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Limits on Nonstandard Weak Currents from the Positron Decays of 'O and '°C
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The relative polarization of positrons emitted in pure Fermi ('*0) and Gamow-Teller ('°C) decays
has been measured using a new technique based on time-resolved positronium decay. The result
P1/Pr=0.9996  0.0037 provides constraints on possible right-handed and scalar-tensor current ad-
mixtures to the weak interaction of —4 < ¢§x10% <7 and |(Cs/Cy) —(Cr/C4)| =1 £9)x10* (90%

C.L.), respectively.

PACS numbers: 23.40.Bw, 12.15.Ji, 24.70.+s, 27.20.+n

We report a comparison measurement of the longitu-
dinal polarization (P) of positrons emitted in pure Fermi
(F) and Gamow-Teller (GT) decays of '“O and '°C, re-
spectively. Such comparisons are important in their abil-
ity to probe the standard-model structure of the elec-
troweak interaction for the presence of additional contri-
butions, such as right-handed charged weak currents'
and scalar-tensor current admixtures to its predominant-
ly ¥ — A description,? and to provide constraints comple-
mentary to other tests of the weak current helicity struc-
ture® or to those deduced from the SN 1987A neutrino
luminosity.* 1In general, these contributions induce
separate modifications to the standard pure F and GT
polarization descriptions which in the absence of nuclear
corrections result in Pgp=Pgt: Their presence would be
signaled by deviations of R =Pg/Pgt from unity of order
0.1%.

The most precise such comparison to date, of 0.4% by
the Groningen group using fourfold Bhabha polarimetry
on the decays of 2°A1™/3%P, is however, considered by its
authors to have reached its limits.> Herein, an improved
positronium-based technique®’ is employed to yield a
corroborative measurement in a factor of 3 less time.
More significantly, the systematic errors have been care-
fully investigated to be a factor of 3 below the statistical,
indicating the capability to pursue the measurement to a
significantly improved precision.

The essentials of the polarimetry technique, based on
observation of the time-resolved decay spectrum of the
hyperfine positronium (Ps) formed by the nuclear-decay
positrons in a strong magnetic field (B), have been de-
scribed previously.®’ This spectrum, as observed in our
measurement, is shown in Fig. 1(top), and consists of (a)
a prompt peak corresponding to unresolved direct annihi-
lation and perturbed singlet decay, (b) an intermediate
perturbed triplet state, and (¢) a long-lived unperturbed
(m==1) triplet decay. The populations of the per-
turbed (m =0) states depend on the relative direction of
the perturbing field and the residual positron polariza-
tion (P). This feature is illustrated in Fig. 1(bottom),
where we show the ratio A of the decay spectra in the
two opposing field directions (N 4+/N -). In the time re-
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FIG. 1. Top panel: The experimental hyperfine Ps decay
spectrum, showing (a) the unresolved direct annihilation and
perturbed singlet, (b) triplet, and (¢) unperturbed triplet com-
ponents. The graph represents the integrated counts per chan-
nel (156 ps width) in window B of the measurement. Bottom
panel: Ratio of the two spectra shown in the top panel. The
observed asymmetry is directly proportional to the residual po-
larization of positrons forming Ps; its amplitude (= 2¢P) is in-
dicative of the polarimeter’s high analyzing power.
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gion where the triplet decays dominate (1 =4 ns), the
relationship between A4 and P is approximately given by

A@)=N4/N -
~1+4+2eP[(1 —eP)+2( /A )expX'—A)e]l 1, (1)

where e=x(1+x2) ~'2, x=0.0276/B] (in kG), and '
(1) is the inverse lifetime of the perturbed (unperturbed)
triplet state.

The data of Fig. 1 were obtained with the system
shown schematically in Fig. 2. The '°C and '*O were
produced in the same target (140-mg/cm? BN enriched
to 90% in '°B) by (p,n) activation with 14.5-MeV pro-
tons of 6 uA. After irradiation, the target was transport-
ed to the spectrometer, which selected 1.22-MeV posi-
trons with a momentum resolution of 12.5% FWHM and
a transmission of 3%. Positrons entering the polarimeter
field (B=9.5 kG) sequentially cross a 0.4-nm-thick
NE104 plastic START scintillator and 1.0-mm-thick
beryllium moderator, and stop in a MgO powder pellet
placed in vacuum. The powder, characterized by a grain
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FIG. 2. The UCL on-line positron polarimeter system: ac-
tivation site (small inset), target transport system, spectrome-
ter, and polarimeter (large inset).
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diameter of about 100 A, was compressed to 0.33 g/cm*
and heat treated at 300°C in vacuum for several hours
in order to remove excess oxygen and water: The Ps for-
mation fraction was 43%, and the unperturbed triplet
lifetime was 4% less than its current experimental vacu-
um value.® The decay and direct annihilation photons
were observed by two 5.1-cm-diameter-by-3.8-cm BaF,
STOP scintillators mounted in the polarimeter magnet
housing at 180° to each other in a plane perpendicular to
the field axis, with a 511-keV detection probability of
18%. A lead collimator, placed between the START and
the STOP detectors (Fig. 2, inset), reduced the relative
contribution of Ps photons formed in the START scintilla-
tor to 7x10 3 of the events in our time window of in-
terest. Each STOP scintillator was coupled to a shielded
XP2020Q photomultiplier located outside the polarime-
ter field region through a 30-cm quartz lightguide: The
START scintillator was edge coupled with Lucite to a
shielded XP2020 photomultiplier. Detector signals were
processed by constant-fraction-timing discriminators
without intermediate amplification. The two STOP chan-
nels were individually time aligned to within 15 ps of
each other, and connected in OR logic to a time-to-digital
converter of 156-ps channel width from which the time-
resolved decay spectra were obtained. Timing calibra-
tion yielded a resolution of 1.3 ns (FWHM).

The simultaneous measurement of both decays is a
unique aspect of this measurement. The fact that the
relative contributions of F and GT decay positrons
change with time following irradiation [z,/,('°C)=19.3
s, 112("*0) =70.6 s] allows a comparison of their polar-
izations. Measurements were performed in two kinds of
cycles to nearly equalize the instantaneous detection
rates of the two isotopes. The first, 4 (predominantly
19C), consisted of a 50-s data-acquisition window follow-
ing a 7-s target activation; the second, B (predominantly
140), consisted of a 200-s data-acquisition window fol-
lowing 70-s activation and 65-s wait. A sequence of one
A and two B cycles was repeated with the polarimeter
field reversed each two cycles: With twice more A4 cycles
than B, the total statistics were similar in both acquisi-
tion windows. The B activity of the target seen by the
START detector was recorded in 1-s steps by multiscalers
in order to determine the relative contributions of '°C
and 'YO, which were resolved on the basis of their
characteristic lifetimes. The By trigger rate was simul-
taneously stored in 1-s steps in order to determine the to-
tal dead time during each cycle. Instantaneous S rates
ranged from 696 to 186 kHz in window A, and from 768
to 86 kHz in window B. The system response function
was measured every 8 h by replacing the powder target
with a stack of beryllium foils of similar macroscopic
density and dimensions.

Data were obtained with both Be and MgO over a to-
tal of 151 h: 123 h with MgO, and 28 h with Be. Each
recorded By time spectrum was corrected for accidental
By coincidences and appropriately summed to yield the
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total decay spectra for each of the two magnetic-field
directions in each window (4 and B). From these, again
for each window, we constructed the sum and the ratio
spectra for both field directions. A fit was then made
simultaneously to these four spectra, convoluting the
complete theoretical Ps decay spectra’ with the mea-
sured response function, over a time region of 58.6 ns be-
ginning 3.8 ns after the direct annihilation peak. This
region was chosen to optimize the fitting precision with
respect to the accidental contributions. The parameters
assumed common to all spectra were the perturbed and
unperturbed triplet lifetimes and the Ps formation frac-
tion; those specific to each windows were, in addition to
the polarization, the amplitude of the 2.5-ns component
associated with Ps formation in the START scintillator.
From these fits, we obtain K =Pg/P,=1.0011 % 0.0020
(stat).

The corrections and possible systematic errors are
summarized in Table I. The largest correction arises
from ¢=0 shifts in the location of the prompt peak be-
tween measurement cycles due to electronic instabilities,
which can artificially generate asymmetries if not ac-
counted for. These shifts were determined by fitting the
ratio of the direct annihilation peaks by the ratio of two
identical peaks shifted by a known amount, and amount-
ed to a 2-ps difference between windows. The largest un-
certainty contribution to the measurement, however,
arises from a small ''C contamination (7, =20.4 min)
due to the 5% ''B present in the enriched target, and to
the '"“N(p,a)''C reaction: This contributed 1% of posi-
trons in window 4 and 1.8% in window B despite a spec-
trometer setting above the ''C spectrum end point (0.96
MeV). Their polarization was measured in a separate
experiment using a natural BN target (80% ''B).

There are three types of accidental by coincidences:
(a) uncorrelated background, which is observed at “neg-
ative” times, (b) coincidences in which the observed y
comes from a B which precedes the § START, which are
electronically rejected, and (c) coincidences wherein the
observed y is emitted by a B which penetrated the
powder after the B START. The last were carefully es-
timated on the basis of B rate, By rate, and the rate of
detected after the B START in a well-defined temporal
window, and the uncertainty estimate checked experi-

TABLE 1. Systematic corrections to the measured polariza-
tion ratio K =Pg/P,.

(—0.14£0.02)x10
(—0.95+0.14)x10 3
(+0.23+0.61)x1073

Accidental coincidences

Timing shifts

Y'C contribution

10C/'*0 target-depth difference:
depolarization in target

19C/'40 end-point difference:
stopping depolarization

(—0.07%0.02)x10?

(—0.43£0.08)x10~*
Total (—1.36 £0.63)x10 3

mentally.

Differential depolarization of the decay positrons was
minimized by their simultaneous activation in the same
BN target. Differences between 4 and B window mea-
surements, due to the different spatial distribution of '°C
and 'O in the target, were determined in a separate
measurement of the relative '°B(p,n)'°C and "N(p,
n) 'O cross sections for proton energies between 10 and
14.5 MeV. Positron depolarization in BN as a function
of target thickness was measured by observing the resid-
ual polarization of positrons emitted by a *®Ga source
sandwiched between BN foils of thickness ranging from
0 to the total target width of 140 mg/cm?. The internal
surfaces of the spectrometer were covered with rough-
surfaced low-Z material in order to minimize any
differential wall-scattering depolarization resulting from
the difference in the B-spectrum end points of the two
isotopes. Differential depolarization on stopping, due to
the 3% difference in the '°C/'*O B-spectrum end points,
was evaluated using the approach of Bouchiat and Levy-
Leblond,® and tested by measuring the residual polariza-
tion of positrons emitted by ®3Ga for selected energies
ranging from 770 to 1260 keV.

The polarization comparison between windows A4 and
B, after corrections, is K =0.9998 =0.0021. Account-
ing for the fact that each window polarization is a com-
bination of '°C and '*O polarizations (P4 =0.728Pgr
+0.272Pf, P5=0.176Pgr+0.833PF), we then obtain
R=0.9996 =0.0037. This result further includes a
small contribution of positrons from '*N(p,n)'>0. Not
included is a correction'® which arises from weak mag-
netism in '°C decay. This is related to the width of the
radiative analog M1 transition in '°B by the conserved-
vector-current hypothesis, and yields'' a negligible
correction of 3% 10 ~* to R; the sign is, however, indeter-
minate.

Our final result is comparable with that of the
Groningen group, and with a recent experiment in
2A1"/>5Al using a similar Ps-based technique.'? For
minimal parity symmetric extensions of the standard
model, R =1+8¢6, where ¢ is the mixing angle and ¢ is
the mass-squared ratio of left- and right-handed W bo-
sons,' and our result implies —8.1 < ¢(8x10* < 7.1 (90%
C.L.). The weighted average of all three results yields
—4.0<¢6%10%°<7.0 (90% C.L.): This average consti-
tutes the best limit on right-handed-current contributions
to the weak interaction derived from S polarization ex-
periments to date, and is shown in Fig. 3 in comparison
with other results obtained from pure leptonic and semi-
leptonic sectors.

In the absence of right-handed currents, and neglect-
ing time-reversal violation, our result limits possible
scalar-tensor-current admixtures to Cs/Cy —1.001(C7/
C,4)=—0.0007 £0.0105 (90% C.L.). Combined with
the Groningen result, Cs/Cy — C7/C,4=0.0014 % 0.0090
(90% C.L.). This bound is complementary to recent lim-
its of Cs/Cy=(0.6+4.1)x1073 (90% C.L.) deduced
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FIG. 3. Constraints, at 90% confidence, on the parameter
5=(M/M>)? and the mixing angle ¢ deduced from the world
average (this work and Refs. 5 and 12) in relative polarization
measurements (bold line), and from other semileptonic experi-
ments: B polarization measurements (Ref. 16) (bold dashed
line) and neutron-decay measurements (Ref. 17) (bold short-
dashed line). Also shown is the bound from the measurement
of e * end point in muon decay (Ref. 18) (dashed line).

from 0%-0" transitions,!> and C;/C,=(—3%8)
x10 "% (68% C.L.) from a least-squares analyses of nu-
clear B-decay data.'*

While a significant aspect of this measurement is its
demonstrated statistical power, a substantial increase is
still required before precisions better than 0.1% in
reasonable counting times can be foreseen. This is possi-
ble through an increase in subtended solid angle of the
STOP detection system, and improved timing resolution.
At the present level, however, additional correlation
measurements of positron polarization in the decays of
polarized nuclei become possible which offer an order-
of-magnitude improvement in their sensitivity to &.'°
These are currently being pursued.
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FIG. 2. The UCL on-line positron polarimeter system: ac-
tivation site (small inset), target transport system, spectrome-
ter, and polarimeter (large inset).



