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• Weak interactions and standard model

• Violation of inversion symmetry P and time-reversal symmetry T
in atomic physics.

• Weak charge, anapole moment, and Schiff moment of the nucleus
and electric dipole moment of the electron.

• High accuracy ab initio calculations for atoms. Correlations, rel-
ativistic and QED effects.

• Semiempirical and ab initio calculations of P -odd and P, T -odd
effects in diatomic molecules.

◦ Ab initio calculations of the energy difference between mirror
molecules.
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Typical P -odd, T -odd, and P, T -odd effects in optics

P -odd interaction leads to the interference of E1 and M1 transition
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amplitudes. This interference

gives pseudo-scalar correlations

to the refractive index n = n0 +

nP (s ·k) and result in the optical

activity of atomic vapor.

T -odd interaction leads to the dependence of the refractive index on

the direction of the electric field: n = n0 + nT (k ·E).

P, T -odd interaction leads to the Faraday effect in the electric field:

n = n0 + nP,T (s ·E).



Status of the P-odd, T-odd, and P,T-odd interactions

P -odd interaction is relatively well studied. All experiments are in

agreement with SM. Recent high accuracy experiments started to

test the theory on the level of radiative corrections.

T -odd interaction does not exist in SM. It is difficult to introduce it on

the fundamental level. It still may appear as a result of interference

of the P -odd and P, T -odd interactions. Experiment gives only upper

bounds.

P, T -odd interaction in SM is very small but supersymmetry predicts

huge enhancement. Current experimental accuracy is close to SUSY

predictions.



Charged and neutral weak currents
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Charged currents can be seen in nuclear decays and other inelastic
processes, while neutral currents can be also seen in elastic scattering.
In atomic physics they lead to additional non-Coulomb interaction of
the electrons with the nucleus and with each other.

Because of the very large mass of Z-boson, the weak interaction is
contact on atomic scale. It includes P -even, P -odd (PNC), and P, T -
odd parts. P -even part leads to small corrections to isotope shift and
to hyperfine structure.



Effective P -odd electron-nucleus interaction

HP = Hnsi
P + Hnsd

P
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−QW
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)
ρ(~r),

where GF ≈ 1.2225 × 10−14 a.u. is the Fermi constant, ~I is nuclear

spin, ~γi are Dirac matrices, and ρ(~r) is nuclear density.

Dimensionless constants QW and κ characterize the strength of the

NSI and NSD parts respectively. In the lowest order the standard

model gives:

QW = −N + Z(1− 4 sin2 θW) ≈ −N,

where N is the number of neutrons and θW is Weinberg angle. Ra-

diative corrections to this expression change QW by few percent:

QW = −0.9857N + 0.0675Z.



The coupling constant κ is given by:

κ = (−1)I+1/2−l I + 1/2

I + 1
κA + κ2 + κQw,

where κA is the anapole moment constant, κ2 ≈ −0.05 corresponds to

the weak neutral currents, and κQw appears as a radiative correction

to the NSI part. For the shell model of the nucleus Flambaum and

Khriplovich obtained:

κA ≈ 1.15 · 10−3A2/3µn gn,

where µn and gn are magnetic moment and weak coupling constant

of the unpaired nucleon (gp ≈ 4.5; gn . 1).

For heavy nuclei with un-

paired proton κA À κ2, κQw.

Nuclear anapole moment is

given by the diagram:
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Effective P, T -odd electron-nucleus interaction

HP,T = i
GF√

2

(
Zk1γ0γ5 +

k2

I
~γ~I

)
ρ(~r),

where k1 and k2 are dimensionless constants.

P, T -odd interactions also induce P, T -odd electromagnetic moments

of the particles: the so called Schiff moment S and magnetic quadru-

pole moment M of the nucleus and the electric dipole moment (EDM)

of the electron de. The latter leads to the following P, T -odd effective

electron Hamiltonian:

HEDM = −2de

(
0 0
0 ~σ

)
~∇φ,

where φ is the electrostatic potential on the electron.

All P - and P, T -odd interactions in atom are described by very singular

effective operators and their matrix elements rapidly grow with Z.



Best limits on EDMs of the particles and new physics

[K P Jungmann, physics/0501154]

Table 1. Some actual limits on EDMs and the improvement factors necessary in experiments to reach SM predictions. It appears that for electrons,
neutrons and muons the region where speculative models have predicted a finite value for an EDM can be reached with presently proposed experiments
in the near future.

Particle Limit/Measurement Method employed in Standard Model Limit Possible New Physics
[e cm] latest experiment [factor to go] [factor to go]

e < 1.6 × 10−27 Thallium beam 8 1011
≤ 1

µ < 2.8 × 10−19 Tilt of precession plane in anomalous 108
≤ 200

magnetic moment experiment 9

τ (−2.2 < dτ < 4.5) × 10−17 electric form factor in e+e− → ττ events 10 107
≤ 1700

n < 6.3 × 10−26 Ultra-cold neutrons 11 104 ≤ 60

p (−3.7 ± 6.3) × 10−23 120kHz thallium spin resonance 12 107
≤ 105

Λ0 (−3.0 ± 7.4) × 10−17 Spin precession in motional 1011 109

electric field 13

νe,µ < 2 × 10−21 Inferred from magnetic moment limits 14

ντ < 5.2 × 10−17 Z decay width 15

Hg-atom < 2.1 × 10−28 mercury atom spin precession 16 ≤ 105 various

Note: Interesting systems such as deuterons and Ra atoms are not listed, because no experiments have been performed yet. However, higher sensitivity
to non-SM EDMs has been predicted compared to neutrons (e.g. more than one order of magnitude for certain quark chromo EDMs 17 and Hg atoms
(e.g. more than three orders of magnitude for an electron EDM18 and two orders for nuclear EDMs19) respectively.



Z-scaling of the PNC interaction

The estimate for the valence matrix element of the operator HP is
(in a.u.)

Hnsi
P ∼ 10−16Z |ψval(0)|2 Qw,

Hnsd
P ∼ 10−16Z |ψval(0)|2 κ.

For heavy atoms the wave function at the origin is large:

ψval(0) ∼
√

ZR(Z),

where R(Z) is relativistic enhancement factor

R(1) = 1; R(80) ≈ 10.

As a result, valence amplitudes for the operator HP are of the order
of (Bouchiat and Bouchiat, 1974):

〈p1/2|Hnsi
P |s1/2〉 ∼ 10−16Z3R(Z),

〈p1/2|Hnsd
P |s1/2〉 ∼ 10−16Z2R(Z)κ

〈~I ·~j〉
I

.



Experimental and theoretical values of R = 108 × ImE1PNC
M1 for

6p1/2 → 6p3/2 transition in 205Tl

Experiment

Oxford Edwards et al (1995) −15.68 (45)
Majumder & Tsai (1999)1 −15.36 (45)

Seattle Vetter et al (1995) −14.68 (17)

Theory2

(Standard model value QW = −116.8 assumed)

Novosibirsk Dzuba et al. (1987) −15.0 (5)
Notre Dame Liu et al. (1996) −16.0 (10)
Gatchina-ND Kozlov et al. (2001) −15.0 (4)

1 re-analysis of the Oxford experiment
2 includes QED radiative correction (-0.7)% (Kuchiev & Flambaum (02);
Milstein, Sushkov, & Terekhov (02))



What is known about weak charges and anapole moments of the
nuclei?

The most accurate experiments were made for Cs, Tl, and Bi. The
theory for Cs is much simpler than for Tl, and Bi appears to be too
complicated to make accurate calculations.

Combining experimental results for PNC amplitudes with atomic cal-
culations one can get ”experimental” values for the weak charges of
the nuclei:

Qw(133Cs) = −72.5(3)expt(5)theor ,

Qw(205Tl) = −114 (1)expt(3)theor ,

and standard model predictions are:

QSM
w (133Cs) = −73.09(3) ,

QSM
w (205Tl) = −116.7(1) .

Experimental values for anapole moments are:

κA(133Cs) = 0.36(6),

κA(205Tl) = −0.26(27).



Molecular enhancement of the nuclear anapole moment

In atoms Hnsd
P mixes levels of opposite parity, which are typically

separated by ∆Eat ∼ 0.1a.u. Therefore, the mixing is of the order of

δψpnc ∼
〈Hnsd

P 〉at
∆Eat

∼ 10−15Z2R(Z)κ.

In molecules the levels of the opposite parity are separated by the

rotational interval, which is typically ∆Erot ∼ 10−5 a.u. Thus, the

mixing is now

δψpnc ∼
〈Hnsd

P 〉mol

∆Erot
∼ 10−12Z2R(Z)κ,

where we assumed that molecular matrix element is 10 times smaller,

than atomic one.

In molecules we can further enhance PNC mixing by crossing the

levels of opposite parity in the magnetic field.



Spin-rotational degrees of freedom

of the diatomic molecule with unpaired electron (diatomic radical)

can be described by the spin-rotational Hamiltonian:

Hsr = B ~N2 + γ ~s · ~N + ~sÂ~I

+ µ0 ~s Ĝ ~B −D ~n · ~E

+ WP κ
(
~n× ~s · ~I

)
+ Wd de ~s · ~n .

In this expression ~I is the nuclear spin (we assume the second spin

to be zero); ~s is the (effective) spin of the unpaired electron; ~N is the

rotational angular momentum; B and γ are the rotational and the

spin-doubling constants.

Tensors Â and Ĝ describe the hyperfine structure on the nucleus and

interaction with the magnetic field ~B; µ0 is the Bohr magneton;~n is

the molecular axis unit vector and ~E is external electric fields.

WP and Wd are the PNC electronic matrix elements.
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Is it possible to calculate WP and Wd?

For many diatomic molecules parameters of the spin-rotational Hamil-

tonian are known from the experiments with free molecules, or with

the molecules frosen in a noble gas matrix. That allows to calculate

WP and Wd semiempirically.

In the molecular frame the hyperfine tensor Â has the form:

Â =




A⊥ 0 0
0 A⊥ 0
0 0 A‖


 ,

where two parameters A⊥ and A‖ depend on the wave function of

the unpaired electron in the vicinity of the nucleus.

Parameters of the tensor Ĝ give the relativistic corrections: in the

nonrelativistic limit for the 2Σ1/2, G⊥ = G‖ = 2.



Semiempirical wave function

The main assumption of the method is that the wave function of the
molecule can be written as follows

|Λ,Ω〉 =

|λ=Λ, ω=Ω〉unpaired|Λc=0,Ωc=0〉coupled.

In the vicinity of the heavy nucleus the wave function of the unpaired
electron can be expanded in spherical waves

|λ, ω〉 =
∑

k

Ck|l, j, ω〉,

k = (l− j)(2j + 1).

Here |l, j, ω〉 are four-component spherical waves:

|l, j, ω〉 =


 fl,jY

l
j,ω

igl,jY
l′
j,ω


 ,

where f and g are radial functions, Y l
j,ω is the spherical spinor, l′ =

2j − l.



At the small distances solutions of the Dirac equation are:
(

fl,j
gl,j

)
=

k

|k|Z1/2r

(
(γ + k)J2γ(x)− x

2J2γ−1(x)
αZJ2γ(x)

)

x =
√

8Zr

γ =
√

(j + 1/2)2 − α2Z2

For each l 6= 0 a pair of functions with j = l− 1/2 and j = l +1/2 on

the large distances have to form nonrelativistic function

|l, ml = λ, ω〉. It reduces the number of independent parameters by

imposing following restrictions (case of λ = 0):

p-wave : C−2 = −
√

2C1,

d-wave : C−3 = −
√

3/2C2, . . .



The hyperfine axial tensor Â:

A ≡
A‖ + 2A⊥

3

=
4

3
C2−1h−1,−1 +

4

9
C2

1h1,1 +
8

9
C2−2h−2,−2 +

8

15
C2

2h2,2 + . . .

Ad ≡
A‖ −A⊥

3

= −8

9
C2

1h1,1 −
8

45
C2−2h−2,−2 −

8

15
C2

2h2,2 + . . .

hk,k′ = − gnα

2mp

∞∫

0

(fkgk′ + gkfk′)dr,

where gn is the nuclear g-factor and mp is the proton mass.

There is analytical expression for the integral hk,k′ and we can use

experimental data on A and Ad and relation C−2 = −√2C1 to find

first three coefficient Ck.



2Σ1/2 molecules with known parameters of the spin-rotational Hamil-

tonian (MHz)

I1 I2 B γ A1‖ A1⊥ A2‖ A2⊥
27AlO 5/2 0 19242 150 871 714 0 0
27AlS 5/2 0 8369 66 933 764 0 0
69GaO 3/2 0 8217 839 1736 1356 0 0
71GaO 3/2 0 8172 839 2207 1722 0 0
115InO 9/2 0 9788 3831 1832 1070 0 0
Mg35Cl 0 3/2 7339 67 0 0 61 24
Mg79Br 0 3/2 4972 178 0 0 310 103
Mg81Br 0 3/2 4944 177 0 0 334 111
87SrF 9/2 1/2 7515 75 −576 −556 127 97
137BaF 3/2 1/2 6480 81 2453 2401 67 59
171YbF 1/2 1/2 7246 13 7822 7513 220 134
199HgF 1/2 1/2 22621 21880
201HgF 3/2 1/2 −8054 −7760



I κa WP Bcross |PNC| |D〈n〉|
Hz Gs Hz kHz

V/cm

4950 4.4 30
69GaO 3

2
0.21 61 5290 3.6 7

5430 2.0 36
4690 4.7 28

71GaO 3
2

0.22 61 5050 3.7 9
5270 2.2 36
4430 21 98
4770 18 110

115InO 9
2

0.30 180 4890 11 26
5130 14 120
5270 15 33
3250 4.0 2.7

137BaF 3
2

−0.06 160 3550 3.0 1.5
3930 1.9 3.9
4330 3.5 1.5
2650 79 10
2690 58 11

199HgF 1
2

−0.08 2520 2730 58 11
2890 37 4
2930 37 4

201HgF 3
2

−0.08 2560 1285 66 18
1345 66 17



Calculated values of the EDM constant Wd for diatomic molecules

Molecule State Wd

(
1024 Hz

e cm

)
Eeff

(
109 V

cm

)∗

BaF Σ1/2 −4 −9

YbF Σ1/2 −13 −27

PbF Π1/2 −14 −29

HgF Σ1/2 −48 −100

PbO Π∗1 −12 −50
−6 −25

HI+ Π3/2 −0.3 −4

−0.07 −0.8

∗ Eeff ≡ Wd Ω



Conclusions

• NSI PNC: We need for high precision top-of-the-art calculations
of the NSI amplitudes in Cs, Tl, and Bi. These calculations will
provide more stringent test of the standard model at low energies.

• NSD PNC: Theoretical accuracy for NSD amplitudes is sufficient
for anapole moment studies both in atoms and molecules. Mole-
cular experiments in magnetic field at the level crossings can pro-
vide unique information about P -odd interactions in the nuclei.

• EDM: Experiments with diatomic molecules potentially have higher
sensitivity to the electron EDM by 3-4 orders of magnitude in
comparison to atoms. That allows to test SUSY. Present theory
is sufficiently accurate only for molecules in the ground state with
Ω = 1/2.


