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Abstract. It is evidence for an extension of the Standard Model in particle physics, if
static electric dipole moments (EDMs) are measured for any elementary particle. The
nuclear EDM arises mainly from two sources: one comes from asymmetric charge distribution in a nucleus and the other is due to the nucleon intrinsic EDM. We estimate
the nuclear EDMs from two sources for the 1/2+1 states in Xe isotopes by a shell model
approach using full orbitals between magic numbers 50 and 82.

1 Introduction
The Standard Model in particle physics violates time reversal (T) invariance, but only through a single
phase in the Cabibbo-Kobayashi-Maskawa matrix that mixes quark flavors. The resulting T violation
is therefore very weak, and static electric dipole moments (EDMs) of nucleons, electrons, or atoms
are predicted to be too small to be observed [1]. For the neutron EDM, |dN | < 2.9 × 10−26 ecm was
measured by Baker et al. [2], in contrast to a theoretical estimate of |dN | ∼ 10−32 ecm [3] by the
Standard Model. Some of the tightest constrains on T violation come from atomic EDM experiments.
In 129 Xe and 199 Hg, upper limits of atomic EDMs were measured: d(129 Xe) < 4.1 × 10−27 ecm [4]
and d(199 Hg) < 3.1 × 10−29 ecm [5].
Recently, it was reported that the nuclear EDM would be measured directly by using an ionic
atom instead of a neutral atom [6, 7]. The nuclear EDM is induced mainly by two diﬀerent sources
of mechanism. One comes from two-body nuclear interactions violating parity (P) and T invariance.
The other comes from the intrinsic nucleon EDM. In this work we calculate the nuclear EDMs for
the 1/2+1 states in Xe isotopes from two diﬀerent sources. Nuclear EDMs are calculated using wave
functions obtained by the pair-truncated shell model (PTSM) [8]. The upper limit of the nuclear EDM
is estimated only for the 129 Xe ground state (spin and parity 1/2+ ) since in other Xe nuclei the ground
states have spin and parity 3/2+ . We do not discuss other isotopes in this work, but similar results are
obtained for Ba isotopes. Their results will be presented in a forthcoming paper [9].

2 Theoretical framework
In the PTSM we restrict the full shell model space to a subspace of collective pairs. The building
blocks of this model consist of the angular momenta zero (S ) and two (D) collective pairs. The manya e-mail: teruya@nuclei.th.phy.saitama-u.ac.jp
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body wave functions of even-nucleon systems for neutrons or protons are created by applying the
pair creation operators Ŝ † and D̂† to the inert core |−⟩: |S ns Dnd Iη⟩ = (Ŝ † )ns (D̂† )nd |−⟩, where I is the
total angular momentum, and η, an additional quantum number required to completely specify the
states. The n s and nd are the numbers of S and D pairs, respectively. For a description of odd-nucleon
systems, we add an unpaired nucleon in the j orbital to the even-nucleon system. The state is now
[
]
written as | jS ns Dnd Iη⟩ = ĉ†j |S ns Dnd I ′ η⟩ (I) , where ĉ†j represents the nucleon creation operator for the
j orbital. The odd-mass (neutron odd and proton even) nuclear state with total spin I and its projection
M is written as a product of the above odd-neutron state and the even-proton state:
⟩](I)
⟩
[
,
(1)
|Φ(I Mη)⟩ = jn S nn̄s Dn̄nd In ηn ⊗ S nps Dnpd I p η p
M

where 2(n̄ s + n̄d ) + 1 and 2(n s + nd ) are the numbers of valence neutron holes and proton particles,
respectively.
As for single-particle levels, all the five 0g7/2 , 1d5/2 , 1d3/2 , 0h11/2 , and 2s1/2 orbitals in the major
shell between the magic numbers 50 and 82 are taken into account for both neutrons and protons. The
eﬀective Hamiltonian consists of the monopole and quadrupole pairing plus quadrupole-quadrupole
interactions:
]
∑ [∑
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The Hamiltonian is diagonalized in terms of the many-body basis wave functions in Eq. (1) as Ĥ Iiπ =
⟩
⟩
Eiπ Iiπ , where Iiπ is the normalized eigenvector for the ith state with spin I and parity π, and Eiπ is
⟩
the eigenenergy for the state Iiπ . The details of the PTSM calculations are written in Ref. [8].
2.1 Nuclear EDM from interactions violating P and T invariance

∑A
The EDM operator due to charge asymmetry in a nucleus is written as D̂ch = i=1
ei (ri − R). Here A
is mass number of a specific nucleus, and ei represents charge for the ith nucleon. We take ei = 0 for
a neutron and ei = e for a proton. The ri and R represent positions of the ith nucleon and the center
of mass of the whole nucleus, respectively. In the present study, we use perturbation theory to obtain
the EDM
⟨
⟩⟨
⟩
PT 1 +
∑ 12 +1 D̂ch,z 12 −k 12 −k Vπ(I)
21
dch =
+ c.c.
(3)
E1+ − Ek−
k=1
PT
for the 1/2+1 states. In Eq. (3), Vπ(I)
represents the isoscalar (I = 0), isovector (I = 1), and isotensor
(I = 2) interactions
violating
P
and
T
invariance. The D̂ch,z is the third ⟩coordinate component of D̂ch .
⟩
−
1+
Here 2 1 represents the first state with spin 1/2 and parity + and 21 k represents the kth state with
PT
spin 1/2 and parity −. All these states have projection (third component of spin) 1/2. Vπ(I)
is written
as [10–12]
1 m2π (0)′
PT
Vπ(0)
= −
ḡ gπNN (τ1 · τ2 ) (σ1 − σ2 ) · r f (r),
(4)
8π MN πNN
1 m2π (1)′
PT
Vπ(1)
= −
ḡ gπNN [(τ1z + τ2z ) (σ1 − σ2 ) + (τ1z − τ2z ) (σ1 + σ2 )] · r f (r),
(5)
16π MN πNN
1 m2π (2)′
PT
Vπ(2)
= −
ḡ gπNN (3τ1z τ2z − τ1 · τ2 ) (σ1 − σ2 ) · r f (r),
(6)
8π MN πNN
(
)
exp(−mπ r)
1
f (r) =
1+
.
(7)
mπ r
mπ r2
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Here mπ and MN are masses of pion and nucleon, respectively.
τiz is the third component of isospin
′
operator. gπNN is the strong πNN coupling constant, and ḡ(I)
πNN is the strong πNN′ constant violating P
(I)
and T invariance for the isospin I component. In the following we abbreviate ḡ(I)
πNN as ḡ and gπNN as
g.
2.2 Nuclear EDM from intrinsic nucleon EDM

∑A
The nuclear EDM operator arising from intrinsic nucleon EDM is written as D̂int = i=1
d̂i , where the
ith nucleon intrinsic EDM operator d̂i is expressed in the non-relativistic approximation as
1
[(1 − τiz ) dn σ̂in + (1 + τiz ) d p σ̂ip ].
(8)
2
Here dn and d p are the intrinsic EDMs for a neutron and a proton, respectively, and σ̂it represents the
spin operator. Then the intrinsic nuclear EDM is calculates as
⟨ +
+⟩
dint = 21 1 D̂int,z 12 1 = ⟨σ̂nz ⟩dn + ⟨σ̂ pz ⟩d p ,
(9)
d̂i =

where projection of the state is taken as M = 1/2.

3 Numerical results
3.1 Nuclear EDM by interactions violating P and T invariance

Firstly, we calculate nuclear EDMs for the 1/2+1 states in Xe isotopes arising from interactions which
violate P and T invariance. Fig. 1 shows the results of the EDMs in Eq. (3). As seen from the figure,
for most of the nuclei considered, isotensor components are the biggest among the three assuming
ḡ(0) = ḡ(1) = ḡ(2) .
PT
If we consider only the isoscalar component of the interaction (Vπ(0)
) for the 1/2+1 state (the ground
129
state) in Xe, we have
dch (129 Xe) = 0.70 × 10−17 ḡ(0) g ecm.

(10)

Using a relation between the isoscalar coupling ḡ(0) and the CP violating phase θ̄ in the QCD Lagrangian ḡ(0) = 0.027 θ̄ [13], and adopting the standard value g = 13.5, we have
dch (129 Xe) = 0.26 × 10−17 θ̄ ecm.

(11)

Also, using the upper limit θ̄ = 3 × 10−10 obtained by the atomic 199 Hg experiment [5], the upper limit
of the 129 Xe nuclear EDM is estimated as
dch (129 Xe) < 0.77 × 10−27 ecm.

(12)

3.2 Nuclear EDM from intrinsic nucleon EDM

Secondly, we calculate nuclear EDMs for the 1/2+1 states of Xe isotopes coming from the intrinsic
nucleon EDM. Fig. 2 shows the quenching factors ⟨σ̂tz ⟩ in Eq. (9). The factors for the protons ⟨σ̂ pz ⟩
are marginally small, but those for the neutrons ⟨σ̂nz ⟩ increase as the neutron particle number. Using
the observed upper limit for the neutron EDM |dN | < 2.9 × 10−26 ecm, the upper limit of the EDM for
the 1/2+1 state in 129 Xe EDM coming from the intrinsic nucleon EDM is predicted to be
dint (129 Xe) < 6.7 × 10−27 ecm.

(13)
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Figure 1. EDMs for 1/2+1 states in Xe isotopes from
interactions violating P and T invariance in unit of
10−17 ḡ(I) g ecm (I = 0, 1, 2). The circles, squares and
triangles represent isoscalar, isovector and isotensor
components, respectively.

Figure 2. The factors ⟨σ̂tz ⟩ (t = n or p) for the Xe
isotopes in 1/2+1 states. The circles and squares represent the values of ⟨σ̂nz ⟩ and ⟨σ̂ pz ⟩ , respectively.

4 Summary
We calculate nuclear EDMs of the 1/2+1 states in Xe isotopes in terms of the pair truncated shell
model. Nuclear EDMs arise from two sources: one from interactions violating parity and time reversal
invariance (dch ) and the other from the intrinsic nucleon EDM (dint ). We evaluate each upper limit of
the EDM for the 1/2+1 state in 129 Xe from the two diﬀerent sources.
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