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Study of low-energy antineutrino interactions on protons
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Vfe present a study of antineutrino interactions in hydrogen obtained in a 138000-picture run at the BNL
7-ft bubble chamber. The antineutrino beam had an energy distribution that peaked at -1.1 GeV. The
cross section measured for charged-currect interactions is a.(vp —+p,++ anything) = (0.32+0.08) )(10' "
X [E„(GeV)]cm . The neutral-current cross section is o(vp~vpn+e ) = 5.5+2 s X 10 cm'. The ratio of
strangeness-changing to non-strangeness-changing charged currents is R, =0.06+005. An upper limit
determined for charm production is cr, & 3.8 )& 10 cm at the 90% confidence level. From the momentum-
transfer distribution we measure average Q

' for inelastic charged-current events with energy greater than 2
GeV, (Q ') = (0.10+0.03)[E-„(GeV)]+ (0.10+0.09) (GeV/c)'. Using a maximum-likelihood method we
determine from the quasielastic events vp ~p, +n an axial-vector mass M~ = 0.9+0', GeV/c '.

I. INTRODUCTION

We have studied the interactions of antineutrinos
on protons at low energy (-1.3 GeV) in a, hydrogen
bubble chamber. This is the only low-energy anti-
neutrino experiment in hydrogen, although other
experiments' ' have studied low-energy antineu-
trinos interacting in nuclei. Extensive studies of
low-energy neutrino interactions have been re-
ported. 7 "

In general, antineutrino reactions are more dif-
ficult to study than neutrino reactions because the
antineutrino flux is lower (-40%) than the neutrino
flux and the cross section is smaller (-30lo), Hence
the number of v interactions per picture or per
second is approximately 0.1 that for v. For hydro-
gen an additional difficulty arises from charge and
lepton-number conservation. Because of the p.

' in
the final state all antineutrino reactions (except
neutral currents) have a zero hadronic charge.
This means that a substantial fraction of the cross
section occurs in final states with only neutral
hadrons (i.e., vp-p'nn'), which are unobservable
in the bubble chamber. In contrast, for neutrino
reactions the final-state p results in a hadronic
charge of +2 so comparable interactions have at
least two charged hadronic tracks and are thus
observable in the bubble chamber.

The major topics presented in this experiment
are (1) inelastic charged-current reactions, which
have a lt' in the final state, (3) inelastic neutral-
current reactions, of which only vp- vptr tr is
presented, (3) flavor-changing interactions, which
have observable stra. nge particles, and (4) quasi-

elastic reactions ( vp p. 'n), which have visually
only a single identified p'. The determination of
the flux of antineutrinos allows us to compute ab-
solute cross sections for each of these processes.

The cross section for the quasielastic reaction
can be computed as a function of a single param-
eter, an effective axial-vector mass M„.The
experimental result for M„is compared to the-
oretical predictions and to results from neutrino
experiments on equivalent reactions (vn lt p)-

II. EXPERIMENTAL APPARATUS

The antineutrinos were produced by the BNL
broad-band, horn-focused beam from the 30-GeV/c
proton beam at the AGS. The average antineutrino
energy was 1.3 GeV. The antineutrinos were di-
rected into the BNL 7-ft hydrogen bubble chamber
where 138 000 pictures were exposed.

The determination of the antineutrino flux and
energy is crucial for the calculation of an absolute
cross section. The first step was the measure-
ment of the neutrino spectrum in a previous ex-
periment. " This experiment utilized the quasi-
elastic reaction vn-p, p observed in the same
bubble chamber filled with deuterium. From a
theoretical model the cross section for quasielas-
tic events was calculated. The observed number
of such reactions can then be directly related to
the neutrino flux.

From Cabibbo theory" and the isotriplet hy-
pothesis, the quasielastic cross section can be
computed with only the q' dependence of the weak
axial-vector form factor not fixed. (See Sec. VII.)
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The standard parametrization of the q' depen-
dence as a dipole form factor with an axial mass
M„=1.08 was used":
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They obtained 8.3x 10' v/cm'pulse for 8 x 10"pro-
tons incident on the target in their experiment.

We now calculate the antineutrino spectrum by
scaling this experimentally deduced neutrino spec-
trum with the ratio of antineutrino to neutrino
spectrum as obtained from a Monte Carlo. " This
ratio is not sensitive to the spectral shape intro-
duced into the Monte Carlo. We find that the anti-
neutrino flux, integrated over energy, is 2.4x10'
antineutrinos/cm'pulse for 5X10"protons on tar-
get per pulse (5x 10"protons/pulse is a typical
proton flux in our experiment); the antineutrino
flux-energy (product of antineutrino flux and anti-
neutrino energy) is 3.4x10' antineutrinos GeV/cm'
pulse. The errors in these calculations are esti-
mated to be -12%. These errors include uncer-
tainties due to assumptions in the Monte Carlo
program and statistical errors in the experimen-
tally determined neutrino flux. We estimate that
approximately 10% of the charged-current interac-
tions in this experiment come from neutrino con-
tamination.

Four steel plates, each 2 in. thick, were in-
stalled at the downstream end of the chamber to
identify the muons (approximately one absorption
length). The plates were separated by -4 in. to
allow visual observation of tracks between each
plate. Owing to the limited solid angle subtended
by the plates, approximately & of the muons pro-
duced in antineutrino interactions intersected all
of the plates. The effective fiducial volume of the
chamber was 5 m' (0.29 metric tons) and the mag-
netic field at the center of the chamber was 2V kG.

III. DATA ANALYSIS

A double scan was made for interactions with
two or more prongs which were not obviously elas-
tic scatters from incoming charged tracks. 160
such events were found with a double scan effici-
ency of 0.9V',",, . All events were measured on
film-plane digitizers, reconstructed by the TVGP
geometry program, and processed through the
kinematic fitting program SQUAW . Assuming the
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FIG. 1. Dip X and azimuth P plotted for the 160 in-
elastic events. Dots denote the 24 fitted events and
triangles indicate coplanar events with -0.1 & cosp &+0.1.
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FIG. 2. Coplanarity distribution for the events. The
shaded regions show the fitted events.

hypothesis that the event was initiated by a neutral
particle incident along the expected antineutrino
direction, 24 events remain which fit [either three-
constraint (3C) or OC].

To illustrate the effectiveness of the selection
procedure let us first consider the cosmic-ray
background. Most of the cosmic-ray background
produces events whose incoming track, charged
or neutral, appears to enter the chamber at a
large angle with respect to the antineutrino beam.
To identify this background we computed the azi-
muth P and the dip X of the total visible momentum
of each event. . In Fig. 1 we display the distribution
in Q and A. for the 160 measured events, distin-
guishing those events which have a fit in SQUAW
from those which do not. True antineutrino inter-
actions are expected to cluster around P =O', A. =0'.

As another demonstration of the efficacy of the
fitting procedure consider incoming charged par-
ticles, primarily from cosmic rays, which inter-
act and produce an event which appears as a three-
prong topology. This hadronic background is most-
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TABLE I. List of 24 multiprong candidates.

Charged-current events
vp p anything

Fit class

3C, OC

6C

Number of events

VP ~P P7l

pp ~p p7T 'JP

VP P+n71+ X-

OC

OC

10

2a

Neutral-current events

OC

Background events

np -ppr

The ~ is identified by a Dalitz pair in one event.

ly coplanar because the interactions are largely
elastic. This coplanarity can be exhibited by de-
fining

p
pi' paxps
p lip xp1

where p, , p„p,are the momenta of the three
charged tracks F.igure 2 shows a plot of cosP
for the 160 events, again distinguishing fitted and

nonfitted events. True antineutrino events are not
expected to have cosP near zero.

The results for the 24 fitted candidates are tab-
ulated in Table I. The only antineutrino interac-
tions which are not correctly identified by this pro-
cedure have two or more missing neutrals, an un-

likely occurrence because of phase-space suppres-
sion. There is no evidence for such events
and we estimate less than one event of this type
in this experiment. As a check we note that anti-
neutrino events (vp p, 'pw m w ) with two missing
neutrals are as likely as events with five outgoing
charged tracks (vp p, 'pm m'm ); no such five-prong
events are observed.

A separate scan for single tracks penetrating
the plates was done for the complete sample to
identify quasielastic candidates (vP p "n). Ap-
proximately half the film was double-scanned;
the estimated overall scanning efficiency was 0.90
+0.10. A total of 23 single track events were found
with a vertex inside a reduced fiducial volume of
3.75 m'. These events were measured and pro-
cessed through SQUAw' kinematics and 22 events
have a 0C fit to vp p'n. However, to eliminate
cosmic-ray background we required candidates to
have lpl &45'and lkl &45'(see Fig. 1). Four events
have X& -45, which is expected for cosmic-ray
tracks, and one has a large azimuth. Seventeen

candidates for vp-p. 'n remain.

IV. INELASTIC CHARGED CURRENTS

5-
4)
C9

0 5

Cl 2

1

O
O 0

~QC events

NC events

~/i, 5 I I
1 2 5 4 5 6 7 8 9 10

Ep {Gev)

FIG. 3. Energy spectra of charged-current and neu-
tral-current events (shaded areas).

Sixteen candidates were fitted as antineutrino
charged-current interactions. Eight (50%) of these
have an identified muon, i.e., a track which tra-
verses all four iron plates. One candidate has a
fitted A'- pm decay giving a X'=9.6 for six con-
straints. Two candidates fit as neutrino inter-
actions; one a 3C fit (vp p. pm'), the other a OC

(vp-p pw'v') with one identified y conversion in
the hydrogen. These two events are consistent
with the expected 10% neutrino background.

Fifteen antineutrino non-strangeness -changing
charged-current interactions remain. The energy
spectrum of these events is shown in Fig. 3. In
order to determine the inelastic charged-current
cross section, corrections must be made for the
unobserved final states, vp-p, 'nm' and vp-V. 'nw'mo

The

rational

=o(vp p pn)/(vp p nmo) i's de-
termined by the isospin properties of the charged
weak current. Adler's prediction" for this ratio
varies from 0.81 to 0.94 depending on different
methods of modifying the Born approximation to



21 STUDY OF LO%-ENERGY ANTINEUTRINO INTERACTIONS ON. . . 565

conform to the soft-pion limit. A recent 12-ft
bubble chamber experiment" on neutrino interac-
tions measures R'=0.89+0.17. Using R'=0.89 we
estimate 11+3 v p-[J.'nm' events for this experi-
ment. At low energies the reaction vp p, 'nw'a'

is limited by phase space, and we estimate less
than one event for this experiment.

For 27+7 events the inelastic charged-current
cross section becomes

o(vp-p, '+ anything) = (0.45+ 0.12) x10 " cm'

at an average v energy of 1.3 GeV.- A paramet-
rization which explicitly displays the energy de-
pendence of the cross section is:

o-„~=(0.32+0.08) X 10 "[E—„(GeV)]cm'.

This agrees with CERN-Gargamelle' results

ov~ =(0.26+0.02}x10 '6[E , (GeV-)] cm',

obtained at energies to 8 GeV and with IHEP-
Serpukhov and ITE P-Moscow collaboration' re-
sults

o —„~=(0.31+0.03)&10 "[E, (GeV)] c-m',

obtained in a counter experiment at energies to
30 GeV.

A plot of (Q'), the mean s(luare of momentum

transfer, as a function of antineutrino energy for
vp-p, 'pn is shown in Fig. 4. A linear fit above 2

GeV gives (Q')=(0.10+0.03) [E„(GeV)]-
+(0.10+0.09) (GeV/c)'. This is to be compared
with the Gargamelle result (Q') = (0.15+0.04) [E
(GeV)] + (0.05 + 0.12) (GeV/c)'. '

V. NEUTRAL CURRENTS

Four interactions fit the neutral-current hy-
pothesis vp- vpv'm (see Table I). Three of the
m' decay visibly (n'p, e), and the fourth interacts
in the first plate. All protons stop in the chamber.
The antineutrino energy spectrum for these events
is shown in Fig. 3 and is consistent with the en-
ergy spectrum for the charged-current events.

The major background consists of incident neu-
trons producing an inelastic interaction. From the
entire sample two such interactions fit np-ppn'

[20- &g &e (.~o+.pp)x p„-+(.[p+.Og)

l.OO-

C5
+ .80-
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y
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FIG. 4. (Q6) ve E& for E&& 3 GeV and a linear fit
giving (Q ) = (0.10+ 0. 03) [E& (GeV) 1+ (0.10a 0.09 (6ev/c)~.

(see Table I) with neutron energies of 1.3 and 1.8
GeV/c. The only neutron-induced topology which
simulates the three-prong neutral-current inter-
action is np npn'n. B'ecause of the low neutron
energy and the phase-space limitation relative to
np-ppn', we estimate less than O.V background
events due to np- np n'm and np-npm'v no.

Other possible neutral-current interactions
(vp- vp, vp- vpn', vp-vnn', vp- vnv'a', etc.)
require the observation of only a single hadronic
track in the bubble chamber. Backgrounds from
neutron-induced interactions are substantial, and
identification of these neutral-current reactions is
not possible in this experiment.

Hence we give a partial cross section for the
neutral-current reaction:

(vp- vpn'w ) =(5.5", 6)&&10 4' cm'.

VI. FLAVOR-CHANGINQ REACTIONS

Since the weak interactions can change flavors
(strangeness, charm) we expect production of sin-
gle particles exhibiting these new Qavors. Al-
though charm production is expected to be small
(and hence unobservable with the statistics in this
experiment) at the relatively low energy of this
experiment, strangeness production should be
observable although small due to the suppression
by the sine of the Cabibbo angle.

Because of the phase-space limitation, the two-
body final state, vp-p'A, should be more prob-
able than three- or four-body final states
(vp-p, 'pK, vp-p, 'pn K', vp-(1'Z m', etc.).
Many of these final states have a neutral strange
decay which would be clearly visible downstream
of the vertex. The charged strange particles can
be identified by a kinematic fit in SQUAW (K ) or
by subsequent decays (Z', Z ).

One event was found in the scan which gave a
6C fit to vp-p. 'A', A'-pv . The (1' traversed
all four iron plate's. The antineutrino energy was
determined to be 3.34+0.03 GeV. This event
satisfies dQ =b,S as expected for strangeness-
changing reactions. We estimate the cross sec-
tion for this interaction to be

o(vp-p'A') = (2.6+,'6}x 1.0 46 cm'.

The Gargamelle result' in a heavy-liquid bubble
chamber is o =(2.0V +O. I6) &&10 ~' cm'. Since no
other strangeness-changing reactions were ob-
served, we present this cross section as the best
estimate for the strangeness-changing cross sec-
tion for this experiment. Thus the ratio, for
charged-current reactions, of strange to non-
strange particle production is

R 0 06+0 05 ~
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Charm-particle production in antineutrino inter-
actions is expected to occur only from ss ocean
quarks, which implies a rate of approximately
1-2% of charged-current reactions. The most
obvious charm signature for this experiment is
the observation of events with i) Q = -ES. Other
signatures, such as invariant-mass peaks, dilep-
ton events, or visible decay lengths, require sub-
stantially more data or additional experimental
apparatus.

No events with any charm signature were ob-
served so the upper limit for antineutrino charm
production at 90%%u() confidence level is

o(vp-p, '+ charm)&3. 8&&10 4' cm'

at antineutrino energies of approximately 1.3 GeV.
This limit is 8'%%uo of the charged-current rate. A
recent BNL neutrino experiment' "at a compar-
able energy finds evidence for charm production
with a rate of 3.5% of the charged-current rate.

VII. QUASIELASTIC REACTION ( v p ~ p+n)

ln the V -A theory each transition is character-
ized by six form factors

I I I I I I I

VP ~P. 0

(3

O
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ing to the conserved-vector -current hypothesis
the weak vector form factors can be written:

2
G' (q') =Fl(q') +

4,~.&.*(q'),

G' (q') =&l(q') +&l(q'),

where i = p, n For l.ow energies Gs „(q')can be
described by a dipole fit,

FIG. 5. Q2 distribution for quasielastic events
(vp p'n). A theoretical cross section do/dQ2 is shown
for three values of Mz. The theoretical cross section
is corrected according to the detection efficiency of the
experimental apparatus.

p n

&nl&„lp&-r„r,g (q'l)+i M' M' g2(q')I,+M„

I,+M„
where M~ and M„aremasses of proton and neu-
tron, and q„is the momentum transfer from P to
n. We assume second-class currents do not exist
(g, =0,f, =0) a,nd the pseudoscalar form factor is
negligible (g, =0). Cabibbo theory'4 specifies the
form factors

f,(q') = cosec [&,(q') -Fl(q')],

f.(q') = cose [&.'(q') -&2(q')1,

g,(0) = cosec(E +D),
where F42 "(q') are electromagnetic form factors,
8~ is the Cabibbo angle, and E+D = 1.26. Accord-

I

G~s =D, GII, =(1+pI, )D,

&s =0

where D =(1 —q'/M„') ', p.~ and p, „arethe ano-
malous magnetic moments, and M „=0.84 GeV/c'.
We introduce, - as usual, a dipole q' dependence
for the weak axial-vector form factor

gl(q ) (1 2/M )2I„is the only unspecified parameter in the matrix
element. From the q' dependence of the data we
will determine I&.

We now write down the cross section for the
quasielastic reaction

where

Q'+nl ' ( q'& '4q'i q' i q' i .)' q&(0') =
4M,

" fl'I)-4+ M2il+flf2I&M2 I+f' M. I
1-

4M2 I+gl'I4+ M2- —
M2 [(fi+f2)'+g, '],M 4M' i Mi M

2
+ f2)g

2 2 2 2

with Q' = -q', M =nucleon mass, m „=muon mass.
The experimental Q' distribution for the 17 can-

didates is shown in Fig. 5. Because of the experi-
mental detection efficiency for muons and the pres-
ence of background interactions (vp-p. 'nlI'), the
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FIG. 6. Q2 distribution of the observed vp p'pm
events.

theoretical cross section must be corrected in or-
der to compare with data. A Monte Carlo program
was written to compute the muon detection effi-
ciency (approximately 50%) as a function of Q'.
Previously we have computed the total number of
vP-p'nv as 11+8 events (Sec. IV). In the re-
duced fiducial volume for quasielastic reactions
we expect 8+3 events. Because of the muon de-
tection probability only 4+ 2 of these will be in-
cluded in the quasielastic sample. We assume
these background events have the same Q' de-
pendence as vp-p, 'pm, which we have experi-
mentally measured (see Fig. 6).

As a check on this background estimate, we
normalize the theoretical- cross section do /dQ
for quasielastic events (M„-1.0) to the experi-
mental data at Q' =0, where the background from

68- 0 90-o'.so
+0.40

67-
C

I 66-

65-

0 0.2 0.4 0.6 0.8 1.0 1.2 IA 1.6 1.8 2.0 2.2

MA (GeV/c )

FIG. 7. The negative logarithm of the likelihood as
a function of Mz.

vp-p, 'nm' is small (15%). The difference between
the data and this normalized quasielastic cross
section is 4.5 +2.0 events, in good agreement with

previous estimates of the background.
For 13+6 events the cross section for quasi-

elastic interactions becomes

(v p-V. 'n) = (0.5 + 0.2) x 10 "cm'

at the average v energy of 1.3 GeV. The theoreti-
cal value for this cross section (M„=0.9 GeV/c')
is 0.44~10" cm', in agreement with the experi-
mental result.

We use the maximum-likelihood method to ex-
tract the best value for the axial-vector mass M„.
The probability p,. of obtaining an event with a par-
ticular Q,

' from an antineutrino of energy E, is

do'/dQ'(Q, ', &;,M„)W(Q, ') +du'/dQ'(Q )W(Q, ')

f [do/dQ'(Q' 8 M )W(Q') + do'/dQ'(Q') W(Q')]dQ'

where dg/dQ' is the quasielastic cross section as
given in (8), do'/dQ' is the experimental cross
section for vp-p, 'nv' (assumed to have the same q'
dependence as vp-p, 'pv ), normalized to the ex-
pected vp-p, 'nv' contamination, and W(Q, ') is the
muon detection efficiency. The likelihood is de-
fined

antineutrino quasielastic measurement' gives
M„=0.91+0.04 GeV/c' and the most recent neu-
trino measurements"'" of vn- p, p give M„=0.98
+0.08 and M„=1.08+0.08 GeV/c', in agreement
with this experiment.
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