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A permanent electric dipole moment (EDM) of a physical system requires time-reversal (T ) and parity
(P ) violation. Experimental programs are currently pushing the limits on EDMs in atoms, nuclei, and
the neutron to regimes of fundamental theoretical interest. Here we calculate the magnitude of the P -,
T -violating EDM of 3He and the expected sensitivity of such a measurement to the underlying P -, T -
violating interactions. Assuming that the coupling constants are of comparable magnitude for π-, ρ-,
and ω-exchanges, we find that the pion-exchange contribution dominates. Our results suggest that a
measurement of the 3He EDM is complementary to the planned neutron and deuteron experiments,
and could provide a powerful constraint for the theoretical models of the pion–nucleon P -, T -violating
interaction.

© 2008 Elsevier B.V.

1. Introduction

A permanent electric dipole moment (EDM) of a physical sys-
tem would indicate direct violation of time-reversal (T ) and parity
(P ) and thus CP violation through the CPT invariance. Presently
there are several experimental programs pushing the limits on
EDMs in atoms, nuclei, and the neutron to regimes of funda-
mental interest. The Standard Model (SM) predicts values for the
EDMs of these systems that are too small to be detected in the
foreseeable future, and hence a measured nonzero EDM in any
of these systems is an unambiguous signal for a new source of
CP violation and for physics beyond the SM. A new experimen-
tal scheme [1–5] for measuring EDMs of nuclei (stripped of their
atomic electrons) in a magnetic storage ring suggests that the EDM
of the deuteron could be measured to an accuracy of better that
10−27 e cm [4]. Unlike searches for CP-violating moments of the
nucleus through measurements of atomic EDMs, a measurement
for a stripped nucleus would not suffer from a suppression of the
signal through atomic Schiff screening [6]. For this reason, the lat-
ter could represent about an order of magnitude better sensitivity
to the underlying CP-violating interaction than the present limit on
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the neutron EDM, dn [2]. Measurements using stripped nuclei in a
magnetic storage ring are best suited to nuclei with small mag-
netic anomaly, making 3He an ideal candidate for a high precision
measurement. Here we examine the nuclear structure issues deter-
mining the EDM of 3He and calculate the matrix elements of the
relevant operators using the no-core shell model [7] and Podol-
sky’s method for implementing second-order perturbation theory
[8]. An approximate and incomplete calculation for the 3He dipole
exists in the literature [9], but here we present much more reliable
calculations based on an exact solution of the three-body problem
using several potential models for the nucleon–nucleon (NN) inter-
action, complemented with three-body forces.

2. Sources of nuclear P -, T -violation

A nuclear EDM consists of contributions from the following
sources: (i) the intrinsic EDMs of the proton and neutron, dp and
dn; (ii) the polarization effect caused by the P -, T -violating (/P/T )
nuclear interaction, H/P /T ; (iii) the two-body /P/T meson-exchange
charge operator appropriate for H/P /T .

The contribution due to nucleon EDMs, D(1) , which is purely
one-body, can be easily evaluated by taking the matrix element

D(1) = 〈ψ |
A∑

i=1

1

2

[
(dp + dn) + (dp − dn)τ z

i

]
σ z

i |ψ〉, (1)
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where |ψ〉 is the nuclear state that has the maximal magnetic
quantum number. In the particular case of interest in this Letter,
|ψ〉 = |0〉 is the ground state of 3He obtained by the diagonaliza-
tion of the P -, T -conserving interaction.

In perturbation theory H/P /T induces a parity admixture to the
nuclear state

|0̃〉 =
∑
n �=0

1

E0 − En
|n〉〈n|H/P/T |0〉, (2)

where |n〉 are eigenstates of energy En and opposite parity from
|0〉, which are calculated with the P -, T -conserving Hamiltonian.
Hence, the polarization contribution D(pol) can be simply calcu-
lated as

D(pol) = 〈0|D̂z|0̃〉 + c.c., (3)

where

D̂z = e

2

A∑
i=1

(
1 + τ z

i

)
zi (4)

is the usual dipole operator projected in the z-direction.
The contribution due to exchange charge, D(ex) , is typically at

the order of (v/c)2, and explicitly evaluated to be just a few per-
cent of the polarization contribution for the deuteron case [10]; we
therefore ignore it and approximate the full two-body contribution,
D(2) , solely by the polarization term

D(2) = D(pol) + D(ex) ∼= D(pol). (5)

Our calculation of the EDM of 3He therefore requires knowledge
of both the individual EDMs of the nucleons and the /P/T nu-
clear force. These very different quantities can only be related
if some understanding exists of both the origin of the symme-
try violation and its expression in strong-interaction observables.
Constructing an effective field theory (EFT) that incorporates the
symmetry violation, as well as the dynamics underlying the usual
strong-interaction physics in nucleons and nuclei, provides a suit-
able framework. Chiral Perturbation Theory (χPT) supplemented
with a knowledge of the symmetry violation would be the appro-
priate EFT. To date only a single such calculation exists [11], and
it was applied to the one-nucleon sector, although further effort
is underway [12,13]. The symmetry violation in that calculation
was taken from the QCD θ̄ term, which leads to an isoscalar /P/T
pion–nucleon interaction in leading order, unlike the most general
case that includes an isovector and an isotensor term, as well [14].
The non-analytic parts of the pion-loop diagrams [10,11,15,16] that
generate nucleon EDMs then provide an appropriate estimate of
the EDMs of individual nucleons. These contributions are expected
to dominate in the chiral limit [15].

In the absence of a χPT calculation of H/P /T we revert to a con-
ventional formulation in terms of a one-meson-exchange model.
Including π -, ρ-, and ω-meson exchanges,1 the interaction is given
by (see Refs. [10,17–20]):

H/P/T (r) = 1

2mN

{
σ− · ∇(−Ḡ0

ω yω(r)
)

+ τ 1 · τ 2σ− · ∇(
Ḡ0

π yπ (r) − Ḡ0
ρ yρ(r)

)

+ τ z+
2

σ− · ∇(
Ḡ1

π yπ (r) − Ḡ1
ρ yρ(r) − Ḡ1

ω yω(r)
)

+ τ z−
2

σ+ · ∇(
Ḡ1

π yπ (r) + Ḡ1
ρ yρ(r) − Ḡ1

ω yω(r)
)

+ (
3τ z

1 τ z
2 − τ 1 · τ 2

)
σ− · ∇(

Ḡ2
π yπ (r) − Ḡ2

ρ yρ(r)
)}

, (6)

1 Other mechanisms not included here are η-exchange and two-π -exchange, etc.

where mN is the nucleon mass, Ḡ T
x is defined as the product of a

/P/T x-meson–nucleon coupling ḡT
x (with T referring to the isospin)

and its associated strong one, gxNN (e.g., Ḡ0
π = gπNN ḡ0

π , where the
interaction Lagrangian corresponding to these coupling constants
is L= N̄[igπNNγ5 + ḡ0

π ]�τ · �π N), yx(r) = e−mxr/(4πr) is the Yukawa
function with a range determined by the mass of the exchanged
x-meson, �r = �r1 − �r2, �σ± = �σ1 ± �σ2, and similarly for �τ± . Unless
the symmetry associated with the specific way that P -, T -violation
is generated suppresses some of the couplings, one expects (by
naturalness) that these /P/T meson–nucleon couplings are of simi-
lar magnitude, and this is roughly confirmed by a QCD sum rule
calculation [21].2 We note, however, that in the (purely isoscalar)
θ̄ -term model of Ref. [11] the coupling constants Ḡ1

π and Ḡ2
π van-

ish, and the coupling constants for the short-range operators are
very small compared to the pion one [13].

Because H/P /T violates parity and 3He is (largely) an S-wave nu-
cleus, the matrix elements that define the EDM (see below) mostly
involve S- to P -wave transitions. This has the combined effect of
suppressing the short-range contributions and enhancing the long-
range (i.e., pion) contribution, irrespective of the detailed nature
of the force. Combined with the consideration that the short-range
parameters (Ḡρ,ω) are not much larger than the pion ones, one can
roughly expect the dominance of pion exchange.

3. 3He in the ab initio no-core shell model

We solve the three-body problem in an ab initio no-core shell
model (NCSM) framework [7]. The ground-state wave function is
obtained by a direct diagonalization of an effective Hamiltonian
in a truncated harmonic oscillator (HO) basis constructed in rela-
tive coordinates, as described in Ref. [22]. High-precision NN in-
teractions, such as the local Argonne v18 [23] and the non-local
charge-dependent (CD) Bonn potential [24] interactions, are used
to derive an effective interaction in each model space via a uni-
tary transformation [25] in a two-body cluster approximation. The
Coulomb interaction between protons is also taken into account.
Isospin violation is treated in the usual way [22] by modifying the
NN interactions felt by each nucleon; this approach is valid to first
order in isospin violation but ignores tiny components of the wave
function with T = 3/2.

In addition to the phenomenological NN interaction models
cited above, we consider two- and three-body interactions derived
from EFT. In a recent work [26] using the NCSM, the presently
available NN potential at N3LO [27] and the three-nucleon (NNN)
interaction at N2LO [28,29] have been applied to the calculation
of various properties of s- and p-shell nuclei. In that study a pre-
ferred choice of the two NNN low-energy constants, cD and cE ,
was found (and the fundamental importance of the chiral EFT
NNN interaction was demonstrated) by reproducing the structure
of mid-p-shell nuclei. (Note that these interactions are fitted only
for a momentum cutoff of 500 MeV, and therefore we are not able
at this time to demonstrate a running of the observables with the
cutoff.) This Hamiltonian was then used to calculate microscopi-
cally the photo-absorption cross section of 4He [30], while the full
technical details on the local chiral EFT NNN interaction that was
used were given in Ref. [31]. We use an identical Hamiltonian in
the present work, and we compare its predictions against the phe-
nomenological potentials.

In the NCSM the basis states are constructed using HO wave
functions. Hence, all the calculations involve two parameters: the
HO frequency Ω and Nmax, the number of oscillator quanta in-
cluded in the calculation. At large enough Nmax, the results be-
come independent of the frequency, although the rate of conver-

2 In Ref. [21], ḡρ,ω are defined differently; for conversion, see Ref. [10].
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