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Contribution of the induced tensor form factor
to the A=8 P u-n angular correlation
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Experimental limits on the second class induced tensor weak current are reviewed. A method,
involving the measurement of the P v -n-angular correlations in Li and B decays, is proposed to
test for this current with improved precision.
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I. INTRODUCTION

The most general matrix elements of the weak neutron~ proton current, constrained only by Lorentz covari-
ance, are [1]

(p~ Vq ~n) = '("t, ( f„&q+ f~~ oq„I, + ' f, 'lq lu„),

(» ~A~In) = t(u, (
—f.V~ys —fio~.V.Vs+ if'. Vsq~(u )

(2)

The six form factors must be relatively real to ensure
invariance under time reversal, while charge symmetry
of weak interactions requires f„,f,f, fz, (the vector,
axial, weak magnetism, and induced pseudoscalar form
factors, respectively) to be real and ft, f, (the induced
tensor and induced scalar form factors) to be purely
imaginary [1]. The f,f„,, ft, f, form factors are in-
duced by the strong interaction [2] in absence of which
one would have only f„and f, . Because the strong in-
teraction is essentially invariant under charge symmetry,
one expects the real parts of ft and f, to vanish. Because
f, is also forbidden by the conservation of the vector cur-
rent (CVC), experiments testing the charge symmetry of
the weak interactions are designed to search for the ft
current [3].

The goals of this paper are threefold: (1) To review
critically the experimental data that constrain the fi cur-
rent, (2) to emphasize the limiting factors of the present
experiments, and (3) to propose a new method of probing
this current with improved precision.

In Sec. II, we review the results obtained from the P
angular correlation of aligned A=12 nuclei which pro-
vide the tightest constraint on f&. These experiments
determine the sum of the weak magnetism and induced
tensor form factors: f + ft, . We discuss three differ-
ent methods for independently determining f and use
the results of each of the three methods to infer a value
for f, . The best result [3] is ft & 0 6fa. We show . in
Sec. II that the separation of the weak magnetism and
induced tensor form factors is an important source of the
uncertainty in f, . In fact, due to the expected values
of f 4.0 and f, 0.0, 10% measurements of both
f + fi and f provide a relatively poor upper limit

ft & 0.6. (Note that 10'%%uo determinations of f + fi and
f require measurements at the 10 s level. )

In Sec. III, we propose a novel observable in Li and
B P decays that can isolate experimentally the contri-

bution of ft the av. erage electron neutrin-o angular cor
relation measured in coincidence with the a/pha particles
emitted in the plane perpendicular to the electron momen-
tum. This particular correlation depends only on f, /f, :

W(0, ) = 1+ (Ep/M)(ft/f ) cos8,„. (3)

Thus the question of second class current can be inves-
tigated without any assumption about the weak mag-
netism form factor.

II. PRESENT EXPERIMENTAL LIMITS ON fg

The best upper limit on the ft form factor comes from
the irieasurement of P angular correlations in A = 12 nu-
clei. In order to interpret these data, a formalism [4]
has been developed in which nuclei are considered as
elementary particles described by various form factors:I",I"„I"t,, F&, . The nuclear weak currents are writ-
ten in complete analogy with the nucleon ones. How-
ever, Ft has now both a first- and a second-class part,
F+ = F, + F, If one ass.umes the validity of the im-
pulse approximation, a simple relation [5, 4, 6, 24] can
be derived between the nucleon and the nucleus-induced
tensor form factors: Ft2/Fa = ft/f

The P+ angular correlation [4] from an oriented nu-
cleus, for the particular case of a 1+ ~ 0+ spin sequence,
1S

1 y P(l+ En~)Pi + AEn~ P2,
'

where P = pq —p ~ is the nuclear polarization, A =
1 —3po is the nuclear alignment, p; are the populations
of the magnetic sublevels, P; are the Legendre polynomi-
als, E is the P energy, and n+ —(F+ —Ft)/3M with

F; = F, /F It is wide. ly reco. gnized that the determina-
tion of o.+ through the polarization term is an indirect
procedure (i.e. , one has to subtract the dominant term 1

from the measured quantity). On the other hand, the de-
termination of o.+ through the alignment term is a direct
procedure and thus provides the best information about

and I"q. The data obtained in the A=12 system by

45 1935 1992 The American Physical Society



1936 L. DE BRAECKELEER 45

An = (F —F+ +2F, ). (5)

Averaging the results of Refs. [7—10], one obtains a, value

( 2 n &= 2.74 6 0.34

that seems to be firmly established.
However, before reaching any conclusion about the

second class current, F and F+ must be known
from an independent experiment. Three possibilities
exist: (1) Determining F and F+ via P spectrum
shape measurements in izB and i2N; (2) determining
F in p + i2C capture and assuming the equality
F = F+ predicted by the conservation of the vec-
tor current (CVC); and (3) measuring I'Mi, the width of
the analog electromagnetic transition and inferring the
values of F and F+ implied by CVC. We now dis-
cuss these three possibilities separately.

A. P spectrum measurements

two different groups in Refs. [7—10] are, respectively,

n = —(0.07 4 0.20),
n = +(0.06 6 0.18),
n+ ———(2.77 6 0.52),
n+ ———(2.73 + 0.39).

The quantity Ao. = o. —o.+ is proportional to the
second-class part of F&,

cay would modify the inferred F+ by 25%%uo. The results
measured in the A=12 system are

18.2 + 0.9, a+
19.2 + 0.9, a+
5.5 + 1.0, a+
4.2 + 1.0, a+
4.1 + 1.0, a+
9.1 + 1.1, a+

= +6.0 6 0.8 [12],
= +10.7 6 0.8 [13],

—5.2 + 0.6 (14],
—1.7 6 0.6 [13],
—1.7 + 0.9 [15],

= —0.7 + 0.9 [16].

The equality predicted by CVC, F = F+„,, —is not
verified, probably due to systematic experimental errors.
On the other hand, the quantity F„„,—F+„,= 7.81+0.98
is expected to be more reliable due to partial cancelation
of systematic uncertainties. [Note that this result is in ex-
cellent agreement with the CVC prediction based on the
measured lifetime of the electromagnetic analog transi-
tion: F (CVC) —F+„,(CVC) = 8.08 + 0.11.] Substi-
tuting these measured values of F and F+ and An
given above into Eq. (5), one finds

F, = —0.09 + 0.68 . (8)

This result provides an upper limit on the second-class
induced tensor current.

The consistency between these data is quite poor ~ Using
the results of the most recent measurement, one obtains

F = 5.44 6 0.76 and F+ = —2.37 6 0.63.

The P+ spectrum [11] of an allowed 1+ ~ 0+ transi-
tion is

S+(Z, E, Eo) (1+a~E), (7)

where S+ is the Fermi function, a+ ——a+ p 6+(nZ),
a+ ——+(4/3M)F+, and the radiative corrections, b+,
have been calculated by Behrens [11]

6 = —1.3 GeV and b+ ——+2.7 GeV

The determination of F by the a P shape measure-
ment is a indirect procedure; a change of only 3 x 10
in the first excited state branching ratio of the P+ de-

I

B. Muon capture on ' C

The F form factor can be determined via the three
obse"vables accessible to p capture experiments [3] and
appropriate scaling of the form factor: (1) The capture
rate, (2) the polarization of the i2B in the recoil frame
(the so-called longitudinal polarization), and (3) the po-
larization of the i~B in the p frame (the so-called aver-
age polarization).

By virtue of the p-e universality, the capture rate [4]
I', can be expressed in term of the i~B P decay rate I'

I', = K [F,(q )/F, (0)] (1+F „,E„/2M) (2+ z ),

(9)

where q = (p„—p„) = 0.740 m„,

(10)

Mn and Mc are the i2B and C masses, f is the in-
tegrated Fermi function, and C is a correction for the
finite-size charge distribution. After inserting the values

I', = (6.18+ 0.26) x 10 s [17, 18], all d

K=3.63x10 s '
[3],

[F,(q )/F, (0)] = 0.555 + 0.019 [6],
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z = 0.25 + 0.6 [6],

one obtains I" = 4.5 6 0.5.
Finally, combining this result with the average value

of Aa, one finds

I", = —0.68 + 0.68.

Clearly, the measurement of the capture rate is the main
source of uncertainty and because of the slow rate of the

p capture with respect to the p lifetime and the quite
high branching ratio to excited states (10'%%uo), we do not
anticipate significant improvement on this result.

C. The analog electromagnetic transition

The conservation of the vector current predicts a rela-
tion between the F+ form factors and the M1 isovector
radiative decay of the analog state:

F+ (CVC)/M = ( I/F+)[(3/a)t'~ /E (13)

where E& ——15.109 + 0.004 MeV. The axial-vector form
factors FP deduced [4] from the P+ decay rates of ~2B

and ' N are F, = 0.51, I" + = 0.48. The weighted av-

erage of six measurements of I ~ [19] using the technique
of nuclear resonance fluorescence (after reevaluation with
currently accepted branching ratios) is I'~ = 40.4 6 2.0
eV. Six measurements of I'z using ~2C(e, e') have been
published. The combined result of the three first mea-
surements is I'z ——32.6 + 3.5 eV. Finally, the latest three
experiments yield I'& ——37.0 + 1.1 [19], 35.74 + 0.86
eV [20], 38.5 6 0.8 eV [21]. It is usually accepted that
the resonance of fluoresence and the electron scattering
methods agree at the level of 10%. We adopt the value
I'~ = 38.8 + 1.6 eV which is an average of the combined
data obtained by nuclear resonance fluorescence and the
combined result of the last three electron scattering ex-
periments; the error bar is chosen to make the two sets
of data consistent with each other. Then, the predic-
tions of CVC are F = 3.92+0.08, F+ = 4.16+0.08.
Combining this result with the average value ofAo. , one
obtains

III. THE P-v-cr ANCULAR CORRELATION IN Li
AND B DECAYS

I now propose an observable, the average e-v angu-
lar correlation, in Li and B decays, measured in coin-
cidence with the o, 's emitted in the plane perpendicular
to the electron momentum, that should improve signifi-
cantly the uncertainty on the measurement of F, . Thus
the question of second-class current can be investigated

F, = —0.22+ 0.47 GeV

The results of the determination of Fr2 from P decay, p
capture, and electron scattering experiments are consis-
tent with each other and with the absence of second-class
currents, but the experimental uncertainties are quite
large.

without any assumption about the weak magnetism form
factor.

The P decays of sLi and sB feed a very broad level of
the sBe, which splits into two n particles. The leading
terms of the electron-neutrino-alpha angular correlation
are

2E, —E
W(e, v, n) = 1 —(e. n) (v. 6) p — ' F~ (e. v)

2E, +E. -~
+3 M (14)

The relations between F+, F+, and the form fac-
tors c, b, d defined by Holstein [5] are F+ = H/c and
Fr+ = d+/c. A measurement of the momenta of the elec-
tron and both alpha particles overdetermines the neu-
trino momentum. With the conditions ( cos0, p= 0
and ( E, —E„)=0, the e-v correlation becomes

1+(Eo/M) F,( e v). (15)

APPENDIX A: A THEOREM OF WEINBERG

Weinberg [23] has shown that "if we perform any
experiment with arbitrarily large momentum transfer,
tohich does not distinguish between the electron and the
neutrino (e.g. , measurement of the total decay rate or the
average electron-neutrino angular correlation, but not the

The W(e, v) observable is directly and only sensitive to
Ft More. over, the A=8 system provides a unique op-
portunity to study the Es dependence of this correlation
because the final state is a broad level. The possible
presence of twice-forbidden vector form factors does not
acct W(e, v) because their contribution vanishes after
averaging over the lepton energy. This is a consequence of
a theorem due to Weinberg (see Appendix A). However,
radiative corrections are expected to contribute to the
asymmetry of the e-v angular correlations. We used (see
Appendix B) the modified spectral function described by
Holstein [5] to make an estimate of the radiative correc-
tion. The expected asymmetry is 2Es(F2 p0.04) GeV
If this estimate is correct, the contribution of the radia-
tive corrections to the e-v angular correlation is well be-
low the present upper limit on F~2. To the extent that
isospin is a good symmetry, the twice-forbidden axial
terms will contribute equally to the P and P+ angular
correlations. Due to the breaking of isospin symmetry in
the real world, the twice-forbidden axial terms will give
rise to an asymmetry between the P and P+ correla-
tions. This asymmetry is expected to mimic a non zero
E~ at a level 3 to 4 times below the present upper limit
on S", .

An experiment [22] to measure the P-cr-a correlation
in Li and 8 is currently under development at the Uni-
versity of Washington. This experiment is expected to
improve the precision of the F2 measurement by a factor
5.

I thank E.G. Adelberger for help with the exposition.
This work was partially supported by the U.S. Depart-
ment of Energy.
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measurement of the electron energy spectrum) and if we

may neglect the charge and mass of the /epton, then there
can be no interference between the vector and the axial
vector current. "

The weak magnetism and the twice-forbidden vector
form factors contribute to the e-v angular correlation via
an interference with the leading order form factor I' of
the axial current and, thus, their contributions are ex-
pected to vanish after averaging over the lepton energy.

It can be shown [5] that the twice-forbidden vector
form factors contribute to the electron-neutrino angular
correlation with the following kinematical dependence:

f2 (e ~) + fig [(e n) (C . n) —a(e ~)] (Bl)

with fq —— &F—,+ (recoil order form factors) and fi2 =
F,—+(recoil order form factors). The sum of the

leading-order contributions clearly vanishes. To take into
account the radiative corrections, we consider the modi-
fied spectral functions defined by Holstein [5]

defined in Holstein [5], it is found that the allowed ap-
proximation term of e-v angular correlation is the sum
of two terms:

Eo —2E
2M

EO2 —2E Ep + nz2

2M2

(A 1)

(A2)

with 6 = +F, (8nZ/3ir)[-E(2X+ Y) —E X],

(B2)

Clearly, after averaging over lepton energy, these contri-
butions vanish as predicted by the theorem, except for
the small m, /2M term which can be totally neglected.

APPENDIX B: RADIATIVE CORRECTIONS

Although the mass of the electron can be neglect, ed,
its charge cannot. This charge may well induce measur-
able radiative corrections. Using the spectral functions

f» = f2+ &i2,

&+ = &2 —
s Dig ——+(8nZ/3ir)(E —Eo)X. (B4)

with 6i~ —+F, (8nZ/3ir)E(5X + 4Y), (B3)

where X = Y = 9irR/140 for uniform electrical and weak
charge densities. Finally, the contribution 6+ of the ra-
diative corrections to the average e-v angular correlation
1S

[1] R. J. Blin Stoyle, Fundamenta/Interactions and the Nu

cleus (North Holland, Amsterdam, 1973).
[2] E. Commins and P. Bucksbaum, Weak interacti ons of'

Leptons and Quarks (Cambridge University Press, Cam-

bridge, England, 1983).
[3] L. Grenacs, Annu. Rev. Nucl. Part. Sci. 35, 455, (1985).
[4] W. Y. Hwang and H. Primakoff, Phys. Rev. C 16, 397

(1977).
[5] B. Holstein, Rev. Mod. Phys. 46, 789 (1974).
[6] H. Ohtsubo, Proceeding of the International symposium

of Weak and E/ectromagnetic interachons in Nuclei, Hei

delberg, I986, edited by H. V. Klapdor (Springer-Verlag,
Berlin, 1986).

[7] P. Lebrun et al. , Phys. Rev. Lett. 40, 302 (1978).
[8] Y. Masuda et a/. , Phys. Rev. Lett. 43, 1083 (1979).
[9] H. Brandle et al. , Phys. Rev. Lett. 40, 306 (1978).

[10] K. Sugimoto et al , in Proc.eedings of the International
Conference on Nuclear Structure, Tokyo, 1977 (unpub-
lished), p. 801.

[11] H. Behrens and L. Szybisz, Z. Phys. A 77, 273 (1975).
[12] T. Mayer-Kukuk and T. C. Michel, Phys. Rev. 127, 545

(1962).
[13] F. P. Calaprice and B. R. Holstein, Nucl. Phys. A273,

301 (1976).
[14] Y. K. Lee, L. W. Mo, and C. S. Wu, Phys. Rev. Lett. 10,

258 (1963).
[15] C. S. Wu et al. , Phys. Rev. Lett. 39, 72 (1977).
[16] W. Kaina et al. , Phys. Lett. 708, 411 (1977).
[17] E. J. Maier et a/. , Phys. Rev. 133, B663 (1964).
[18] G. T. Reynolds, Phys. Rev. 129, 1790 (1963).
[19] B. T. Chertok et al. , Phys. Rev. C 8, 23 (1973).
[20] E. Spamer et a/. , in Proceedings of the International Con

ference of Nuc/ear Electron Scattering and Photoreaction,
Sendai, Japan, edited by K.Shoda and H. Ui (Research
Report of Lab. of Nuclear Science, Tohoku Univ. , 1972).

[21] U. Deutschmann, G. Lahm, R. Neuhausen, and J. C.
Bergstrom, Nucl. Phys. A411, 337 (1983).

[22] Nuclear Physics Laboratory, University of Washington,
Annual report 1991, p. 31.

[23] S. Weinberg, Phys. Rev. 112, 135 (1958).
[24] E. Henley and L. Wolfenstein, Phys. Lett. 368, 28

(1976).


