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ABSTRACT

Hi9a»urem«nt9 of the crows attctiona for noutrino and

»nti.nc?utrino elastic scattering by both electrons and protons »r*

These meaauremants were dona at the Efraokhaven AQS by

th£> E734 Collaboration <Brookhaven/Brown/KEK/09aka/PBnnsylvani«/

Stony Brook). Thssa results srB then used to determine the weak
2

mi;;ing angle sin 9 .
w

1. Introduction

This paper presents measurements of the cross sections for

neutrino and antinuatrino scattering by both electrons and protons.
2In the standard electroweak model , the ratio of the purely leptonic

weak neutral-current reactions
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V ' <n

and

is given by

<Mvne> 1 - A s i n ^ +n ^ ©,,,
M W «y W

R « 1 m 3 5 - T (3)
<r<V,.B> 1 - 4sin e + 16 sin e

A measurement of R, which we report in this paper, is used to
2

dwtermine sin 9 . As many systematic errors in the analysis of the
w

data of reactions (1) and (2) and their normalisation cancel in the

2
ratio, the precision of sin 8 is primarily determined by the number

w

of events in the two reactions and not by either systematic or

thooretical uncertainties.

Tho nucloon neutral-current reactions

and

V
2 ' 2

depend on the vector and axial vector form factors F. (Q ), F^ (Q >»

2 2and Fa(Q >,and on sin 9 « The vector form factors are obtainedH W

using CVC to express the charged current weak form factors in terms

of the proton and neutron electromagnetic form factors measured in

electron scattering. If one neglects neutral current contributions

fron heavy quarks, tha axial vector form factor is the sams as that

determined in quasielaatic neutrino scattering <v
M
n "*" P- ~ P>«

Reactions (4> and C5> are correlated with regards to Fa and
2anticorrelated with regards to sin 9 • Measuring both reactionsw



2
r"i.':icorralatnd with regards to win $ ,. Measuring both reactions

w
2•',>c!?riit''.nQs both parameters with a li mi ted corral at ion between sin

The? neutrino interactions were observed in a massive high

,"£ir.cr.lLvr.icn target-detector in a broad band neutrino bsam of mean

anergy .1.5 BeV at the Braokhaven Alternating Gradient Synchrotron

'»ABS>. The detector consists of 112 4 m x 4 m modules of liquid

acinti11ator and crossed proportional drift tuba (PDT) planes,

fcllowad by a shower detector and finally a large aperture muon

Each module in about 1/4 radiation lengths long. It

energy and angular resolutions for electromagnetic showers

of AEe/EB « 0.12/Ea
l/2 and £>& «• 16 mrad/E(|

1/'2 with E^ in GeV. For

protona, the energy and angular resolutions are 15 MeV and 30

milliradians at a kinetic energy of 250 MeV. Particle separation

Electrons from photons and protons from piona) is done using the

many dE/dx measurements from the PDT and ecintillatar cells along

the track. • .. • •

"... 19
We have collected data from exposures of 2.5 xlO and

19
3.6 H 10 protons on target for the neutrino and antineutrino

phases. This paper will present results from about 40"/. of the

neutrino exposure plus the entire antinuetrino sample for reactions

<1) and (2>. For the neutrino proton channels ( (4) and (5) ), we

will present results from about 207. and 70% of the neutrino and

antincutrino sets respectively.



3. Neutrino - Electron Scattering

2Due to the kinematics of the reactions, £_*_ • 2m <1-E /Ev>,

neutrino electron elastic scattering event* *rm characterised by a

single, very forward electron. Backgrounds to the signal consist of

(a) photons from ir° masons produced in neutral-current reactions,

(b) electrons from v^n •*• e*"p or v^p •* e+n induced by the v^ and v

contaminations in the beam, and (c> a small component of

misidentifed law-energy hadrons. The angular distributions of

events from thasa throe channels are all approximately flat in @ >

Electron were isolated by selecting events with a forward

electromagnetic shower with energy between 210 and 2100 MeV.

Stringent cuts were then applied to remove showers with extra

associated energies. Only shawrrsa with less than 30 MeV in the

vertex cell were retained. This greatly reduces the v quasi elastic

background. Furthermore if there was more than 5 M»V in a road

upstream of the Bhower or more than 2 1/27. of the? total energy

downstream of the vertex and outside a road determined by multiple

scattering and the angular resolution the event was rejected. These

cuts reduce the u° backgrounds significantly with a small <<451) loss

of the signal.

The photon background is further reduced by use of the fact

that the energy deposition far electron- and photon-induced showers

is markedly different in the first radiation length. Imposing a cut

on the ioniaation loss in the first two proportional drift tuba

planes and the first calorimeter plane after the vertex yields a

sample of primarily singly ionising events in which approximately



V!% o-? the* aloctrcn* «r« ratainsd *hd only »baut 35% of the> photon*

«rr» includad. A second sample predominantly containing photons

2ramains. Tha- distribution* in 0 for these two samples, are- givtrr

.In Fig. \- for both tha v *md V -inducad data. Th» »l«ctron «*mpl«>»

A clear p«ak in th» forward diraction whil» th» photon

ointributicnm aro flat in th» forward diraction a» axpactad*

•Apcraxifn*toly 93% of tha signal, is •« pact act to lia- In th» rag ton

than 0.01 (radians ).

0.01 0.02

02(radian2>
0 0X)1 0.02

02(radian2*

FIS. 1. Distributions in e* for Ca) the

primarily singly ionizing avants -from v

data and <b> tha pradominantly photor* sample-

from the v data. (c>, <d) The corresponding

plots for the v -induced data.

After background subtraction, which was done fitting the €>

distribution to the sum of the background components {taking -the



;.,)o-.'.on and low-onergy hadron distributions *» flat plus the expectod

shape of tho quasi•I«»tic background* <b) >, signals of 5 1 + 9 and

59 ± 10 remain in the v^ and ?„ sets respectively. This signal i*

\-hsn corrected -for loss of events due to the applied cuts,

inefficiencies and due to the •fractional v and V contaminations in

•I'ha v and V fluxes. To determine the cross sections

tf<v,",e> and <y(v e) and the ratio, we have indirectly measured the

integrated incident neutrino fluxes using samples of quasielastic

' 11 f •* *"̂  t» *rt • I »•• * " | 1 *agents, v p •*• M n and v n •*• u p, with small momentum transfer,

0 < Q*1" < 0.4(GeV/c)*. These events were selected by requiring only

that the outgoing muon angle with r«a«poct tc the incidant neutrino

bcja.n be leas than 260 mr*d, and that the muon kinetic energy bn

greater than 0.3 GeV. Events with * visible second tract; warn

rejected but no other requirement was placed on the recoiling
«

hadron. • -

Backgrounds in the normalisation samples arise from the

- presence of charged current single-pion and /nultipian events. In

•-•the ,u n sample single-pion production constitutes 28"/. of the total

scmple, while in the M p sample the corresponding single-pion

channels are 317. of the total sample, after detector acceptance is

taken into account. Multipion backgrounds are less than BY. of each

of tha y n and M~p total samples, including acceptances factors.

This analysis yields the result



v tl'.l+»"V|.>u+e"~) • C1.60 ± 0 .2? (mtat) ± 0.26 (svs) 1 x

,, « I O ~ 4 2 cm 2

arc;

<J (I :
J J +a%v J i +e~) - C 1 . 1 6 ± 0 . 2 0 < s t a t > ± 0 . 1 4 (ay*) 2 x

Ev<GeV> x lO*"4 2 c m 2 . <7>

The ratio of these two values qives

R-1.3B IQ!3?
 <*t*t> ± ° ' 1 7

BV3tematic errorn were B«tim«ted by varylnq the factor*

to dratcrnina the corrected electron and normalisation »ample».

tB ntudied in the normalisation included the Fermi momentum

. Pauli OKcluaion, the valUB of I"L. the scattering and

absorption of pi one and nuc:lnonn internal and externaL to the tarqnt

nuclnus* and uncertaintiDB in the croe* soctianm far «inqlo-pion and

.•nultipion production. Contributions to th« myatttmatlc «rror from

the alectrorv-photon Eieparation, from electron angular resolution,.

end from other smaller corrections affecting signal extraction were

snvtimated in the same manner.

This value of R gives

; Bin2O = 0.209 ± 0.029 <stat) ± 0.013 (sys). (9)

Ihis compares favorably with the only other measurement of the

troeg section ratio4 which found »in2ew « 0.21S ± 0.032 (otat) ±

0.013 (svs).



..•,v='S-;'.no - Proton Scattering '

"fcj? signal for vp •* vp is a contained track at least three

. ̂ ;̂.. v icng with ianimation consistent with a proton. Th» v»rtex

..:• •.•.?•>?-• ovant candidates is inside a 2.0 m x 2.0 m x 95 module

< -. vv.r.:'.?.l volume. We measure the angle and kinetic energy (by range-)

v •'••}.s? track -from which one obtains Q and the neutrino energy.

The particle identification technique start*, from this- and a-f

-',.:•• ' tr«tck and compares the actual dE/dx in either scintillator'or

:\W •'.• thftt expected from protons or plans of that residual range-

cnr. tnargy. One then obtains a confidence level for being a proton

zrr pisn i dap en dent ly in scintillator or PDT. The clear separation

;i» ahwwn in Figure 2. The efficiency to identify proton© ha» beim

mti^uured to be 73"/. with the losses dominated by nuclctar scattering.

Th.v probability of accepting a plan (muan) is less than 2V...

;• ." • • • *. •

0.4 0.6 0.8 I

Figure 2. Confidence levels for pi on versus proton hypot-.haseses. in

PDT's (left figure) and scintillator (right).

B



To eliminate event* with extra particles <e.g. vn->vpir or

V:T-"Vpir">, three cuts are made on the energy depositions in th»

?scint*Alator: i) the vertex scintillator cell must have lets* than £50

MoV of visible energy ii) the sum of the energy in * box 3 cells by

3 cells cantered on the vertex cell must be less than 110 MeV, and

iii) the total energy within five meters of tha vertex cell

<cr,;eluding cells on the tracks) must be less than 20 MeV.

The rasulting sample is predominantly v p •*• v p or v p •* v p.

The principal backgrounds are (a) np * np events from neutrons which

ontsr the detector, <b> remnant charge current production, <c)

nautral current aingle-pion production, and (d) v n •»• v^n where the

final state neutron charge exchanges and a proton is detected. The

entering neutrons sre studied using their event vertex and time

distributions. They are found to be about 57. of each sample.

Charge current production is only important for the v sample. It

has bsen determined to be about 55i both by observing the decay of

the muon and by Monte Carlo.

" The contributions from the other background types are

calculated by Monte Carlo. Single-pion events are 9'/. and 157. of the

v and v samples. The neutrino neutron elastic scattering

(d) is intimately connected to the proton elactic scattering channel

and is roughly 17"/. of the number of elastic proton events.

Combining all this, is estimated that about 707. of both the v and V

sats are due to either vp * vp or vp •*• vp.

Ws are currently analysing data sat3 in which about 1500 v and



•>'• v evvemt» satisfy the energy cuts described above. The Q of a

•E&i. of these events is given in Fig. 3. Our acceptance turns on
2

••\fcou4 0.35 <GevYc) due to the minimum length requirement. At

'.'-«*;• C!~j the acceptance begins to fall due to both noncontainment

•' ̂v interactions.

Q2 (6tV/c)2
1.2

02 (GeV/c)2
2.0

Figure 3. Distribution* in Q* for elastic proton candidate* for the-

"
<A) and v (B) date sets. The lines are a Monte Carlo

calculation which combines the signal with the background channels-.

The normalization and systematic error procedures used for the

proton signal ars similar to that used for the neutrino-electron-

sample described in section 3. Preliminary analysis of the v
'2-7

sample yield Rv » <r<VMp -> v^p) /fftv̂ n * ji p) » O.*4% ± 0.006 ±̂

f a r 0.4 £ Q < 1.0 <GeV/c> This result represents a statistical

10



,';v « 0.11 ± 0.015 ± 0.107
5 and Ry » 0.11 ± 0.03*.

We are currently completing the analysis an both tha v and

v data sets. This will include studies of the dc/dQ of the data and

derivations o-f the weak mixing angle and neutral current form

factor3.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.


