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%'e present a new measurement of parity nonconservation in cesium. In this experiment„a laser

excited the 6S~7S transition in an atomic beam in a region of static electric and magnetic fields.
The quantity measured was the component of the transition rate arising from the interference be-
tween the parity nouconserving amp1itude, g'@wc, and the Stark amplitude, PE. Our results
are Im@'pNc/P= —1.6520. 13 mVlcm and Cq~ ———2%2, where Cir is the proton-axial-
vector —electron-vector neutral-current coupling constant. These results are in agreement with pre-
vious less precise measurements in cesium and with the predictions of the electroweak standard
model. %e give a detailed discussion of the experiment with particular emphasis on the treatment
and elimination of systematic errors. This experimental technique will allow future measurements
of significantly higher precision.

I. INTRODUCTION

The standard model of electroweak unification has
stimulated considerable interest in atomic parity noncon-
servation (PNC) over the last decade. This theory predict-
ed a PNC neutral-current interaction between electrons
and nucleons which would mix the parity eigenstates of
an atom. Although the standard model has now been
tested with moderate precision in a variety of experiments
using high-energy accelerators, atomic PNC data can pro-
vide unique and complementary information about this
interaction. This is because the atomic case probes a very
different energy scale and is sensitive to a different set of
electron-quark coupling constants. Thus precise atomic
data would allow one to measure the radiative corrections'
to the electroweak theory and to explore the possible alter-
natives to the standard model over a larger parameter
space.
In pursuit of this goal, measurements of parity noncon-

servation have now been carried out on bismuth, lead,
thallium, and cesium. ' The approximately Z depen-
dence of the PNC mixing is the reason for the emphasis
on high-Z atoms. Aside from some ambiguity in the ear-
ly bismuth results, all of the data are now in agreement
with the predictions of the standard model. While this
work has provided significant new information, its impor-
tance has been limited by two factors. The first has been
the level of precision of the experimental results, and the
second is the difficulty in relating the observations to the
fundamental electron-nucleon interaction because of the
complexities of the atomic structure.
To overcome these limitations ere have developed a new

experimental technique which will allow precise measure-
ments on cesium. Cesium has the virtue that it is the sim-
plest heavy atom, having one S-state electron outside a
filled inner core. Thus it is highly single-electron in char-
acter and calculations of its structure are more direct and
accurate than for other heavy atoms. In addition, there is
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FIG. 1. Cesium-energy-level diagram showing hyperfine and
weak-field Zeeman structure of the 6S and 7S states.

a wealth of precise experimental data on the various prop-
erties of cesium ground and excited states which can be
used for testing and refining calculations of its wave func-
tions.
In a previous paper we briefly presented the results of

our first measurement using this new technique. Al-
though we expect considerable future improvement, this
measurement is already more precise than previous mea-
surements of atomic PNC and is approaching the pre-
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ST-PV interference

The difference between the two lines

has important implications for the under-
standing of PNC in nuclei. A small fraction

of the difference (about 15%) is predicted

to result from the combination of the had-
ronic axial-vector neutral-current interac-
tion and the perturbation of the hadronic

vector neutral-current interaction by the

hyperfine interaction (8). The remainder is

due to the nuclear anapole moment. Clas-
sically, an anapole moment can be visual-
ized as the magnetic moment produced by a

toroidal current distribution. Because this

moment does not give rise to any long-
range magnetic field, there is only a contact

interaction between the electron and the

nuclear anapole moment.

Theoretical predictions for the size of

the nuclear anapole moment differ by a

factor of ⇥2.5 (8). Given the approxima-
tions in the nuclear theory, our measured

value is in reasonable agreement (25% larg-
er) with the largest predicted value, but not

the smallest. The theoretical differences

primarily arise from how the strength of the

parity-violating force in nuclei is derived

from other experimental data and nuclear

models. This example illustrates that the

measurement of the nuclear anapole mo-
ment provides a valuable probe of parity-
violating forces in atomic nuclei.

The weighted average, 0.465[⌃Im-
(E1

PNC
)/�]

4-3 ⌦ 0.535[⌃Im(E1
PNC

)/�]
3-4

(19, 21), contains no nuclear spin–depen-
dent contribution and is solely due to the

electron axial-vector weak neutral-current

interaction between the quarks and elec-
trons. We obtained a corresponding theoret-
ical value using the standard model (3) and

the calculated values of the relevant atomic

matrix elements (20, 21). This value agrees

with our measured value (Fig. 4), and the 1%

uncertainty in the comparison is dominated

by the atomic theory calculation. In order to

obtain this agreement, the theoretical value

must include radiative corrections, which are

about 5%. We find the weak charge (3) Q
w

to be ⌃72.11(27)
exp

(89)
theory

, and the S
parameter (22) that is used to characterize

certain types of physics beyond the standard

model is ⌃1.3(3)
exp

(11)
theory

. Assuming

that the standard model is correct, this value

of Q
w

is equivalent to sin2↵
w

✏
0.2261(12)

exp
(41)

theory
. These results also

set tighter constraints on most models that

contain more than one neutral vector boson

(3, 23). The exact constraints are model-
dependent but usually mean that the second

boson must be higher in mass or couple more

weakly. Time-consuming but straightforward

extensions of the atomic theory calculations

are expected to reduce their uncertainties

substantially (24), which will either reveal

new physics or tighten all of the constraints

discussed.

REFERENCES AND NOTES
___________________________

1. M. A. Bouchiat and C. Bouchiat, J. Phys. (Paris) 35,

899 (1974); ibid. 36, 493 (1975).

2. C. S. Wu et al., Phys. Rev. 105, 1413 (1957).

3. P. Langacker, M. Luo, A. K. Mann, Rev. Mod. Phys.
64, 87 (1992); J. Rosner, Phys. Rev. D 53, 2724

(1995).

4. Z mass LEP Collaboration, Phys. Lett. B 307, 187

(1993).

5. Uncertainties in experimental value: 1.2% in Pb [D.

M. Meekhof et al., Phys. Rev. Lett. 71, 3442 (1993)],

1.2% in Tl [P. A. Vetter et al., ibid. 74, 2658 (1995)],

3.0% in Tl [N. H. Edwards et al., ibid., p. 2654], and

2% in Bi [M. J. D. Macpherson et al., ibid. 67, 2784

(1991)].

6. Further uncertainties in experimental value: 2.2% in

Cs [M. C. Noecker, B. P. Masterson, C. E. Wieman,

Phys. Rev. Lett. 61, 310 (1988)].

7. Ya. B. Zel’Dovich, Sov. Phys. JETP 6, 1184 (1958).

8. V. V. Flambaum and I. B. Khriplovich, ibid. 52, 835

(1980);iiii and O. P. Sushkov, Phys. Lett. B 146,

367 (1984); W. C. Haxton, E. M. Henley, M. J. Mu-

solf, Phys. Rev. Lett. 63, 949 (1989); C. Bouchiat and

C. A. Piketty, Z. Phys. C 49, 91 (1991); V. F. Dmitriev,

I. B. Khriplovich, V. B. Telitsin, Nucl. Phys. A 577, 691

(1994); C. Bouchiat and C. A. Piketty, Phys. Lett. B
269, 195 (1991); M. G. Kozlov, Phys. Lett. A 130,

426 (1988).

9. S. L. Gilbert, M. C. Noecker, R. N. Watts, C. E.

Wieman, Phys. Rev. Lett. 55, 2680 (1985); S. L.

Gilbert and C. E. Wieman, Phys. Rev. A 34, 792

(1986).

10. B. P. Masterson, C. Tanner, H. Patrick, C. E. Wie-

man, Phys. Rev. A 47, 2139 (1993).

11. C. E. Wieman et al., in Frontiers in Laser Spectros-
copy, T. Hansch and M. Inguscio, Eds. (North-Hol-

land, Amsterdam, 1994); R. W. P. Drever et al., Appl.
Phys. B 31, 97 (1983).

12. C. E. Wieman and L. Hollberg, Rev. Sci. Instrum. 62,

1 (1991).

13. This experiment required a fourth diode laser that

had 4.6-GHz side bands and excited Raman tran-

sitions similar to that used by P. R. Hemmer et al.
[J. Opt. Soc. Am. 10, 1326 (1993)]. This setup

allowed us to determine the m level populations in

the actual interaction region without changing any-

thing in the atomic beam apparatus. Cho et al. (26)

discuss the measurements of m level populations

in more detail.

14. We have done extensive tests to determine that the

average error in the determination of the polarization

was much less than 1 ⇤ 10⌃3. See J. L. Roberts et
al., University of Colorado preprint, and (26).

15. See (9) and references therein.

16. M. A. Bouchiat, A. Coblentz, J. Guena, L. Pottier, J.
Phys. (Paris) 42, 985 (1981).

17. Research Electrooptics, Boulder, CO.

18. C. E. Wieman, M. C. Noecker, B. P. Masterson, J.

Cooper, Phys. Rev. Lett. 58, 1738 (1987). The de-

tails of the related PNC systematic are slightly differ-

ent in this case because of the optically pumped

beam and higher laser powers.

19. Ya. Kraftmakher, Phys. Lett. A 132, 167 (1988); P. A.

Frantsusov and I. B. Khriplovich, Z. Phys. D 7, 297

(1988).

20. V. A. Dzuba, V. V. Flambaum, O. P. Sushkov, Phys.
Lett. A 141, 147 (1989).

21. The band shown in Fig. 4 uses the value of E1
PNC

and � from S. A. Blundell, J. Sapirstein, W. R. John-

son, Phys. Rev. D 45, 1602 (1992); E1
PNC

is also

calculated in (20). The two values agree and have

similar 1% error bars.

22. W. Marciano and J. Rosner, Phys. Rev. Lett. 65,

2963 (1990).

23. K. T. Mahanthapa and P. K. Mohapatra, Phys. Rev.
D 43, 3093 (1991).

24. J. Sapirstein, in Atomic Physics 14: Proceedings of
the 14th International Conference on Atomic Phys-
ics, D. Wineland, C. Wieman, S. Smith, Eds. (AIP

Press, New York, 1995).

25. M. A. Bouchiat et al., J. Phys. (Paris) 47, 1709

(1986).

26. D. Cho, C. S. Wood, S. C. Bennett, J. L. Roberts, C.

E. Wieman, Phys. Rev. A 55, 1007 (1997).

27. This work was supported by NSF grant PHY95-

12150, and J.L.R. acknowledges support of an NSF

predoctoral fellowship.

18 December 1996; accepted 6 February 1997

RESEARCH ARTICLE

http://www.sciencemag.org z SCIENCE z VOL. 275 z 21 MARCH 1997 1763

The difference between the two lines

has important implications for the under-
standing of PNC in nuclei. A small fraction

of the difference (about 15%) is predicted

to result from the combination of the had-
ronic axial-vector neutral-current interac-
tion and the perturbation of the hadronic

vector neutral-current interaction by the

hyperfine interaction (8). The remainder is

due to the nuclear anapole moment. Clas-
sically, an anapole moment can be visual-
ized as the magnetic moment produced by a

toroidal current distribution. Because this

moment does not give rise to any long-
range magnetic field, there is only a contact

interaction between the electron and the

nuclear anapole moment.

Theoretical predictions for the size of

the nuclear anapole moment differ by a

factor of ⇥2.5 (8). Given the approxima-
tions in the nuclear theory, our measured

value is in reasonable agreement (25% larg-
er) with the largest predicted value, but not

the smallest. The theoretical differences

primarily arise from how the strength of the

parity-violating force in nuclei is derived

from other experimental data and nuclear

models. This example illustrates that the

measurement of the nuclear anapole mo-
ment provides a valuable probe of parity-
violating forces in atomic nuclei.

The weighted average, 0.465[⌃Im-
(E1

PNC
)/�]

4-3 ⌦ 0.535[⌃Im(E1
PNC

)/�]
3-4

(19, 21), contains no nuclear spin–depen-
dent contribution and is solely due to the

electron axial-vector weak neutral-current

interaction between the quarks and elec-
trons. We obtained a corresponding theoret-
ical value using the standard model (3) and

the calculated values of the relevant atomic

matrix elements (20, 21). This value agrees

with our measured value (Fig. 4), and the 1%

uncertainty in the comparison is dominated

by the atomic theory calculation. In order to

obtain this agreement, the theoretical value

must include radiative corrections, which are

about 5%. We find the weak charge (3) Q
w

to be ⌃72.11(27)
exp

(89)
theory

, and the S
parameter (22) that is used to characterize

certain types of physics beyond the standard

model is ⌃1.3(3)
exp

(11)
theory

. Assuming

that the standard model is correct, this value

of Q
w

is equivalent to sin2↵
w

✏
0.2261(12)

exp
(41)

theory
. These results also

set tighter constraints on most models that

contain more than one neutral vector boson

(3, 23). The exact constraints are model-
dependent but usually mean that the second

boson must be higher in mass or couple more

weakly. Time-consuming but straightforward

extensions of the atomic theory calculations

are expected to reduce their uncertainties

substantially (24), which will either reveal

new physics or tighten all of the constraints

discussed.
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Figure 10.2: Scale dependence of the weak mixing angle defined in the MS scheme [35,74] (for the
scale dependence in a mass-dependent renormalization scheme, see Ref. [73]). The minimum of the
curve corresponds to µ = MW , below which we switch to an e�ective theory with the W

± bosons
integrated out, and where the —-function for ‚s 2(µ) changes sign. At MW and each fermion mass
there are also discontinuities arising from scheme dependent matching terms, which are necessary to
ensure that the various e�ective field theories within a given loop order describe the same physics.
However, in the MS scheme these are very small numerically and barely visible in the figure provided
one decouples quarks at µ = ‚mq( ‚mq). The width of the curve exceeds the theory uncertainty from
strong interaction e�ects which at low energies is at the level of ±2 ◊ 10≠5 [35]. The Tevatron and
LHC measurements are strongly dominated by invariant masses of the final-state di-lepton pair of
O(MZ) and can thus be considered as additional Z pole data points. For clarity we displayed the
Tevatron and LHC points horizontally to the left and right, respectively.

E.g., QW (133
78Cs) is extracted by measuring experimentally the ratio of the parity violating

amplitude, EPNC, to the Stark vector transition polarizability, —, and by calculating theoretically
EPNC in terms of QW . One can then write,

QW (133
78Cs) = N

3 Im EPNC
—

4

exp.

3
|e| aB

Im EPNC

QW

N

4

th.

A
—

a
3
B

B

exp.+th.

A
a

2
B

|e|

B

, (10.33)

where aB is the Bohr radius. There are currently two semi-empirical approaches to — of similar pre-
cision. The ratio of the o�-diagonal hyperfine amplitude to the vector polarizability was measured
directly by the Boulder group [167]. Combined with the hyperfine amplitude, computed precisely
in Ref. [168], one finds — = (26.957 ± 0.044 exp. ± 0.027 th.) a

3
B

. Alternatively, one can combine [169]
the measurement of the ratio of scalar to vector transition polarizabilities [170] with the recent
calculation of the scalar polarizability [171] to obtain — = (27.139 ± 0.030 exp. ± 0.030 th.) a

3
B

, in
agreement with earlier results [172, 173] based on this approach. The two determinations average
to — = (27.064 ± 0.025 exp. ± 0.021 th.) a

3
B

, while they di�er by 2.7 ‡.
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Figure 2. Illustrations representing system dimensionality d: (a) bulk semiconductors, 3D; (b) 
thin films, layer structures, quantum wells, 2D; (c) linear chain structures, quantum wires, 
1D; (d) clusters, colloids, microcrystallites, nanocrystallites, quantum dots, 0D. 

~(E) 
(a) 

Figure 3. 

E 

N(E) 
(b) 

~(E) 
(c) (d) 

, ) ,  
N(E) 

Densities N(E) of states for (a) 3D, (b) 2D, (c) 1D and (d) 0D systems (corresponding to 
ideal cases). 

states changes from a continuous dependence N(E)ocE 1/2 to a step-like dependence. 
Dingle (1976) has given a simple account for this transition for the thin semiconductor 
layer illustrated in figure 2. The layer has a thickness Lz, with Lx, L r >> Lz, and carrier 
confinement (electrons, holes or excitons) occurs in a 1D potential well, leading to 
quantization of particle motion in the thickness (z) direction, while the carriers can 
move freely in the x and y directions. The optical absorption edge for a simple quantum 
well is now at a higher photon energy than for the bulk semiconductor and, above the 
absorption edge, the spectrum is stepped rather than smooth, the steps corresponding 
to allowed transitions between valence-band states and conduction-band states while, 
at each step, sharp peaks appear corresponding to confined electron-hole (exciton) pair 
states. This is illustrated in a simple way in figure 4 taken from Dingle (1975). 

In two dimensions, Elliott (1957) and Ralph (1965), using a tight-binding 
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We study atomiclike properties of artificial atoms by measuring Coulomb oscillations in vertical

quantum dots containing a tunable number of electrons starting from zero. At zero magnetic field
the energy needed to add electrons to a dot reveals a shell structure for a two-dimensional harmonic
potential. As a function of magnetic field the current peaks shift in pairs, due to the filling of electrons
into spin-degenerate single-particle states. When the magnetic field is sufficiently small, however,
the pairing is modified, as predicted by Hund’s rule, to favor the filling of parallel spins. [S0031-
9007(96)01418-4]

PACS numbers: 73.20.Dx, 72.20.My, 73.40.Gk

The “addition energy” needed to place an extra elec-
tron in a semiconductor quantum dot is analogous to the
electron affinity for a real atom [1]. For a fixed number of
electrons, small energy excitations can take these electrons
to a higher single-particle state. However, due to Coulomb
interactions between the electrons, the addition energy is
greater than the energy associated with these excitations.
Both the addition energy spectrum and the excitation en-
ergy spectrum are discrete when the Fermi wavelength and
the dot size are comparable. Until now a direct mapping of
the observed addition energy, and the single-particle exci-
tation energy, to a calculated spectrum has been hampered,
probably due to sample specific inhomogeneities [2].
The three-dimensional spherically symmetric potential

around atoms gives rise to the shell structure 1s, 2s, 2p,
3s, 3p, . . . . The ionization energy has a large maximum
for atomic numbers 2, 10, 18, . . . . Up to atomic number
23 these shells are filled sequentially, and Hund’s rule
determines whether a spin-down or a spin-up electron is
added [3]. Vertical quantum dots have the shape of a
disk with a diameter roughly 10 times the thickness [2,4].
The lateral potential has a cylindrical symmetry with a
rather soft boundary profile, which can be approximated
by a harmonic potential. The symmetry of this two-
dimensional (2D) harmonic potential leads to a complete
filling of shells for 2, 6, 12, . . . electrons. The numbers
in this sequence can be regarded as “magic numbers” for
a 2D harmonic dot. The shell filling in this manner is
previously predicted by self-consistent calculations of a
circular dot [5]. In this Letter we report the observation
of atomiclike properties in the conductance characteristics
of a vertical quantum dot. We find an unusually large
addition energy when the electron number coincides with
a magic number. We can identify the quantum numbers
of the single-particle states by studying the magnetic
field dependence. At a sufficiently small magnetic field
sB , 0.4 T) we see that spin filling obeys Hund’s rule.
At higher magnetic fields sB . 0.4 T) we observe the

consecutive filling of states by spin-up and spin-down
electrons, which arises from spin degeneracy.
The gated vertical quantum dot shown schematically

in Fig. 1 is made from a double-barrier heterostructure
(DBH). The use of well-defined heterostructure tunnel
junctions allows us to vary the number of electrons in the
dot N one by one from 0 to more than 40 by changing

FIG. 1. (a) Coulomb oscillations in the current vs gate votage
at B ≠ 0 T observed for a D ≠ 0.5 mm dot. (b) Addition
energy vs electron number for two different dots with D ≠ 0.5
and 0.44 mm. The inset shows a schematic diagram of the
device. The dot is located between the two heterostructure
barriers.

0031-9007y96y77(17)y3613(4)$10.00 © 1996 The American Physical Society 3613

S. Tarucha et al.,
PRL 77, 3613 (1996)



Minoru TANAKA

Quantum box: 3-dim. square-well potential
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 n(x, y, z) = 'nx(x)'ny (y)'nz (z)
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Parity violation in e-e neutral current
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Two electrons in the 3-dim. well
One of them is a spectator in the ground state.

H
(NC)
PV =

GF

2
p
2
(�1 + 4 sin2 ✓w)ē�

µe ē�µ�5e
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Non-relativistic quantum mechanical hamiltonian
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Principle of PV experiment
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E1 forbidden transition: (000)→(200)

induced by the weak PV and Stark effect

even-odd state mixing

A = AST +APV
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interference between Stark and PV

the same as Cs atomic PV experiment
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Numerical illustration
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Stark field along the x axis: EST = ESTx̂
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Laser beam along the y axis:
EL = EL(i cos ✓x̂+ sin ✓ẑ)ei(ky�!t)
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AST = i cos ✓ · �mfmie
2ELEST a2CST
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Summary
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Semiconductor nanostructure
artificial atoms, quantized energy levels

Possible rate enhancement mechanism
closely degenerate parity even-odd states

symmetry consideration
the present setup: C4h point group

関連する講演: 吉見さん(岡大) 15pV1-11

Parity violation in the e-e neutral current
illustration with a quantum box
Stark-PV interference ⇠ 10�11/sec
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