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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, relativistic 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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Charged and neutral weak currents
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Charged currents can be seen in nuclear de-

cays and other inelastic processes, while neu-

tral currents can be also seen in elastic scatter-

ing. 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.
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Effective P -odd electron-nucleus interaction

HP = Hnsi
P + Hnsd

P

=
GF√

2

(
−QW

2
γ5 +

κ

I
γ0~γ~I

)
ρ(~r),

where GF ≈ 1.2225 · 10−14 a.u. is the Fermi

constant, ~I is nuclear spin, ~γi are Dirac matri-

ces, and ρ(~r) is nuclear density.

Dimensionless constants QW and κ character-

ize the strength of the NSI and NSD parts re-

spectively. 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. Radiative corrections to this

expression change QW by few percent:

QW = −0.9857N + 0.0675Z.
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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 cor-

rection to the NSI part. For the shell model

of the nucleus Flambaum and Khriplovich ob-

tained:

κA ≈ 1.15 · 10−3A2/3µn gn,

where µn and gn are magnetic moment and

weak coupling constant of the unpaired nu-

cleon (gp ≈ 4.5; gn . 1).

For heavy nuclei with un-

paired proton κA À κ2, κQw.

Nuclear anapole moment is

given by the diagram:

e e

A(Z,N) A(Z,N)

γ

Z
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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 elec-

tromagnetic 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 rather singular effective operators

and their matrix elements rapidly grow with Z.
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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 ori-

gin 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 op-

erator 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

.
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Typical PNC effects in atomic spectra

Parity selection rules forbid E1 and M1 tran-

sitions to take place simultaneously. P -odd

interaction leads to the interference of these

amplitudes. This interference manifests itself

in a form of pseudo-scalar correlations, such as

optical activity of the atomic vapor.

iP fP

M1

iP n-P fP

E1
HP

Calculation of the PNC effects requires knowl-

edge of atomic valence states and Green’s func-

tion for both short and long distances.
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What limits the accuracy of atomic theory?

• Relativistic effects and finite nuclear size

effects are extremely important for all P -

and P, T -odd interactions.

• Correlation corrections to the transition fre-

quencies and allowed E1-transition ampli-

tudes are typically ∼10%; for the PNC in-

teractions they can reach ∼30%.

• QED corrections to the frequencies in heavy

atoms are typically ∼0.1%. For the PNC

amplitudes they can reach ∼1%.

⇒ We need to account for all these effects

if we want to test standard model on the

level of radiative corrections (1%).
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What do we know 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 am-
plitudes with atomic calculations 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).
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E1PNC amplitude for 6p1/2 → 6p3/2 transition

in 205Tl (i · 10−10(−Qw/N) a.u.).

CI −6.408
Heff & RPA −0.725
Aσ +0.241
Asbt +0.180
Atp −0.082
SR −0.006
Subtotal −6.81
Normalization +0.14
Rad. Corr. +0.05
Total −6.61

M1 amplitude (10−3 a.u.)
CI+MBPT-II 4.145
MBPT-III(1e) 4.149

R = 108 × ImE1PNC
1

M11(
Qw = QSM

w = −116.7
)

−15.0(4)
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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 reanalysis of the Oxford experiment
2 includes QED radiative correction (-0.7)%
(Kuchiev & Flambaum (02);
Milstein, Sushkov, & Terekhov (02))
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Molecular enhancement of the

nuclear anapole moment

In atoms Hnsd
P mixes levels of opposite par-

ity, 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 mix-

ing is now

δψpnc ∼
〈Hnsd

P 〉mol

∆Erot
∼ 10−12Z2R(Z)κ,

where we assumed that molecular matrix ele-

ment is 10 times smaller, than atomic one.

In molecules we can further enhance PNC mix-

ing by crossing the levels of opposite parity in

the magnetic field.
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Spin-rotational degrees of freadom

of the diatomic molecule with unpaired elec-

tron (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 as-

sume the second spin to be zero); ~s is the (ef-

fective) 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 struc-

ture 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 ex-

ternal electric fields.

WP and Wd are the PNC electronic matrix el-

ements.
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Is it possible to calculate WP and Wd?

For many diatomic molecules parameters of

the spin-rotational Hamiltonian 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 semiem-

pirically.

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 visinity of the nucleus.

Parameters of the tensor Ĝ give the relativistic

corrections: in the nonrelativistic limit for the
2Σ1/2, G⊥ = G‖ = 2.
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Semi-empirical 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 ex-

panded 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.
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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 in-

dependent parameters by imposing following

restrictions (case of λ = 0):

p-wave : C−2 = −
√

2C1,

d-wave : C−3 = −
√

3/2C2, . . .
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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.
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Parity non-conserving amplitudes at the crossings of the
spin-rotational levels in the magnetic field

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

171YbF 1
2

−0.07 730 3310 17 1.7
3370 17 0.4
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
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Conclusions

• There is need for high precision top-of-the-
art calculations of the NSI amplitudes in
Cs, Tl, and Bi. These calculations will lead
to the more stringent tests of the standard
model at low energies.

• Independent calculations of the PNC ef-
fects in Yb and Dy are highly desirable.
The theory is very complicated here and
current theoretical accuracy is not high.
Experiments with both atoms are going!

• At present there are only few ab initio cal-
culations of the parameters WP and Wd
for diatomic radicals. It is very important
to do such calculations for relatively light
molecules like GaO, or even AlS to check
semiempirical results.
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