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Laser-based measurement of parity violation in hydrogen
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A parity violation experiment based on stimulated emission in atomic hydrogen is analyzed. The intensity
of a laser field within an optical cavity provides the experimental signal. We find that such a measurement
would offer several advantages compared to previous experiments based on microwave spectroscopy, including
a well-defined interaction region and a short coherent interaction time.
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I. INTRODUCTION

Atomic parity violation (APV) provides a unique probe
of electroweak theory at very low energies. At their core,
such experiments measure the strength of the parity violating
weak interaction between electrons and nucleons, which can
be characterized by dimensionless nuclear spin-independent
coupling constants C1p and C1n (electron-proton and electron-
neutron coupling, respectively), and nuclear spin-dependent
coupling constants C2p and C2n [1]. These constants relate to
other weak interaction parameters such as the Weinberg mix-
ing angle, sin2θW , and the proton’s weak charge, QW , which
are determined through scattering experiments at higher en-
ergy [2–5]. A comparison between APV and scattering ex-
periments provides an excellent test of the running of the
Weinberg angle. While APV experiments typically probe
transitions at the ∼1 eV energy region, they are sensitive
to beyond-Standard-Model physics, and they set limits on
possible new particles at the TeV scale [6]. For example, a
precise measurement of sin2θW at low momentum transfer
would help facilitate the search for the dark Z boson [7].

In 1974, Bouchiat and Bouchiat analyzed possible parity
violating effects in heavy atoms, and they found that the
parity violating amplitude grows faster than Z3, where Z is the
atomic number [8]. Numerous successful heavy-atom APV
experiments have been performed since [9–18]. To date, the
Boulder cesium experiment remains the most precise APV
experiment, resulting in the only observation of an anapole
moment [15].

However, the argument in favor of heavy-atom APV is
more nuanced than it initially appears. Hydrogen, with its
nearly degenerate states of opposite parity, produces APV
amplitudes that are similar in magnitude to those of cesium.
In addition, experiments in hydrogen and deuterium offer
several other attractive features—the four electron/nucleon
coupling constants can be experimentally isolated by per-
forming measurements of hydrogen and deuterium at several
magnetic fields, and the required atomic physics calculations
can be performed with high accuracy. This can be compared
with cesium, where sophisticated atomic and nuclear structure
calculations are necessary to extract sin2 θw, which have been
continually refined over the past 20 years [6,19].

Interest in hydrogen APV experiments began even be-
fore the advent of the Glashow-Weinberg-Salam theory of
electroweak interactions [20,21]. By the early 1980s, three
groups—at Michigan, Washington, and Yale—had started ex-
periments to measure such effects within the n = 2 manifold
of hydrogen using microwave spectroscopy and fast atomic
beams [22–24]. Although the limits slowly improved, none of
the experiments were successful in observing parity violation,
and all were eventually abandoned. In 2007, Dunford and Holt
proposed another APV measurement in hydrogen, also using
microwave transitions within the hydrogen n = 2 state; their
scheme utilizes a thermal beam of hydrogen at 77 K and they
discuss methods to mitigate the systematic effects from stray
electric fields [25].

The aim of this article is to provide analysis for a laser-
based hydrogen APV measurement. Considering previous
hydrogen APV measurements were limited by stray electric
fields, laser-based measurements have the advantage that in-
teraction regions are very well-defined and can be made far
away from surfaces. In terms of such measurements, there
has only been one proposed—the absorption of circularly
polarized light between the 2s-3s states [26]. Here, we analyze
a laser-based scheme based on stimulated emission, and we
conclude that it would be far superior in terms of signal-to-
noise compared to the previously proposed absorption mea-
surement, and it deserves close consideration.

II. GENERAL CONSIDERATIONS

The measurement we consider would be performed within
a static magnetic field. Michel was the first to suggest that by
performing a hydrogen parity nonconservation measurement
in a static magnetic field, opposite parity states can be made
to cross, which will increase the parity nonconserving ampli-
tude, Apnc [21]. For the laser-based experiment we consider
here, this will increase the statistical signal to noise. In ad-
dition, the use of a magnetic field also allows one to isolate
contributions from nuclear-spin-dependent and nuclear-spin-
independent coupling constants. The Zeeman splitting of the
hydrogen n = 2 and 3 manifolds is shown in Fig. 1. We use
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FIG. 1. Zeeman splitting of hydrogen within (a) the n = 3 man-
ifold and (b) the n = 2 manifold. The position of the level crossing
near 1200 G is shown in both figures, and the frequency axes are with
respect to the 3s and 2s hyperfine centroids, respectively. Lamb’s
notation is used to represent the fine structure. Hyperfine levels are
included in both plots, but the splitting is too small to observe in (a).

Lamb’s notation [27] to describe the fine structure within both
manifolds with subscripts indicating the mF quantum number.

While level crossings occur near both 550 and 1200 G,
we will focus on the level crossing between |2β0〉 and |2 f0〉,
but note that the same analysis can be applied to |2β0〉 and
|2e0〉. Figure 2 shows the level crossing region in more detail.
Because the weak interaction conserves the mF quantum
number, the relevant weak-induced Rabi frequencies near this
level crossing are

〈2 f0|Uw|2β0〉
h̄

= iV̄ (C1p + 1.1C2p) ≈ 7 i × 10−3 s−1,

(1)
〈2 f−1|Uw|2β−1〉

h̄
= iV̄ (C1p − C2p) ≈ −6 i × 10−4 s−1,

FIG. 2. Zeeman splitting of hydrogen within the n = 2 manifold
near the level crossing around 1200 G. The subscripts indicate mF .

where Uw is the parity nonconserving weak energy, V̄ is the
APV coupling strength (given by ≈0.013 Hz for n = 2), and
the numerical values are the approximate Standard Model pre-
dictions [1,25]. Since it is about one order of magnitude larger,
we will concentrate on the 〈2 f0|Uw|2β0〉 matrix element and
define �w as

�w = 〈2 f0|Uw|2β0〉
h̄

, (2)

where it is important to note that this Rabi frequency is purely
imaginary.

Before investigating our laser-based method to measure
�w, we will first consider an early and simple proposal
given in [21]. At the level crossing, the weak interaction will
mix the metastable |2β0〉 with |2 f0〉, inducing decay back to
the hydrogen ground state, emitting a Lyman-α photon. The
number of decays from |2β0〉 due to the weak interaction is
given by 4 |�w|2/γ2P ≈ 3 × 10−13/s, where γ2P is the decay
rate from |2 f0〉. Therefore, a measurement of this decay rate
performed by detection of the resulting Lyman-α photons
effectively measures the weak interaction.

From a purely statistical vantage point, a measurement
of this sort appears possible. While the decay rate is ex-
tremely small, a beam-type experiment with 1010 |2β0〉 atoms
within the measurement volume would produce count rates of
0.003 Hz. A 10% measurement of �w would require only a
few hours of data collection. Of course, the challenge, which
was also recognized by Michel [21], is that it would seem to be
nearly impossible to differentiate these decays from the large
background that would also be produced. Two-photon decays
out of the 2S state occur at a rate that is about 13 orders of
magnitude larger than the rate due to weak interactions, and
collision-induced decays would likely be even larger.

To produce signals that are larger than the background,
one typically aims to interfere Apnc—given in the last ex-
ample by the steady-state amplitude in the |2 f0〉 due to the
weak interaction, 2�w/γ2p—with some larger parity con-
serving amplitude, Apc. With this, the total transition rate is
proportional to

|Apc + Apnc|2 = |Apc|2 + 2|Apc||Apnc|cosφ + |Apnc|2, (3)

where φ is the phase between Apc and Apnc. The last term,
|Apnc|2, is very small and will be dropped going forward, and
the sign of the cross term depends on the handedness of the
apparatus, which is inverted by adjusting φ by π . The count
rate will then be given by

R± = ηNaγ2p(|Apc|2 ± 2|Apc||Apnc|), (4)

where Na is the number of atoms within the measurement
volume, and η is the detection efficiency. Since the value
of Apc can be controlled in a laboratory setting, it can be
increased until the second Apnc-dependent term is larger than
the background. However, as discussed in [23], Apc should not
be made too large, or systematic effects associated with Apc

itself may become problematic.
During a typical measurement, the handedness of the ap-

paratus is reversed and the results subtracted to isolate the
Apnc-dependent term. With this, the shot-noise limited signal-
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FIG. 3. Measurement scheme to introduce a parity conserving
amplitude that interferes with �w at the |2 f0〉 state. (a) The energy
levels of interest along with relevant fields driving the transitions.
(b) Schematic of the applied fields within the interaction volume; the
atomic beam is traveling along the direction of the magnetic field,
Bz. An applied electric field, Ez, will be parallel or antiparallel to
the atomic beam. The two laser fields are collinear and propagating
transverse to the atom beam.

to-noise ratio is given by

SNR =
1
2 (R+ − R−)τ√

1
2 (R+ + R−)τ

= 2
√

ηNaτγ2pApnc, (5)

where τ is the total measurement time. We obtain the familiar
result that simply introducing a parity conserving amplitude,
Apc, neither improves nor degrades the statistical signal-to-
noise ratio. Therefore, a good baseline for the SNR achievable
in a generic APV measurement based within the hydrogen
n = 2 manifold is found by setting Apnc to the amplitude given
in the simple example above. Doing so provides the SNR
given by

SNRb = 4 �w

√
ηNaτ

γ2p
. (6)

In evaluating our laser-based stimulated emission experiment,
which is the focus of this article, we find it helpful to compare
with this baseline SNR.

III. MEASUREMENT BASED ON STIMULATED EMISSION

As discussed in the previous section, a simple measure-
ment based on weak-induced decays of hydrogen from the
|2β0〉 state would be impossible due to the large background.
Therefore, the introduction of a parity conserving amplitude
is necessary. Unfortunately, a simple DC electric field used
to Stark-mix the |2β0〉 and |2 f0〉 states will not produce the
desired interference since �w will be imaginary whereas the
Stark amplitude will be real [26].

Therefore, we consider producing the parity conserving
amplitude by driving the 2S-3S two-photon transition at 1312
nm with Rabi frequency �2 [28], along with the 3S-2P
transition at 656 nm with Rabi frequency �1. For the upper
level, we choose the |3β0〉 state since it has, by far, the largest
two-photon transition probability when starting at |2β0〉. The
relevant levels associated with this scheme are shown in
Fig. 3. Constructive or destructive interference between Apnc

and Apc is possible by adjusting the relative phase between the
two laser fields in a manner similar to that shown in [29].

This measurement scheme offers an attractive way to detect
�w that does not rely on the measurement of Lyman-α pho-
tons, but instead would aim to detect the stimulated emission
from |3β0〉 to |2 f0〉, which mitigates the large background
further. Measurements of APV using stimulated emission to
increase detector efficiency have previously been used in [16].

To analyze this measurement scheme, we start with the
Lindblad form of the master equation, which describes the
time evolution of the density matrix of our system,

∂tρ = − i

h̄
[H, ρ] + L[σ ], (7)

where  is the spontaneous emission rate of each relevant
state (γ2p for |2 f0〉 and γ3s for |3β0〉) and L[σ ] is the Lindblad
superoperator defined as

L[σ ] = σρσ † − 1
2 (σ †σρ + ρσ †σ ), (8)

with σi j = |i〉〈 j| being the atomic lowering operator. The
Hamiltonian is comprised of state energies, Hk , and inter-
action terms in the rotating wave approximation, H = Hk +
H1 + H2 + Hw [25,28,30]:

Hk = h̄ωkσkk,

H1 = h̄
�1

2
(σ f 3eiφ + σ

†
f 3e−iφ ),

H2 = h̄
�2

2
(σβ3 + σ

†
β3),

Hw = h̄(�wσ f β + �∗
wσ

†
f β ),

(9)

where φ is the relative phase between the one-photon and two-
photon laser fields.

We consider the limit of weak excitation in which γ � �

for all transitions, and we assume that the system is initially
in |2β0〉. Allowing population to transfer out of the |2β0〉 state
at the damped Rabi rate, ∂tσββ = 4�2

2/γ3s, we can solve the
system of density matrix equations for the otherwise steady-
state single-photon coherence term ρ f 3. Doing so, we find

ρ f 3 = �1�
2
2

γ 2
3sγ2p

eiφ + 2|�w|�2

γ3sγ2p
. (10)

Using this coherence term, the gain coefficient, (g), of
the single-photon laser field propagating through the atomic
medium can then be obtained by combining both the suscep-
tibility relation shown in [31], ε0E0χ

′′ = 2Nμ f 3Im(ρ f 3e−iφ ),
and the single pass gain equation, (g) = −ωlχ ′′/c, described
in [32]. Here, ε0 is the vacuum permittivity, E0 is the electric
field of the laser, N is the number of atoms in the interaction
region, μ f 3 is the dipole matrix element between the |3β0〉 and
|2 f0〉 states, and l is the length of the gain medium. The gain
coefficient is calculated to be

(g) = na

�

(
�2

1�
2
2

γ 2
3sγ2p

+ 2|�w|�1�2

γ3sγ2p
cos φ

)
, (11)

where � is the photon flux associated with �1, na is the atomic
density, and we have dropped the very small term proportional
to |�w|2. To simplify the notation, we introduce 

(g)
0 and 

(g)
w
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through

(g) = 
(g)
0 + (g)

w cos φ. (12)

From this expression, we note that the single pass gain through
the medium will be given approximately by the 

(g)
0 value

with only a small modulation due to 
(g)
w . The reversal of the

handedness of the apparatus is accomplished by incrementing
φ by π . This can be understood intuitively since a laser field
superimposed with its second harmonic defines a preferred
direction in space depending on the relative phase of the two
fields. Whether this direction is parallel or antiparallel to the
magnetic field defines the handedness.

The larger gain coefficient, 
(g)
0 , can be varied experimen-

tally through the two-photon Rabi frequency �2. Since 
(g)
0

is the more experimentally relevant quantity, it is helpful to
frame the problem entirely in terms of that coefficient. Doing
so, 

(g)
w can be written as

(g)
w = 2

√
na 

(g)
0

�γ2p
|�w|. (13)

To calculate the SNR for this measurement scheme, we first
solve for the photon flux at the output of the measurement
volume, which is taken to have a length l . This is done by
solving the differential gain equation, d�/dl = (g)�. The
result is

�(l ) = �(0)e
(g)
0 l + 4

√
�(0)na


(g)
0 γ2p

|�w|
(

e
(g)
0 l − e


(g)
0 l

2

)
cos φ.

(14)

Then, we replace R± in Eq. (5) with the photon detection rate,
given by �(l )ηA, where A is the area of the laser beam. The
result is

SNRe = SNRb
e


(g)
0 l

2 − 1√


(g)
0 l

. (15)

This expression almost reproduces our baseline estimate
of the signal to noise discussed earlier—but with an extra
expression related to the total photon gain through the atomic
medium. The baseline expression is recovered for 

(g)
0 l ≈

1.65. However, we emphasize that this expression is not valid
for 

(g)
0 l much greater than 1 due to saturation effects that have

been ignored in this analysis.
The previous analysis indicates that 

(g)
0 l ≈ 1 is desir-

able from a statistical perspective. However, for technical
reasons this may be difficult to achieve in practice. For in-
stance, we can consider a thermal beam of |2β0〉 atoms, a
centimeter-scale interaction volume, a metastable density of
3 × 109 cm−3 (density limits for a 30 cm mean free path,
given in [25]), and weak excitation from |2β0〉 to |3β0〉.
For these experimentally reasonable values, an estimate gives


(g)
0 l ∼ 0.03, which would severely degrade the SNR ac-

cording to Eq. (15). Therefore, we now consider 
(g)
0 l 	 1

along with the addition of an optical cavity to enhance the
field associated with �1, as shown in Fig. 4. This effectively
increases the interaction length of the medium by the power
buildup of the cavity. Given the modest increase in interaction

DM DM
IC OC

HR

Int. Vol.

PD

PD656 nm

13
12

 n
m

z x

y

FIG. 4. Schematic of the experimental setup; metastable hydro-
gen atoms travel through the interaction volume (Int. Vol.) along
the z-direction. The 656 nm field is built up in a low finesse cavity
comprised of an input coupler (IC), an output coupler (OC), and a
high reflector (HR). Dichroic mirrors (DC) are used to overlap the
two laser fields entering the cavity, then separate the fields before
detection onto a photodiode (PD). The 656 nm light provides the
measurement signal of the stimulated emission generated from |3β0〉
to |2 f0〉. Both lasers would be polarized in the z-direction, and the
relative phase would be varied to produce constructive or destructive
interference at |2 f0〉, isolating �w . Electric field plates will also be
present to control the field within the interaction volume, but they are
excluded from the diagram for clarity.

length required, a buildup of 100 is likely sufficient. To have
a well-defined phase between the 1312 and 656 nm fields, it
would be necessary to build the 656 nm buildup cavity as a
ring cavity so that the two fields are copropagating.

To analyze this case, we assume the optical cavity has
an input and an output coupler both with transmission T .
With such low cavity finesse, we can assume that all cav-
ity loss is through mirror transmission, and the relationship
between the photon flux incident on a cavity �in and the
photon flux transmitted �out is then given in the semiclassical
approximation by

�out

�in
= 1(

1 − (g)l
2T

)2

≈ 1

(1 − α(g) )2
− 

(g)
w l

T

cos φ

(1 − α(g) )3
, (16)

where α(g) = 
(g)
0 l/(2T ). In this case, the experimental setup

resembles an injected laser below threshold. The dimension-
less parameter α(g) can be thought of as determining the
system’s proximity to the lasing threshold.

From the last expression, we can calculate the statistical
SNR with the addition of an optical cavity, which is given by

SNRcav
e = SNRb

√
α(g)

√
2(1 − α(g) )

. (17)

This nearly reproduces our previous baseline SNR estimates
where exact agreement is obtained if α(g) is set to 1/2. Similar
to Eq. (15), this result is only valid for α(g) slightly less than
1/2 due to saturation effects being ignored. Nevertheless, this
result shows that the SNR using a laser-based measurement
could approach SNRb, while effectively eliminating the back-
ground inherent in a fluorescence measurement.

Within this measurement scheme, Apc is effectively con-
trolled through the strengths of the 1312 and 656 nm laser
fields. As discussed earlier, Apc should not be made too large
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or else systematic effects related to Apc itself may become
problematic. To quantify this, one can consider the asymme-
try, A, the ratio of differential signal obtained after a reversal
to the total signal, given by 2Apnc/Apc. Typical values for
asymmetry in APV measurements are usually on the order
of 10−6. Considering our proposed scheme, the asymmetry
in photon counts is given by

A = R+ − R−
R+ + R−

= SNR√
Npη

, (18)

where Np is the total photon count incident on the detector
within a given integration time. For a simple estimate, if
SNR ∼ 1 for τ = 1 s then to maintain 2Apnc/Apc > 10−6 the
total power incident on the photodiode should be <1 μW.
This shows that a likely experimental realization will use
656 nm laser power, which is small but not unreasonable.

IV. DISCUSSION

A. Advantages of the laser-based measurement

Our main result, as shown in Eq. (17), is that our pro-
posed measurement has a statistical signal-to-noise that can
approach SNRb. However, the microwave experiments previ-
ously conducted and proposed were also designed to approach
SNRb. Therefore, this is not the main motivation. Instead,
we believe there are advantages in reduced susceptibility to
systematic effects, and low requirements on the coherence
of the interaction. These two points are discussed in the
following subsections.

1. Systematic effects

Past hydrogen APV measurements performed well in terms
of statistical SNR, but faced serious systematic effects. The
most important systematic was due to stray electric fields
and/or motional electric fields [33–35]. One of the strongest
cases in favor of laser-based measurements is that the interac-
tion volume is very localized and can be made far away from
surfaces. This was significantly more challenging for the past
microwave-based measurements.

The problems of stray field systematics in hydrogen APV
stem from the near degeneracy of opposite parity states. A
static electric field in the z direction of only ∼5 nV/cm
produces a Rabi frequency, �

f0
Ez, between |2β0〉 and |2 f0〉 [as

depicted in Fig. 5(d)] with the same magnitude as �w. How-
ever, it is incorrect to insist that electric fields be controlled at
this level since �w is imaginary and its effects can, therefore,
be differentiated. In fact, a small variable field applied in
the z-direction would allow one to calibrate the size of �w

while continuously varying the relative phase of �1 and �2

in a manner similar to that demonstrated in [29]. The near
perfect reversal that can be obtained through the continuous
adjustment of the relative phase between two laser fields is a
major advantage of this style of laser-based measurements.

In addition to the coupling at |2 f0〉, a stray electric field
in the z-direction will also couple |2β0〉 to |2e0〉. The 656 nm
light can then drive the |3β0〉 → |2 f0〉 transition, creating an
interference that mimics our PNC signal, shown in Fig. 5(b).
This signal is mitigated, however, by the small dipole mo-
ments that exist between the pairs of states, as well as by the

FIG. 5. Possible transitions due to systematics such as stray
electric fields, laser misalignment, and polarization mismatching.
(a),(c) Stray electric fields in the x-direction and x-polarized 656 nm
light. (b),(d) Stray electric fields in the z-direction and z-polarized
656 nm light.

≈1 GHz off resonance of the |2e0〉 state. Further mitigation
occurs when the aforementioned variable electric field is
applied to calibrate �w. Whenever |2 f0〉 is driven with Ez

at the same Rabi rate as �w, the signal due to the |2e0〉
interference is about 104 times smaller than that of the PNC
signal.

More problematic would be stray electric fields orthogonal
to the applied magnetic field, which would couple |2β0〉
and |2e1〉, as in Fig. 5(a). This amplitude would produce an
interference signal by allowing the 656 nm field to then drive
the |3β0〉 → |2e1〉 transition, which could imitate the �w in-
terference at |2 f0〉. However, this spurious interference signal
would be suppressed by two orders of magnitude because
of the ≈1 GHz detuning factor gained between |2β0〉 and
|2e1〉. Additional suppression occurs by ensuring the 656 nm
field is z-polarized with respect to the applied Bz field. Such
a polarization alignment could likely be performed to an
accuracy of ∼10−4 or better.

Similar mixing can occur through the |2β0〉 and |2 f−1〉 state
due to orthogonal stray electric fields, along with the transition
between |2 f−1〉 and |3β0〉 by near-resonant x- or y-polarized
656 nm light [see Fig. 5(c)]. Again, this spurious interference
effect is suppressed through polarization control of the 656 nm
light, and is further mitigated by the nature of small dipole
moments between these states.

Since each of the 2P1/2 sublevels can potentially carry an
interference signal due to stray electric fields, we examine
the relative signal size in terms of photon flux out of the
cavity, compared to the weak result in Eq. (16). Performing
the same analysis as described in Sec. III, but including a static
electric field and off-resonant 2P1/2 states, we solve for the
oscillating term of the cavity output photon flux, �E , due to
an electric field, and we compare to the oscillating term of the
weak cavity output flux, �W . Adding in quadrature electric
field contributions that are in-phase and out-of-phase with the
weak interaction places an upper limit of systematic flux in the
form of

�E

�W
≈ �2P

1∣∣� f 0
1z

∣∣ �2P
E

|�W |
α̃(g)√

1 + (2�ω/γ2p)2
, (19)
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TABLE I. Relative photon flux due to stray electric fields compared to that of PNC effects using Eq. (19). The assumed stray fields are
expected upper limits on both the longitudinal and transverse directions. We assume a polarization purity of 104 in the z-direction. The ratio
�2P

1 /�
f 0
1z is the ratio of single-photon Rabi rates from the upper |3β0〉 state to each of the 2P1/2 states, 2P = {2e1, 2e0, 2 f−1, 2 f0}. The ratio

�2P
E /�W compares Rabi rates of Stark mixing due to stray electric fields at the different 2P1/2 states to the Rabi rate due to weak mixing.

The term α̃ describes the relative lasing thresholds of the medium due to weak interaction compared to stray electric field interactions. We
note in the last column whether each systematic is in- or out-of-phase with the weak Rabi rate, �w . The leading systematic, caused by |2 f0〉,
is out-of-phase with �w , which further suppresses its effects, as discussed in Sec. IV A 2 of the text. The (a) and (c) systematics due to the
presence of an x-direction electric field arise from spurious polarization of the 656 nm field, and thus cannot be said to have a defined phase
with the weak amplitude. For our calculations, we assume these amplitudes to be in-phase with the weak rate. Therefore, the values listed here
represent upper limits but would likely be further suppressed.

2P1/2 Stray �E Polarization �ω/2π Relative
sublevel field suppression �2P

1 /�
f 0
1z �2P

E /�W (MHz) α̃(g) �E/�W phase to �w

(a) 2e1 30 μV/cm x̂ 104 9.5 × 10−5 5.7 × 104 1114 1/8 3.0 × 10−3 und.
(b) 2e0 5 nV/cm ẑ 1 0.034 0.05 1085 1/8 9.8 × 10−6 0
(c) 2 f−1 30 μV/cm x̂ 104 6.9 × 10−7 140 30 1/8 1.0 × 10−5 und.
(d) 2 f0 5 nV/cm ẑ 1 1 1 0 1 1 π/2

where �2P
1 is the one-photon Rabi rate between the |3β0〉

state and respective 2P1/2 states (|2e0〉, |2e1〉, |2 f−1〉, |2 f0〉),
�2P

E is the Rabi rate due to static electric fields, and �ω

is the frequency detuning of the laser to the corresponding
sublevel. The term α̃(g) = (1 − α

(g)
w )3/(1 − α

(g)
E )3 is related to

the relative lasing thresholds of the gain medium due to the
respective weak interaction and to the stray electric fields. In
this case, we set α(g) = 1/2, which implies α

(g)
E 	 α

(g)
w for

2P1/2 sublevels (a), (b), and (c). For each of the sublevels, we
have tabulated the ratio of extraneous systematic photon flux
to the photon flux due to the PNC effect using experimen-
tally realizable limits, which demonstrates that the systematic
effects are significantly suppressed in this experiment. Table I
displays the results of Eq. (19), where we assume stray electric
field amplitudes in both the x- and z-directions of 30 μV/cm
and 5 nV/cm, respectively, and a polarization purity of the
656 nm laser of 104.

2. Systematic effects mitigation

In this section, we demonstrate how the small stray fields
shown in Table I can be achieved experimentally, as well as
showing how a carefully devised measurement scheme can
be made relatively insensitive to the stray-field systematic ef-
fects. Finally, we support these conclusions with an illustrative
simulation that implements a drifting Ez field, showing that
the weak induced signal can still be reliably extracted.

To justify the assumptions of the small orthogonal stray
electric fields in the previous section, we consider rotating the
polarization of the 656 nm field by 90◦ and measuring the
greatly amplified interference signal at |2e1〉. This polarization
rotation can be very accurately performed since within a ring
cavity s- and p-polarization are nondegenerate and thus the
cavity naturally behaves as a polarization filter. In 1 s of
collection time, this system would be sensitive to detecting
fields down to ∼30 μV/cm, which is comparable to the
μV/cm levels of detection achieved in krypton atoms by [36].
By tuning additional electric field plates, the stray fields can be
minimized, and polarization of the 656 nm field can be rotated
back to the z-direction for the PNC measurement, similar to
the method in [15].

One complication to consider is the motional electric fields
that would be present if the atomic beam is not precisely
aligned to the applied magnetic field, demonstrating the ad-
vantages of a cold atomic beam with a small divergence [25].
Given a thermal beam of hydrogen with an average speed
of 1000 m/s and a misalignment between the atomic beam
and a magnetic field of 10−3 rad, the motional electric field
would be ∼1 mV/cm. However, this misalignment could also
be measured and corrected with the same polarization rotation
as described above.

The small longitudinal field of ∼5 nV/cm is justifiable by
the means in which this experiment might be performed in
practice. For instance, an electric field of each polarity can be
applied in the z-direction while conducting phase ramps of the
two lasers. From the relative size of the interference signals
after changing the applied field polarity, one can accurately
measure any additional stray field that might be present, and
one can apply a small zeroing field before performing the
actual PNC measurement. To combat temporal stray field
drifts, these electric field scans can be taken quickly (∼Hz
level), and a correction made. This would then be followed by
a fast PNC measurement. Repeating this process for each PNC
measurement scan essentially eliminates long-term temporal
drift effects, and short-term drifts will average to zero over
many scans.

To demonstrate the effectiveness of this proposed zeroing
method, we present an example simulation of what this data
collection process may look like. Including the effects of
a stray Ez field, we simulated the photon flux exiting the
interaction cavity with appropriate shot noise. We emphasize
that the electric field contributions to the output flux are
orthogonal to that of the weak term, due to the weak matrix
element being completely imaginary, while the Stark mixing
is real. This effect is shown in the cavity output flux,

�out =�in

[
1

(1−α)2
− l

T (1 − α)3

(
(g)

w cos φ + 
(g)
E sin φ

)]
,

(20)

where 
(g)
E is the gain term due to the electric field, and

it is equivalent to that of Eq. (13), with the replacement
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FIG. 6. Simulation results of Ez field zeroing process. (a) Ran-
domly generated Ez field with 1/ f 2 spectral composition along
with simulated measurements at each 2 s measurement cycle.
(b) The difference between the generated and measured electric
field. (c) Simulated measurement of the weak Rabi rate, showing
the expected increase in accuracy after averaging over multiple data
collection cycles.

|�w| → �E . Aiming for generality, we randomly generate
an electric field with 1/ f 2 spectral composition. We perform
the measurement in three cycles: first, we apply a large
(1 μV/cm) Ez field to our interaction region and perform
a 2π phase sweep between our lasers over a 1/2 s period
while integrating the photons exiting our cavity. In a manner
similar to evaluating Fourier components, we can extract E

directly by integrating our measured signal multiplied by sin φ

over the period, which leads to a direct determination of any
Ez field present, while ignoring the effects of a cosine term
contribution. Then we repeat this measurement cycle while
applying a large, negative Ez field to the interaction region.
Using these two measurements, the sign and magnitude of
any stray field is determined and a correction field is applied.
Lastly, with the stray field zeroed, we perform a 1 s PNC
measurement. Again, we use the Fourier coefficient method-
ology to extract w directly, this time by integrating our signal
multiplied by cos φ, further negating the effects of imperfect
Ez field zeroing.

The results of a typical simulation are displayed in Fig. 6.
In particular, Fig. 6(a) shows a randomly generated stray Ez

field, along with the simulated measurement of this field.
For clarity, the difference between the applied field and the
measured field is shown in Fig. 6(b), where we note that
within our 1/2 s measurement times we should be able to
determine the field at approximately the 5 nV/cm level. For
comparison, Merkt and Osterwalder measured an electric field
at the ∼10 μV/cm level over several hours [36]. Therefore,
this implies an upper limit of electric field drift in their
apparatus of 1 nV/cm/s. We use this upper bound within
our simulation. While the integration time is not sufficient to
reduce the stray field to less than 1 nV/cm, and this zeroing
method adds shot noise to the Ez field, we want to emphasize
that the remaining Ez field should not contaminate the weak
measurement. This is for two reasons: the flux signal, as
shown in Eq. (20), is linear in Ez, and so contributions average
to zero over the course of a long measurement. Additionally,
we reiterate the fact that the electric field contributions to our
signal are π/2 out-of-phase with the weak signal, and we are
able to distinguish between the two contributors by utilizing
Fourier component analysis, a method routinely performed in
lock-in amplifiers, for example. This electric field systematic
suppression is evident in Fig. 6(c), which shows the extracted
weak Rabi rate, �w, for each measurement cycle. The data
in this figure are averaged after each new measurement cycle,
and we see a clear trend to the expected SM value, with the er-
ror decreasing at a rate of

√
τ . To check for robustness, we ran

the simulation using several randomized electric field seeds,
and we produced similar results in all cases. Additionally, the
sign of the weak interaction can be determined by comparing
the relative phase of the weak amplitude to the signal from the
parallel or antiparallel applied fields.

3. Low coherent interaction time

An obvious technical challenge introduced in previous
hydrogen APV experiments is that, while the 2s state is
metastable, collisions will induce decays producing a large
Lyman-α background. This issue was somewhat avoided in
the microwave measurements performed in the mid 1970s to
early 1990s by measuring transitions between two metastable
2s states. This introduced an atomic coherence time equal to
the entire interaction time of the atoms with the microwave
fields. The experimental signal was then given by the remain-
ing metastable population after one of the 2s states involved
in the transition was quenched. This long atomic coherence
allowed such measurements to approach SNRb, but it also
puts requirements on the uniformity of the axial magnetic
field—interaction times of 1 μs require �B/B ∼ 10−4 over
the measurement volume [25].

In the laser-based measurements discussed here, the exper-
imental signal is the power of a visible laser field at 656 nm, so
the issue of Lyman-α background is again avoided. However,
now the atomic coherence time is given by τ2p ≈ 1.6 ns.
Therefore, from the perspective of SNR, the requirements on
the uniformity of the applied magnetic field are very low and
are determined only by the need to drive the 2s-3s two-photon
transition on resonance.
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While increasing the atomic coherence is often beneficial
for many precision measurements, we emphasize that this
is not the case here. Both the microwave measurements,
which require coherent interaction times of 1–1000 μs [25],
and the measurement proposed here, which has a coherent
interaction time of only 1.6 ns, can approach SNRb. However,
as discussed above, the long coherent interaction time nec-
essary for the microwave measurements introduces stringent
requirements on the uniformity of the applied magnetic field.

B. Practical SNR considerations

As is clear from Eq. (6), there are limited ways in which
the SNR can be optimized since both �w, and γ2p are fixed
properties of atomic hydrogen and η < 1. Clearly, the most
attractive method to increase the SNR is to maximize Na,
the number of metastable atoms within the interaction region.
However, as discussed in [25], collision-induced decay from
the |β0〉 state will limit the density to about 3 × 109 at/cm3 if
the mean free path is kept to about 30 cm. With a transverse
laser beam size of about 1 cm, Na ∼ 109 should be possible
resulting in SNRb ≈ 0.1

√
τ . For these rough estimates, a 10%

measurement of �w could be achieved with a few hours of
integration time.

The flux of metastable |2β0〉 atoms through the apparatus
would need to approach ∼1015 s−1 for the estimates given
above. While several methods for achieving this in a thermal
beam have been previously proposed [25], here we point out
that such metastable production using the 1s-2s transition and
a power-scalable and cavity-enhanced 243 nm laser source is a
promising possibility. Approximately 100 W in a 1 cm beam,
aligned at a small angle to the atomic beam, could be sufficient
to excite 1% of the population to the |2β0〉 state. A recent
demonstration of cavity-enhanced 243 nm radiation appears
hopeful in this regard [37].

C. Generality of results

As discussed above, we believe this laser-based measure-
ment of APV in hydrogen is competitive in terms of statis-
tical SNR and has distinct advantages when compared with
microwave hydrogen APV experiments. We now address how
representative this specific scheme is. To elucidate this issue,
it is first helpful to note that, all other things being equal,

�w ∝
√

n2 − 1

n4
, (21)

where n is the principal quantum number [1]. This scaling
suggests that 2s-2p level crossings within the n = 2 manifold
will produce the most sensitive measurements of �w.

With a focus on the hydrogen n = 2 manifold, it is apparent
given the general considerations in Sec. II that the measure-
ment will ultimately be limited by Apnc = 2�w/γ2p. There-
fore, a sensitive measurement should aim to introduce a parity
conserving amplitude Apc without degrading Apnc. Applying a
magnetic field to make the |2β0〉 and |2 f0〉 states degenerate
allows the full amplitude Apnc to be realized at |2 f0〉. To then
avoid degrading that amplitude, one can interfere Apc at that
state—exactly what our measurement scheme accomplishes.

The precise manner in which Apc is introduced is less
important. For instance, three separate dipole-allowed transi-
tions could be driven to move population from |2β0〉 to |2 f0〉.
This could provide some technical advantage since the power
required to drive the first two legs of the transition would
be significantly less than that required for the two-photon
scheme. For centimeter-scale interaction volumes, ∼100 W
of 1312 nm radiation is required if the two-photon scheme is
used. If three dipole-allowed transitions were used, the power
requirements would be reduced but the conclusions of Sec. III
would remain the same.

For comparison, we have also analyzed the only other
laser-based hydrogen APV measurement proposed in the
literature—the absorption of 656 nm laser radiation tuned to
the transition between |2β0〉 and |3β0〉 [26]. This transition can
occur because of the weak mixing between |2β0〉 and |2 f0〉,
which, as in the last example, are made to cross near 1200 G
magnetic field. To introduce a parity conserving amplitude,
it was suggested to introduce a DC electric field in the y-
direction to Stark mix |2β0〉 with |2e1〉 [26]. In this case, a z-
polarized field is required to drive the weak-induced |2 f0〉 →
|3β0〉 transition, and an x-polarized field is required to drive
the Stark-induced |2e1〉 → |3β0〉 transition. The interference
at |3β0〉 will be determined by the relative phase of these
two fields, which results in differential absorption for circular
polarization of different handedness [1/

√
2(ẑ ± ix̂)]. To the

best of our knowledge, the SNR for this measurement has
never been presented in the literature. The analysis follows
that of the previous section, and here we simply quote the
result, which is found to be

SNRcav
a = SNRb

√
2α(a)

1 + α(a)

∣∣�cav
z

∣∣
√

γ2pγ3s
. (22)

Here α(a) is the cavity absorption parameter analogous to
α(g) above, and the α(a)-dependent factor has a maximum
of 1√

2
when α(a) = 1. The Rabi frequency �cav

z is evaluated
using the intracavity laser field, which is necessarily much
less than

√
γ2pγ3s if saturation effects are to be avoided.

Overall, this shows that the absorption scheme significantly
under-performs compared to the stimulated emission scheme.
The lower performance can be easily understood from the
arguments above since the interference between Apnc and Apc

occurs at |3β0〉. Therefore, Apnc is degraded by requiring
population to be transferred efficiently from |2 f0〉 to |3β0〉.

D. Auxiliary experiments

As previously stated, the experimental scheme described
here allows a measurement of the linear combination, C1p +
1.1C2p, but a similar result can be obtained at the level cross-
ing near 550 G with very little change to the apparatus. The
additional measurement at this level crossing between |2β0〉
and |2e0〉 allows for a direct measurement of C2p, and thus
allows for both coupling constants to be extracted. A precision
measurement of these coupling constants would also lead
to a low momentum transfer measurement of the Weinberg
mixing angle (described in [7]), potentially testing for dark
sector physics.
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Thus far, our discussion has focused on hydrogen—
although, in practice, measurements would also be conducted
in deuterium. A measurement conducted in deuterium would
be sensitive primarily to C1n since this is the only electron-
nucleon coupling parameter that is not suppressed in the
Standard Model (see, for instance, [1,25]). Since C1n is about
one order of magnitude larger than C1p and C2p, the same un-
certainty can be obtained with about two orders of magnitude
less integration time. However, it should be stressed that these
measurements provide complementary information.

V. CONCLUSION

APV measurements in hydrogen are compelling due to
the unambiguous interpretation of experimental results. Per-
forming a measurement at two level crossings in hydrogen

allows the determination of the weak electron-proton coupling
constants, and a similar measurement in deuterium results
in the weak electron-neutron coupling constants. The laser-
based scheme presented here offers major advantages over
microwave experiments, including a short coherent interaction
time given by the lifetime of the 2p state (1.6 ns), a well-
defined interaction volume, and straightforward characteriza-
tion of systematic effects.
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