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Parity and Time-reversal transformations
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P& T violation for a non-zero EDM

Non-zero EDMs are direct evidence for Parity and Time-reversal violations
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Sources of EDMSs In atoms

Elementary  Nucleon Nuclear Atomic
particle
de Da (open)

Scalar-pseudo scalar

e-q e-N e-Nuc & (onen)

Tensor-pseudo tensor Da (closed)
dq dN Nuc a (closed)
g-q d, N-N d.. Da

e D, is measured by atomic experiments
e Da/C, (C=C;, Cg, or Q) is calculated using atomic theory, C

IS the coupling constant of the corresponding interaction,
e Compare theory and experiment and extract the value of ' C".



Principle of measurement of EDM
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Closed-shell atoms

Closed-shell atoms with non-zero total angular momentum are sensitive to

e Nuclear Schiff moment

e Tensor-pseudo tensor e-N interactions

Examples: ' Hg , 171 Yb, 1 Xe

- No contribution from the J of the electrons



Nuclear Schiff moment

»

R—T

Thetotal charge density of the nucleusis

p(r) = Po(r) + op(r)

— P, T violating interaction

The total nuclear potential at a point R from the originis,

d-E where d= e 76 p(7)d°r 1sthe

nuclear electric dipole moment.



The nuclear potential that isfirst order inthe T and P violating interaction is
3
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39(R) = |R—ﬂ - Z

The above equation can be expressed as
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where R and r are the electron and nuclear coordinates respectively. After
simplification,

SH(R) = 4nQ - V(R)

where Cj = Q{r? I = nuclear spin and d = e/ Fﬁp(rﬁ‘)dgr

The interaction of the potential containing the Schiff moment with an electron
In an atom is given by
Hp = —4me@ - V(R)

where Q dependson pg (), op (r) and quantities related to them.



Tensor-pseudo tensor e-N interaction

ThePand T violating T-PT electron-nucleon interaction is

G - .
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H,_n=iGp (2v2) Cp B &- T py ()

Where C; Isthe T-PT coupling constant,
Gg isthe Fermi constant =2.22 1014 au,

O Uv, y5 are built from the Dirac matrices,
"I "1sthe nuclear spin.

The matrix elements of the Hq \ Operator ~ Z2, hence heavy elements are
preferred.

=> Relativistic many-body theory required.



Many-body theory to calculate Da/ C

Required are
* Knowledge of the Hamiltonian of the system

e Accurate relativistic e ectronwavefunctions
Ha= Dirac Hamiltonian for a many-€electron atom = unperturbed Hamiltonian

= Zl(C i . Pi T mCZ-ZeZ/ri)+Zi<j eZ/rij

Coulomb interaction

In the presence of a P, T violating interaction,

H= Ha + C Hpry



The Schroedinger equation for an exact atomic stateis

H|p >=E|p >Where |[¢ >=|pO >+C|p D>

First-order

Unperturbed perturbed
wavefunction wavefunction

| W O >'sare obtained by solving the unperturbed Schroedinger equation,
Ha |[WO > =EO|p©O >

The perturbed Schroedinger eguation hence becomes,

(Ha - EO) [Y® >= —ppp [0 >

The atomic EDM isgiven by



Da=<y [Dfy >/<y |¢ >
= Expectation value of the Electric Dipole Operator.

<wO |ID 1D >+<ywy® |D ©) >
jence D, c = WO 1D1Y W@ D[y

(<P O |p O >)

| Y ©> is calculated by atomic many-body methods.

e Many -body perturbation theory
e Configuration Interaction
e Coupled-cluster theory



Present Limits And Implications For Particle Physics

Thelimitsfor EDM of Hg induced by the Nuclear Schiff moment are
D,/ Q = -2.8* 10" ecm/ (efm?) (PRA 66, 012111 (2002))
Andfor |D (Hg) | < 2.1* 10°° e-cm
Givestheupper limit for Qas -7.5 102 efm3

To derive the CP violating coupling constants at the quark level from this [imit
on Q, nuclear structure calculations are necessary. The Schiff moment of Hg Is
primarily sensitive to the S-PS interaction between the proton and the neutron.

Thisinteraction is parametrized in terms of ¢ , which isrelated to Q by

Q =-18.107¢& e fm3

This givesthe constraint on . From ¢, the upper limit on the quark-chromo
EDMsis



e Limit for the T-PT e ectron-nucleus coupling constant,
C T~ 1* 10’8

We need nuclear structure and particle theory to deduce C; for
el ectron-nucleon and electron-quark interactions.

Dy, =475 C; o * 1012 egq,

( Angom Dilip et. a. Jphys— B, 34, 3089(2001) )



Electron EDM can also be deduced from closed shell atoms by considering
the hyperfine interaction as a perturbation.

The EDM of an electron, as predicted by the Standard mode! of Particle
physics in comparison with other models :

Implications for Particle Physics

M odel d, ecm
Standard Modéd < 10-38
SUSY —

Multi-Higgs > 10-6-10-28
L eft-right |

asymmetric




e Thecurrent best limit for the EDM of an eectron is obtained from the
experiment on Tl atom,

ID |< 9.4 * 10% e-cm and comparing theory and experiment gives
de (tl) < 1.6 * 10" e-cm ( PRL, 88 (071805) (2002) ) is consistent with

the predictions of the non-standard models.



Conclusions

e Presence of EDMsisadirect evidence of T —violation.

 Theknowledge of the T — PT coupling constants and the
Schiff moment, Q gives deep insights into the interactions
responsible for them.



P& T violation for a non-zero EDM

Non-zero EDMs are direct evidence for Parity and Time-reversal violations

elementary particle




|ndependent particle model — starting point

» Electrons are assumed to move independently of each other in an average
field due to the nucleus and the other electrons.

e Residual interaction istreated as the perturbation

* The exact two-body interaction is approximated by an average one-body
body interaction. The many-electron anti-symmetric wavefunction in

IPM 1sa Slater determinant

@ = 1/VN!

e Thesingle particle orbitals are determined by using Variational
principle which leads to Hartree Fock eguations.

Ves=Xiq €211 - LiUi(r ),

U; (r ;) = Hartree-Fock potentia ; Vistreated as perturbation.



Many-body perturbation theory

» Different orders of perturbation are introduced in a systematic way
e MBPT takes care of all the excitations upto a given order of perturbation

e Residual Coulomb interaction is treated as a perturbation
The wavefunction in MBPT in terms of the perturbation parameter is

[Wmepr> = [0> + AeD> + A2 @@ >+ ...

Configuration interaction method

e The many-body wave function is expanded as a linear combination of
determinantal wavefunctions, where the coefficients of various deter-
minants are found using Variational principle. These determinants include

HF reference state

| @>
Singly excited determinant r
|@a >=Cs|@ps>

: I s
Doubly excited determinant lop >=Cp|op>

Identified by the total angular momentum J and it's projection M ;. Therefore,
the Cl wavefunction is given by



g >=Cylo >+ Z5Cq |Qg>+ ..

e The problem of finding these coefficients reduces to the diagonalisation of
the total Hamiltonian in the space of configurations. Hence the CI equation
can be cast in the form

HC=EC
and solved for the energies and the coefficients.

Coupled-cluster theory

e Decomposing the wavefunction of the wavefunction of a many-particle
system in terms of amplitudes for exciting clusters of afinite number of
particles.

Let | Y > bethe exact wave function and | ¢ > be the reference state. In
CCT,

l@> = & 9> WhereT = excitation operator
| @ > = Reference state



