersed at the downstream end; a veto counter at the front

provides rejection against entering charged particles. .The setup can

be used to measure both the ionization energy loss and angle of a charged

particle moving through the detector.  Each calorimeter (Fig. 2b) is optically

divided into two "slabs" each of 8 fiducial cells  (19  cm x 23 cm x  266 cm) and upper

and lower cells (38 cm x 46 cm x 266 cm) which can be used via software to

insure vertical containment of ionization energy loss.  Altogether, there are

192 fiducial cells and a fiducial mass of 10 tons.  Each cell is equipped with

photomultiplier tubes at both  ends, the pulses fromwhich are discriminated timed,ani pulse-

height analyzed.  The hodoscopic nature of each calorimeter provides vertical

and longitudinal resolution of ionization position to within i 10 cm and the

difference in photo-pulse arrival times at. either end of a given cell provides

horizontal resolution to within 1 15 cm.  Single track identification is

facilitated at the downstream end via the four drift chamber supermodules each

capable of determining position (h 1 mm)and angle (t 10) for a single track.

The cellular nature of the apparatus also allows particle

dEidentification using known -dX information to interpret energy distribution

patterns of ionizing tracks.  Pulse-height calibration is done with vertical

minimum ionizing cosmic ray muons which leave an average ·energy of 42 MeV in

each cell.

.

Neutron Reiection

To minimize neutron background the apparatus is entirely enclosed

in  a heavy-concrete blockhouse with walls 1.2 meters thick. Further* precise event

timing « 1  nsec) is used to check the correlation of each event with the RF

structureof the fast extracted beam (Figure 68). Neutrino induced events will occur close

(2 30 nsecs) to the center of an RF peak; events coming from slower moving

'                            neutrons will be evenly distributed during the beam spill. Finally, the technique

of using the outer regions of the liquid to "actively shield" the fiducial

volume imposes a characteristic "second cluster of energy" signature on neutron-

induced events. The size of the detector makes       it    unlikely that a
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neutron can enter the fiducial region, scatter, and exit without scattering a

second time. Hence, rejection of neutron induced events is enhanced by eliminating

events with second energy depositions in excess of 10 MeV.

Particle Identification

Good particle identification requires a particle to have had a minimum

range or energy with which to provide sufficient dE information. In Figure 3 the
dX

observed energy deposition pattern for a 225 MeV particle is shown; calculated

patterns  for a proton and a pion are also shown. The agreement between  the data

and the pion hypothesis identifies the track as that of a pion.  In Figure 4, a

proton hypothesis is favored for a 299 MeV particle moving at an angle of 25°

2
through the liquid.  Not all patterns are as easily recognized; hence a X -like

parameter is used to measure the degree to which a given energy deposition

pattern fits a proton or a pion hypothesis.  Generally, for an energy deposition

in excess of 150 Mev, a reliable separation of protons from pions can be achieved

Data

A deposition of 5 MeV or more of ionization energy in the liquid during the

3 Ilsec beam spill triggered the readout of all calorimeter and drift-chamber

information. Approximately 1 in 2000
1/ti

triggers (  1 in 8,000 i triggers)

survives the selection criteria described in Table 1 which are designed to

isolate the NC elastic channel.  Samples of data which pass and are expected to

pass these cuts are listed in the following table.

Event Statistics

-       -

Sample .  Vwp - Vwp V P-V P
0            11

Published 19761,2 30 (7 background) 22 (8 background)

i Analyzed to date - 150 ,- 40

Reporting now

Remaining to be - 150 - 40

analyzed

Approved running - 150 - 100

now in progress

Total (  Dec. 1977) . 450 -   200



- -                    1

5.

The d ta to be presented here are the "analyzed to date" samples of - 150 1/ 

events and ··· 40
PM

events. The sample of v  events is represented kinematically

in the scatter-plot of proton kinetic energy versus proton angle shown in

Figure 5.  That this sample (and that from D  whose distributions possess the

same features) is largely P -induced as opposed to n-induced is indicated by the

following arguments.  The events are in time with the neutrino beam whose RF

structure is shown in Figure 6A.  The fine timing distribution in which the time

of each event from the center of its associated RF bunch is plotted in the cross-

hatched region of Figure 6b; a sample of known V -induced quasi-elastic events

is also shown ·to illustrate the correlation of the elastic sample with the beam.

Finally, the transverse and longitudinal distributions of event vertices show no

evidence of characteristic neutron attenuation from either the sides or the

froht of the detector.(see Figures 7a and 7b).

The majority of protons have recoil angles in excess of 20', a character-

-              istic which from the standpoint of dynamics is inconsistent with the forward-

backward peaked scattering of neutrons on protons; moreover, the incident neu-

trino energy band, within which these events lie, overlaps the region of the Brook-

haven neutrino spectrum shown in Figure 1 which peaks at - 1 GeV and falls off

by one-half at 0.3 GeV and 2 .0 GeV.

Backgrounds

Estimated n-induced and P -induced backgrounds are listed in Table 2.  The

former represents the contribution of the flat background (Figure 6b) of out-of-

time, potentially n-induced, events which underlie the in-time sample.  The

latter represent 2 prong (M p) and 2 cluster (v T• p, vull n) events in which

only a single track was detected and in which dE/dX information.was consistent

with that of a heavily ionizing proton.  Detailed discussions of these back-

grounds are in references 1 and 2.
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Results

12our previously published  ' NC elastic distributions of dN/dQ2 which have been

normalized to CC quasi-elastic data for vu and 0  are shown in Figures 8a and 9a

respectively.  To the right, in Figures 8b and 9b, are the unnormalized,

2
detection-efficiency corrected, Q  distributions for - 150 V p-v p and

11                  K

- -.

-40 1/ P - v p in which the statistical fluctuations of the earlier data are
W      W

absent.  Backgrounds have not been subtrated from these samples, but they are

expected to have small effect in the region 0.35 6 Q2 6 0.9.(GeV/c)2. Prelim-

inary estimates of the ratio of NC elastic to CC quasi-elastic cross-sections

do not differ significantly from their earlier values of

R  = 0(vp - vp)                                               2=0.17 +0.05 0.3 5 Q2 6 0.9 (GeV/c) (Ref. 1)
V   O(Vn - w-p)

R- = O( P -  8)   =0,2  i 0.1 0.3 5 Q2 5 0.9 (GeV/c)2 (Ref. 2)
V         0 (Vp   -   11*n)

and confirm our earlier result that 0(vwp - v, p) 0 0(%P - ip).

Conclusions 6

In the context of the Weinberg model, the result that 0(vwp - vgp) 0

0(D»p - D»p)
implies that the Dirac space-time structure of the weak hadronic

neutral current cannot be pure polar vector (V) or pure axial-vector (A) in

form, since

(-«  -  -da   )  -   -Gi-  . 4. (1. ..25.20  0
2 / -  M 4*E/ -A' ZV

dQ    dQ E
> 0  implies gI 00 and g  b o

Our published data are consistent with a mixture of V and A, as hypothesized by

Weinberg and Salam, and yield a value of sin2 % = 0.2 1 0.1 as shown in

Figure 10.  Pure vector models appear unlikely as is also indicated in Fig. 10.
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Table 1

Selection Criteria for Preliminary Sample

Criterion Motivation

1.  Fiducial Containment of ionization Interaction neutral induced

-80 cm 5 Horizontal position 5 80 cm Valid measurement of Q2 = 2 MT

1 6 Vertical cell 1 8

5 w Longitudinal slab 5 23

2.  Event in time with V beam Interaction neutrino-induced as
11

-30nsec f t      - 530nsec opposed to slow neutron inducedEVENT   tRF peak

3.  Non-contiguous excess energy < 10 MeV Use active shielding technique to

minimize n-induced events and

t'k -induced vww  n, v w'p back-

ground final states.

4.  Event must lie within at least Insure adequate angular resolution

3 fiducial cells

5.  Ionization energy 2 187 MeV Optimize separation of protons and

pions; further minimize n-induced

events
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Table 2

Preliminary Background Estimates

V P-* V P pup " ip
B            W

np 4 np 1 104 so %

! p 4 ::p<
1 i. 5% < 5%

vp -* VpK  J

vn -, vpX
  1 34 1 3<

On -0 Opjr- j

1 n -' W+P -  i 3% < 34
Vp-* w n i

Cosmic Rays ··· O% - 04

Vn  -0  vn (np  -0  np)  7, 10% 110%
vp + vp(pn - pn) 
nuclear effects j
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FIGURE CAPTIONS

Fig. 1. Brookhaven neutrino and antineutrino spectra.  The v  spectrum
W

peaks.at - 1.0 GeV and falls off by one-half at 0.3 GeV and 2.0 GeV;

the v  spectrum peaks - 0.8 GeV and falls by one-half at 2.2 GeV.
1.1

Fig. 2. (a) Side view of Harvard-Pennsylvania-Wisconsin detector showing a

typical recoil proton event.

(b) Diagram of a single calorimeter module.

Fig. 3. Comparison of the calculated (for pion and proton hypotheses) energy

loss, dE/dZ, with that observed for a 225 MeV particle moving at an

angle of 30' through the liquid.  Pion hypothesis is favored.

Fig. 4. Comparison of calculated energy loss, dE/dZ, with observed for a

299 MeV particle moving at an angle of 25'.  proton hypothesis is

favored.

Fig. 5. Plot of proton kinetic energy versus proton angle for vup + vuP
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candidates.  A typical error bar shows the·uncertainty in the

energy (* 10%) and in the angle (* 15', systematic and stalistical).

Fig. 6. (a) Timing distribution of events during the 3 sec beam spill.  The
11

12 peaks are associated with the RF structure of the accelerator

which delivers 30 nsec proton bunches separated by 220 nsec.

(b) Fine timing distribution of events.  Time from center of RF

associated bunch is plotted for v p elastic candidates (cross-
1.1

hatched) and observed  Vwp  4   K-p  quasi-elastic
 

events. The neutrino

induced signal lies within & 30 nsec; flat out of time potential

neutron background underlies this signal.

Fig. 7. (a) Transverse event distribution for v p v v p candidates.
W    W

(b) Longitudinal event distribution  for  vwP  + vtip candidates.

Fig. 8. Detection efficiency corrected Q2- distribution for 30 v'iP 4 v'lp
1

events   ( 7 background) normalized  to CC reaction    v  n  1  4-  p.
W

(b) Preliminary, unnormalized detection efficiency corrected

92  -  distribution  for  - 150 v,lp elastic candidates.

Fig. 9. (a) Detection efficiency corrected Q  - distribution for 22
2

Swp 4 Otip events (8 background) normalized to CC reaction v,ip -'11+ n:

(b) Preliminary, unnormalized detection efficiency corrected

Q2 -.distribution for -40.3.p elastic.candidates.

Fig. 10. Plot of Rv- versus Rv for various values of the Weinberg angle.

Curves for the Weinberg-Salam model and a pure Vector-like model are

shown with our values of Rv  and Rv which are compatible with the

former but not the latter theory.

''
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