Search for Parity Nonconservation in Hydrogen

EA. Hinds

Physics Department, Yale University,
New Haven, CT 06520, USA

1. Theory

Weak interactions are mediated by the exchange of virtual W+, W- and ZO particles, which
together with the photon are the gauge bosons of the standard electroweak theory of Glashow,
Weinberg and Salam [1]. In stable atoms the electrons have no charged interactions (exchange of
W or W) in first order (that would constitute B-decay) and the second order effects are, of course,
very feeble. On the other hand ZO0 exchange does not affect the charges of the constituent particles
and contributes in first order to atomic structure. The range of the virtual Z9is very short (~ 10-18 m)
because it is massive (~100 GeV/cZ) and for our purposes it is adequate to consider the interaction
asasimple current-current interaction at a point. Assume, asin the standard theory, that the currents
contain only vector (¥) and axial vector (4) components. Then there are four main terms to consider
in the effective Hamiltonian
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Yy and P, are the nucleon and electron field operators, the C’s are coupling constants, v, and ys

are the usual Dirac matrices and G is the Fermi constant. Of course the fundamental couplings
are to the quarks but at low energy it is convenient to consider the nucleons as fundamental. There
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are also terms proportional to the momentum transfer but they are small in atoms.

The first two terms in (1) are of even parity because they involve the product of two odd currents
(the Cyyp term) and of two even currents (the C4 4 term). These interactions cause shifts of the
energylevels of an atom. Thelast two terms are of odd parity and according tofirst order perturbation
theory they do not shift the levels. These are the terms responsible for parity nonconservation in
hydrogen. They may be replaced to a good approximation by a non-relativistic potential Hpy for
an electron interacting with a point proton atr = 0. In atomic units [2]
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Thematrixof H, [pvbetween thenSy, andnPy, states of hydrogenis diagonalin the hyperfine quantum
numbers F and M and the elements are
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In the case of hydrogen with n = 2, Vjh is 0.0128 Hz.

Parity nonconservation in hydrogen was discussed as early as 1959 by Zel’dovich [3]. Later many
practical aspects of making a measurement were explored by Michel [4], but the subject really came
to life with the discovery of weak neutral currents in 1973/74 [5,6]. Almost immediately Feinberg
published two important papers on the weak circular polarization of spontaneous decay radiation
from hydrogenic atoms [7] and Lewis and Williams discussed the rate of excitation of hydrogen
atoms by polarized light [8]. It was subsequently suggested that the best hope of detecting parity
nonconservation in hydrogen lay in microwave transitions among the 251, levels [9] and the three
experiments tried on hydrogen (at Seattle, Michigan and Yale) are all based on such transitions.
Dunford [10] has proposed a similar scheme with He . As yet there are no results of sufficient
accuracy to detect the parity nonconservation. For a fuller and more general account see ref. [11].

2. Principle of the Yale Experiment

The Yale experiment involves the 251, and 2Py states in zero magnetic field. The strength of
the parity nonconserving interaction is measured by a study of hyperfine transition from (2S1,F = 0)
to (2514F = 1) at 178 MHz using an atomic beam of hydrogen.

According to first order perturbation theory the usual (251,F) state [SF> is modified by an
admixture of the (2Py,F) state [PF> to become

<PF|H,,|SF>
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where Egp and E p are the eigenvalues of those two states and we have neglected the smaller effect
of 2P3/7 and other more distant states. Hence the electric dipole matrix element between the states
normally labeled (25, F = 0) and (25, F = 1) is
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The weak interaction matrix elements are given by (3a) and (3b). The energy denominators are
both approximately equal to the Lamb shift $; 969 MHz for F = 0 and 1088 MHz for F = 1.

Consequently the terms involving C %, almost cancel and the electric dipole matrix element is
approximately

43iv
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Of course the main point is that this matrix element is not zero and that an electric dipole hyperfine
transition can therefore be excited.

Fig. 1 indicates the main features of the apparatus. A high intensity 25 atomic beam is produced
by passing a 500 eV beam of protons through a cesium target. The atoms are prepared in the F = 0
state using a microwave state selector [12] to stimulate decay of the F = 1 atoms through transition
to the short lived 2P, levels. The beam now enters the main interaction region in which it passes
sequentially through two separated parallel, coherent oscillating fields. The first field § is magnetic
and drives the normal F = 0—F = 1 magnetic dipole transition. The second field € is electric and
drives the parity-forbidden electric dipole transition F = 0 =F = 1 through the transition moment
discussed above. The F = 1 amplitudes induced at resonance in the two regions may be written

ZMI =up Zn - idge ™"® (7
where p and d are real and proportional respectively to the magnetic dipole and (parity-forbidden)
electric dipole transition moments. The angle ¢, is a quantum mechanical phase (equal to zero if
we ignore the decay of the P states) and ¢ is the phase angle between €and f§ The state amplitudes
are polarized parallel to the fields because the initial F = 0 state is spherically symmetric, Thus the
probability of transitions to the F = 1 state is

P= (ZMI + 71.51)*’ (ZMI + 71.51)
=p®p%+d?e®+ 2pdB - €sin(9,+ ¢). (8)

Herewe see first the allowed M1 term, then the negligible forbidden E1 term andlast the interference

term to be measured, which is proportional to the weak interaction through d and depends on the
odd parity combination of fields f - .

Atoms driveninto the F = 1 state are picked out by asecond state selector (Fig. 1) whichstimulates
F = 0 atoms to decay, but transmits F = 1 atoms. The latter are then detected by measuring the
flux of emitted Lyman-alpha photons when the beam enters a region of strong static electric field.
Thus the number of detected atoms is proportional to P (8). The interference term of interest is
modulated by chopping the phase of the 1f electric field between ¢ and ‘¢ + ;rand is extracted from
the total detector signal by phase sensitive detection.
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Fig 1. Schematic view of the Yale apparatus
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3. Status of the Yale Experiment

At present the apparatus runs with sufficient statistical sensitivity to determine C {5, with an error

of order unity in one day. Unfortunately, there is a relatively large and unexpected transition
amplitude that appears to be both proportional and parallel to the electric field €. Itis evident from
our measurements of the phase and frequency dependence of this amplitude that it is not the
interesting A £ ,0f (7). We believe therefore thatit is the result of some imperfection of our apparatus
which so far we have been unable to identify in spite of several years of effort.

The hypotheses that we have tested include the obvious ones such as a small rf magnetic field or
a stray static electric field in the E1 region. We have also excluded a large class of possible effects
that could occur in the fringes of the electric field € and we have demonstrated that stray magnetic
fields are not responsible. In fact we have not found any experimental variable apart from €that
can influence this transition amplitude.

Although this problem prevents us from observing parity nonconservation in hydrogen we are
able to determine an experimental upper bound C %, < 300 which is the most accurate result so far
from hydrogen. Of course we hope that the mechanism responsible for the systematic error will
come to light, but at present we are not optimistic about the prospects for a large improvement.
Similar problems have been encountered in the Seattle and Michigan hydrogen experiments at a
similar level of precision.

At present several experiments have determined C ,, in various heavy atoms at the 10% level of

accuracyorbetterbutC , hasnotbeen detected inany atom. Forareview of paritynonconservation
in atoms, see [13] or [14].
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