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Effects of particle-hole excitations to nuclear Schiff moments in Xe isotopes
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The existence of the permanent electric dipole moment of a fundamental particle implies violation of time
reversal invariance. The electric dipole moment of a diamagnetic neutral atom is mainly induced by the nuclear
Schiff moment. In this study the Schiff moments induced by the interaction which violates parity and time reversal
invariance are calculated for various Xe isotopes using the shell-model wave functions. The contributions to the
Schiff moment from one-particle and one-hole excitations turn out to be very different from orbital to orbital. It
is also found that the contributions from the core excitations are larger than other particle-hole contributions.
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I. INTRODUCTION

The electric dipole moment (EDM) is a physical observable
which violates time reversal symmetry. Through the CPT
theorem stating that the simultaneous application of charge
(C), parity (P), and time (7") reversal operators keeps the
total symmetry of a system, violation of 7' reversal symmetry
is equivalent to the violation of C P reversal symmetry. The
Standard Model in particle physics violates C P invariance
only through a single phase in the Kobayashi-Maskawa matrix
that mixes quark flavors [1]. The resulting 7" reversal violation
is therefore expected to produce only tiny EDMs.

At present the upper limit on the neutron EDM is experi-
mentally 2.9 x 10~2%¢ cm [2]. However, the Standard Model
predicts quite a small value, 10732¢ cm [3-5]. Some theories
beyond the Standard Model predict larger EDMs [5-8]. Thus
if an EDM is observed experimentally to be larger than those
predicted by the Standard Model, it would provide evidence for
physics beyond the Standard Model, and also places important
constraints on the construction of a new physics.

EDMs originating from C P violation in the hadron sector
are searched for in neutron and diamagnetic atoms such
as 'PXe, 199Hg, and *®Ra. Measurements of EDMs for
these atoms have been attempted and their upper limits are
4.1 x 107%ecm for '®Xe [9], 7.4 x 107 ecm for '*"Hg
[10], and 5.0 x 10722¢cm for ***Ra [11]. At present with
new techniques, experimental efforts searching for EDMs of
diamagnetic atoms are now in progress [12—15]. Hadronic
CP violation may also be searched for in ions [16]. It
was theoretically reported that the nuclear EDM would be
measured directly by using an ion instead of a neutral
atom [17,18]. The EDM of °Li ion was calculated assuming
the one-meson exchange P and T violating nuclear forces
recently [19].

The EDM of a neutral diamagnetic atom arises from the

intrinsic EDMs, and from the two-body nuclear interaction
which violates P and T invariance. In the latter case theoretical
calculations have been carried out for Hg, Rn, and Ra isotopes
using mean field theories [20—25]. However, until recently not
so many nuclei have been investigated theoretically.

In our previous study [26], the EDMs and Schiff moments
of Xe, Ba, and Ce isotopes arising from the nucleon intrinsic
EDMs were calculated in terms of the nuclear shell model. The
EDMs and Schiff moments of Xe isotopes which come from
interactions violating P and T invariance were also calculated
[27,28].

In the present paper the Schiff moments of the lowest 1/2F
states for '3Xe, 133Xe, 131Xe, and '?°Xe nuclei are calculated
assuming two-body interactions violating P and T invariance.
Particularly effects of the particle-hole excitations from the
core of the nucleus are considered, which were not considered
in our previous study [27]. Furthermore, contributions to the
Schiff moment from one orbital to another is individually
calculated and analyzed.

The paper is organized as follows. In Sec. II, the framework
of the nuclear Schiff moments and the method of calculations
are presented. In Sec. III numerical results are given for
the Schiff moments. In Sec. IV the detailed discussion is
performed. Finally the results are summarized in Sec. V.

II. THEORETICAL FRAMEWORK

The Schiff moment operator S coming from the asymmetric
charge distribution in a nucleus [29] is expressed in terms of
spherical tensors
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where C LL) represents the unnormalized spherical harmonics
with rank L and its projection w, and i represents the ith
nucleon. Here A is the mass number of a specific nucleus,
and r; = (v;,0;,¢;) indicates ith nucleon position. In this
study the Schiff moments are calculated for the lowest states
with spin / = 1/2. The third term in Eq. (1) vanishes for
these states since there is no quadrupole moment for I = 1/2
states. Here ¢; is the charge for the ith nucleon. ¢; = e is
taken for a proton and e; = 0 is assumed for a neutron.
The (r?), is the mean squared radius of the nuclear charge
distribution [27].

By perturbation theory, the expectation value of the Schiff
moment operator is expressed as
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where V7 (T) represents the isoscalar (T = 0), isovector (T =
1), or isotensor (T = 2) interactions between nucleons. Here,
|I;7) and E represent the wave function and the eigenenergy
of the lowest state with spin / and positive parity for
the Hamiltonian Hy, respectively. |/,”) represents the kth
intermediate state with spin / and negative parity. Note that
this expression is valid as long as |/,) forms an orthonormal
complete system and each state |I,”) is not necessary to be the
eigenstate of the Hamiltonian Hy. The details of this equation
are given in Appendix A. In the present study, only /7 = 1/2
states are considered. All these states have their projection
(spin third component) +1/2.

The lowest positive parity state, |1;"), is calculated using
the pair-truncated shell model (PTSM) [33-35]. The PTSM is
one of the shell-model approaches, but a gigantic shell model
space is restricted to the space mainly made of only low-
spin collective pairs. For single particle energies, five orbitals
between magic numbers 50 and 82 (0g7/2, 1d3/2, 1ds)2, 2512,
and Ohy») are taken for neutrons and protons. The details of
the framework and Hamiltonian for diagonalization are given
in Ref. [35].

In this paper the P and T violating two-body interactions
vE (T) in Eq. (5) are considered as follows, which are explicitly
written as [30-32]:

Ve = Fo(ti - 12)(01 —02) - 1 f(r), (6)
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with r =ry —ry, and r = |r|.
0,1,2) are expressed as

The coefficients Fr (T =

1 m;

Fy = _871' My —8:NNE7NN> (10)
1 m2 _

F = EMU gnlz)\/NgnNN, 11)
1 ml o

F = 8 My ——8,NNE7NN, (12)

where My is mass of a nucleon, m, is mass of a pion, and
gxNn 1S the strong m NN coupling constant, and gn N y 1s the
strong w NN constant Wthh Vlolates P and T invariance with
isospin 7. In the following g, and g v are denoted as g7
and g for short, respectively.

The total Schiff moment is the summation of three isospin
components. In this study, Schiff moments are evaluated as
coefficients in front of g7g,

S =a0g%g+angVg +ang?s. (13)

Any intermediate state |I,) in Eq. (5) is represented as a
one-particle and one-hole excited state (1 p1h-state) from the
|1, state. Since the Schiff moment operator is a one-body
operator working only on protons, it is enough to consider
proton excited 1 p1h states. To evaluate the Schiff moment in
Eq. (5), kth intermediate 1 p1#h state is given as

NFlel &0 @ 1IND, (14
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where c (cjz) represents the proton creation (annihilation)
operatorlnthe orbitali (j), with&;,, = (— 1)/~ "¢;_m.Namely,
a 1plh state with spin K, in which one proton excites from
orbital j to orbital i by the Schiff moment operator, is coupled
with the lowest state |/ 1+ ) to form an excited state |/, ). Ni(jK) is
a normalization constant determined as (/, |I,") = 1. Here K
cantake 1 or O for I = 1/2. The details of the orthogonalization
method are given in Appendix C.

By neglecting the residual interaction, the energy
denominator in Eq. (5) is approximately treated as
El+ — (I, |Holl,") ~ (—E;;), where E;; = ¢; — ¢; represents
the single particle-hole excitation energies from orbital j to i.
Then Eq. (5) is written as

(LIS LI I VEE 1
Sry=-Y ——— D71 fee (19)
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The details of this approximation are explained in
Appendix B and the validity of this approximation is discussed
in Sec. IV.

To calculate Eq. (15), three types of 1p1h excitations are
considered. The first type is a set of excitations from an orbital
between 50 and 82 to an orbital over 82. These excitations are
called type-I excitations. The second type is a set of excitations
from an orbital under 50 to an orbital between 50 and 82.
These excitations are called type-II excitations. The third type
is a set of excitations from an orbital under 50 to an orbital
over 82. These excitations are called type-III excitations. Note
that excitations among orbitals between 50 and 82 have no
contributions since these orbitals are not connected by the
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FIG. 1. The schematic illustration of three types of 1p1h excita-
tions considered in this study.

Schiff moment operator. The schematic picture representing
three types of 1p1h excitations is shown in Fig. 1.

For the type-I excitation, an intermediate state is explicitly
written as

I hgper = NYy ) 611 @ 1D, (16)

Here a;rm represents the proton creation operator in the orbital
p, where p indicates an orbital over 82. ¢,, represents the
proton annihilation operator in the orbital /2, where % indicates
an orbital between 50 and 82. For the type-II excitation, an
intermediate state is written as

I hgpent = NGOUeh b 1S @ 15D, (17)

Here, ci,,, represents the proton creation operator in an orbital
p, where p indicates an orbital between 50 and 82. .
represents the proton annihilation operator in the orbital
h, where h indicates an orbital under 50. For the type-III
excitation, an intermediate state is written as

I Ygpern = Ny llal b 1 @ (1D, (18)

In this study, all orbitals under the magic number 50 are
considered for core orbitals. However, 0d3,2, 15,2, and Osy /2
orbitals are not connected by the Schiff moment operator.
For orbitals over the magic number 82, all orbitals up to the
primary quantum number N = 8/iw from the bottom are con-
sidered. HOWCVCI‘, 2d5/2, 0j15/2, 0j13/2, 1/’111/2, Ok15/2, 0k17/2,
2g7/2,3d3)2, 3ds)2, and 4s,/, orbitals are also not connected
by the Schiff moment operator. Orbitals over 8 hw have
no contributions to the Schiff moment. This is because
the Schiff moment operator in Eq. (1) is constructed from
the (r’r;) and (r?)(r;), and the following constraints are
imposed: |An| < 3,|A¢] = 1,3, and |Aj| < 1, where n, £,
and j indicate the radial oscillator quantum number, the orbital
angular momentum, and the total spin angular momentum,
respectively.

The energy of each single particle orbital is taken from the
Nilsson energy [36] as

entj = (20 + €+ 3o — k(2L - s + p(€* — () y)hw
19)
with x = 0.0637 and j = 0.60, where (£2)y = N(N +3)
and fiw = 41A~!3 MeV. The schematic figure representing

the single particle orbitals considered in this study for '?Xe
is shown in Fig. 2.
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FIG. 2. The proton-single-particle energy for each orbital taken
for '*Xe in units of MeV. The energy of the Og; /2 orbital is adjusted
to be zero. Orbitals which are not connected by the Schiff moment
operator are not shown.

III. NUMERICAL RESULTS

To analyze the contribution to the Schiff moments from each
orbital, firstly a partial contribution of the excitation from any
orbital (k) between 50 and 82 to a specific orbital (p) over 82
(type-I excitations) is defined as

(1S N IO I \VEE 1)

type-I
s = - c.c.,
& == E, *
Kh p
(20)
which is rewritten in terms of g7g as
a1 a1,
s (P =ay (1g e, 1)
where and af'?;e'l( p)’s are coefficients so determined in

evaluating the partial Schiff moment sglje'l( D).

Secondly, a partial contribution of the excitation to any
orbital (p) between 50 and 82 from a specific orbital (4) under
50 (type-1II excitations) is defined as

Dy r— _
IS IVEL 1)

type-II
K h)=— c.c.,
== Epn +

Kp

(22)
which is rewritten in terms of g g as

soi ) = ag (g M. (23)
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TABLE I. Calculated results of aEyTp)e ' p) from each orbital p in
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TABLE III. Calculated results of a(lyTp)e III(h) from each orbital i

the shell over 82 (type-I excitations) for 129X e (in units of 1072 efm?). in the shell under 50 (type-III excitations) for 129Xe (in units of
1073 efm?).
T 1f7/2 0h9/2 0i|3/2 2P3/2
T 0 1 0 1

0 40.107 10265 —0.007 +0.079 Bop2 Pz AL Par
1 +0.047 +0.107 —0.005 +0.049 0 —0.090 —0.134 —0.008 —0.336
2 +0.176 +0.380 —0.025 +0.214 1 +0.007 +0.060 —0.028 —0.146
T 1fsp 1p1)2 1802 0112 2 +0.134 +0.491 —0.015 —0.537
0 +0.385 +0.055 +0.018 +0001 T 02 Odts/» Isi;2 Ods/»
1 +0.153 +0.020 +0.008 +0.000 0 —0.029 +0.055 —0.416 —0.036
2 +0.531 +0.063 +0.027 +0.000 1 —0.018 +0.020 —0.389 —0.028
T 1ho)2 215 2fin 31 2 —0.076 +0.064 —1.918 —0.133
0 +0.406 —0.062 +0.076 —0.013
1 +0.184 ~0.025 +0.050 -0.001 o 12 o
2 +0.699 —0.089 +0.222 +0.007 a(g (h) for '““Xe. These contributions are not so large
T 3 T 1 > compared to results in Table II.

P2 12 B2 8972 Table IV shows the calculated results of ary for the lowest
0 +0.002 +0.000 +0.010 —0.001 7 = 1/2 states of Xe isotopes. Here, using Eqgs. (21), (23), and
1 —0.007 +0.000 +0.007 —0.000 (25), a(r) is given by
2 —0.045 +0.000 +0.032 —0.001

Finally, a partial contribution of the excitation from a
specific orbital () under 50 to any orbital (p) over 82 (type-III
excitations) is also defined as

LIS Iy (T VET 1E
gp),em(h)__zhlolk)( | (T)I >+C.C” (24)

E
Kp ph

which is rewritten in terms of g7 g as

type 111 ( h)

Sy aghy (g ™g. (25)

Table T shows calculated a;ype "(p) for '2Xe. The
contributions from the 1 f7/, Ohosz, 1 f5,2, and 1hg, orbitals
are large since those orbitals in the 50-82 major shell mostly
contribute positively. Table II shows calculated azyrp)e'n(h) for
129Xe. The contribution from the 0go /2 orbital becomes the
largest. The Ogo,, orbital is connected to the 0/, orbital by
the Schiff moment operator. The orbitals which demand large

-1 type-11 type-111
an = a5 26)
with
type-1 type-1
agy =) _ai, (p), @7
p
type-Il __ type 1T
agy = ag, (h), (28)
h
type-IIl __ type-111
&) —Z ar) (b (29)

h

The contributions of the core excitations are a few times larger
than those from the over-shell excitations for most of the
isospin components. The isotensor (T = 2) components are
largest for all nuclei. The previous results [27] are also shown
in Table IV. By comparing the present results with the previous
ones, some contributions of Schiff moments are found to be
nearly one order of magnitude larger than the previous ones
(for examples, isotensor components of '¥Xe and '**Xe). The

TABLE IV Calculated results of ar) for the lowest 1/2 states (in

lplh-exci.tation energie§ (like 0p3/2 and Op,, orbitals) also units of 1073 efm®). Previous results (a(p;e)v) are taken from Ref. [27].
have considerable contributions. Table III shows calculated
e-1 e-11 e-111 rev
T af a) aiy) ar) atr)
TABLE 1I. Calculated results of ag"'(h) from each orbital / 0 42357 40670 —1057 +1.969  +0.630
in the shell under 50 (type-II excitations) for '*Xe (in units of BXe 1 +1.297 +1.693 —0.602 +2.389 +0.323
1073 efm3). 2 45427 49490 —2.554 +12.363 +1.31
0 +1.812 +1.716 —1.047 +2.481 +0.464
T 0 1 0 1
8912 Py Fsr2 P32 mxe 1 40949 41510 —0578  +1.882  +0.285
0 —3.642 +0.621 +1.964 +1.443 2 43982 47343 —2.419 +8.906 +1.24
1 —2.022 +0.511 +0.867 +0.502 0 +1.575 42097 —0968 +2704  +0.514
2 —8.488 12.444 +3.239 1568 Biye | 40787 41282 —0530  +1.539 40352
T 0f7/2 0pi)2 0p3)2 2 +43.145 4559 —2.177 +6.564 +1.60
0 +0.883 +0.648 +0.982 0 +1322 +2.897 —-0.978 +3.242 +0.507
2 +0.473 +0.273 +0.536 Xe 1 40586 +1.140 —0.522  +1204  40.399
3 +1.953 +0.988 +2.236 2 42192 43940 —1.961 +4.172 +1.89
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FIG. 3. The calculated results of a7y for (a) T =0, (b) T =1,
and (c) T = 2 as functions of mass number A for Xe isotopes (in units
of 1073 efm?). The squares, diamonds, triangles, and circles represent
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a 41 4, »andacr), respectively.

isoscalar component for '**Xe becomes 6.4 times larger than
the previous one. The reason for this difference between the
present and previous results is discussed in Sec. I'V.

The present results for Xe isotopes are summarized in Fig. 3.
The calculated results of a(ry are shown for each isospin as
functions of mass number A. Each a(ry smoothly decreases
from ' Xe to '*3Xe for the isoscalar (7T = 0) component while
it smoothly increases for the isovector (7 = 1) and isotensor
(T = 2) components.

IV. DISCUSSIONS

A. Comparison with other results

The present results, our previous results [27] and results by
Dmitriev et al. [25] are compared for 129X e in Table V. The dif-
ference between the present study and the previous one is due
to improvement of the model space adopted in the calculation.

In the previous study the model space for diagonalization
was two major shells between the magic numbers 50 and 126.
The Schiff moment was exactly calculated within this model
space, but only four orbitals (1 f7/2, 2p32, 1 f5/2, and 2p; )
for type-I 1 p1h excitations were assumed without considering
type-1I and type-III excitations.

In the present study the model space is limited only to
the one major shell between the magic numbers 50 and 82.
However, evaluation of the Schiff moment is carried out by

PHYSICAL REVIEW C 96, 015501 (2017)

TABLE V. The comparison of ar,’s for '*Xe between present
results (This work), the results by Dmitriev et al. [25], and our
previous results [27] in units of 1073 efm®. The isotensor (T = 2)
component in [25] is changed from its original sign in accordance
with the different sign definition of the isotensor (7 = 2) interaction
in the present study.

T This work Ref. [25] Ref. [27]
0 +3.242 +8 +0.507
1 +1.204 +6 +0.399
2 +4.172 +9 +1.89

taking all the 1plh excitations not only to all the orbitals
over 82, but also from all the orbitals under 50. Following
the present framework, the Schiff moment is again evaluated
using only the same orbitals and the same single-particle
energies adopted in the previous study. Then § = 0.84g©g +
0.36gVg +1.32@¢ (in units of 1073 efm®) is obtained,
which is reasonable compared with the previous result.

The Schiff moment of '*Xe was also calculated by
Dmitriev et al. [25]. They estimated the Schiff moment
assuming that 1>’ Xe consists of the even-even core and one odd
neutron. They calculated the Schiff moment and predicted the
Schiff moment of 1> Xe with core polarizationas § = 85© g +
6gVg —95Pg (in units of 1073 efm?), which more or less re-
sembles our results. Note that our definition of the isotensor in-
teraction in Eq. (8) is different in its sign from that of Ref. [25].

B. Strength functions for the Schiff moment operator

To investigate each 1 p 1/ contribution to the Schiff moment,
the strength function for the Schiff moment operator defined
by

spn(Epn) = > _ (1|57 | (o) K2 17) (30)
K

and the strength function for the VJTP(;) operator defined by

ey (Epn) = > _((p K 17 |VEL | 1) 31
K
are both calculated and shown in Fig. 4 as a function of the
energy denominator E,;, for the isoscalar (' = 0) components
of '®Xe. Here, partial contributions to the Schiff moment are
also shown in Fig. 4, which is defined as

Spnr)(Epn)
(17183 [ K I )i K 1~ |VET | 1)

= —Z £ +c.c.

K ph

(32)

The Schiff moment strengths are large both in regions be-
tween 5 ~ 15 MeV and between 25 ~ 35 MeV [see Fig. 4(a)].
In contrast, the Vn}g) strength has several large contributions in
the region between 5 ~ 15 MeV, but not so large contributions
above 25 MeV [see Fig. 4(b)]. As seen in Fig. 4(c), initially
the sign of the Schiff moment is negative due to the first
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FIG. 4. (a) The strength functions of Schiff moment operator
as a function of the energy denominator E,, for isoscalar (T = 0)
contributions of '*Xe. (b) The same as in (b), but for V”’g) operator.
(c) The same as in (a), but for partial contribution to the Schiff
moment. The summation of partial contributions to the Schiff moment
is also shown.

large negative contributions at around 6 MeV. However, most
of partial contributions to the Schiff moment after the large
negative contribution are positive. Then the value of the Schiff
moment gradually goes up to zero and finally the sign of
the Schiff moment becomes positive. The value of the total
Schiff moment is mostly determined by the energy of 15 MeV
and there are only limited contributions above 25 MeV. It
is noted that the energy difference of 15 ~ 25 MeV exactly
corresponds to the energy gap of 2 Ziw and these states in the
gap are not connected by the Schiff moment operator from
the |I;7).

In order to check the sum rule for the Schiff mo-
ment operator, we define the following energy-weighted
function:

Epy,
Sam(Epn) = Y E|Su(E)I*, (33)

E=E,
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FIG. 5. (a) Energy weighted sum function for the Schiff moment
operator as a function of the energy denominator E,, for 12%e. (b)
The same as in (a), but for Vf(;) operator with the isoscalar (7" = 0)
component.

where Ej is the ground-state energy. Then the Thomas-Reiche-
Kuhn (TRK) sum Sgw [40—42] becomes

lim Ssum(Eph)
Epp—00

= {1807, Ho]. 551 1) (34)

Sgw =

Recently the right-hand side of Eq. (34) is evaluated using
the random phase approximation (RPA) formalism [43] in the
atomic systems.

We also define a similar energy-weighted function for the
PT-violating potential,

Epn
Var o Eom) = Y Elvpmo(E)P, (35)
E=E,

where the subscript 0 indicates the isoscalar potential with
T = 0. These functions are shown in Fig. 5. The figures show
that, although the squared strength of the Schiff operator is
distributed even up to the particle-hole energy of 33 MeV, that
of the P T -violating potential already becomes very small after
the energy of 13 MeV.

C. Effects of residual interactions

Now let us discuss the effects of residual interactions. In
the mean field theories it is well known that the distributions
of multipole operators have large collective peaks and that
the residual interaction moves significant amounts of their
strengths up or down [44]. Here the residual interaction means
the remnant interaction of the two-body interaction, which is
not taken into account in the mean field, namely, which is
not absorbed in the one-body interaction. In the shell model
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approach two-body interactions are exactly diagonalized in the
model space and there is no need to care about the residual
interaction in the usual sense. However, even in the shell model
approach the interaction among nucleons in the model space
and those outside the model space has not been considered.
Here we denote this interaction as the residual interaction in
the shell model approach.

The unperturbed P and T conserving Hamiltonian Hj con-
sists of three parts: Hy = Hp + Hp + Hpg. Here, Hp, Hp,
and Hpg represent the interaction among nucleons in the
model space, the interaction among nucleons outside the
model space and the interaction among nucleons between the
model space and the outside space, respectively. The detailed
explanation is given in Appendix B. Up to now, effects of
the residual interaction Hpp and the two-body interaction in
the model space H,(f) have been neglected in the evaluation
of Eq. (9).

The effects of the Hpp and Hf,z) interactions appear in the
energy denominator in Eq. (5). The expectation values of Hp

and H,(f) in terms of 1p1h states are denoted as AEf,hQ and

AEf,h, where p and & represent particle and hole single-particle
states, respectively.

Here, the effects due to the neglected interactions are

estimated by varying the energy AEP! = AE’;,hQ + AED

The smallest single-particle excitation energy is found to be
Ep, =¢, — e, =62 MeV (energy difference between the
0g9/2 and the Ok, orbitals). Accordingly, the Schiff moment
is evaluated by taking AEP" = 41 MeV. Here it has been
assumed that the A EP" should not be large compared to E,p,
so that AEP" is set constant. In the case with AEP" = +1
MeV, the Schiff moment of '**Xe is calculated as S =
3.3259¢ 4+ 0.985 Vg + 4.00gg (in units of 1073 efm?) and
in the opposite case of AEP" = —1 MeV, the Schiff moment of
129Xe is calculated as § = 3.1250 g 4+ 1.225Vg + 4.195%¢
(in units of 1073 efm?). The difference between results with
and without A EP" is about 10%.

D. Estimation of the atomic EDM and the global analysis

The relation between the Schiff moment and the atomic
EDM of 'Xe was calculated in Refs. [37-39]. Using the
following relation [37]:

S
d(*¥Xe) = 0.38 x 10_17<—3)ecm, (36)

efm
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and the standard value of g = 13.5, the atomic EDM for '*’Xe
is obtained as (in units of 10~"%¢ cm)

d("PXe) = 1663 +0.62gV +2.145%.  (37)

Now let us estimate the atomic EDM within the Standard
Model. The strong T NN coupling constants g7’ in the
Standard Model are recently estimated by Yamanaka et al.
[45]

39 =—-1.1x10"", (38)
gV =—-13x10"", (39)
g% =433 x 1072 (40)

Using these values, the atomic EDM for '**Xe in the Standard
Model is estimated as

ldsm(**Xe)| = 2.5 x 107 %ecm. (41)

If alarger EDM than thatin Eq. (41) is observed in experiment,
it becomes obvious evidence for physics beyond the Standard
Model.

In Ref. [46], constraints on P and T violating hadronic
and electron-nucleon parameters for diamagnetic systems and
the neutron were obtained using experimental upper limits
on EDMs and calculated Schiff moments for TIF molecule,
1%9Hg, 12°Xe, and neutron. Similar analyses are performed by
incorporating the Schiff moment of '*’Xe in the present work
and also the EDM of '*’Hg in the update experiment [10],

ld(*Hg)| < 7.4 x 107 e cm. (42)

Table VI shows the results of constraints on P and T violating
hadronic and electron-nucleon parameters for diamagnetic
systems and the neutron. Each coefficient does not largely
differ from the previous results [46], although all coefficients
become slightly larger.

V. SUMMARY

In the present study the nuclear Schiff moments induced
by the interaction which violates parity and time reversal
invariance are calculated for the lowest 1/2% states of Xe
isotopes. The wave functions of Xe isotopes are calculated in
terms of the nuclear shell model approach. Excitations from
orbitals between the magic numbers 50 and 82 to orbitals over
82 (type-I excitations), the excitations from orbitals under 50
to orbitals between the magic numbers 50 and 82 (type-1I

TABLE VI. P and T violating coefficients obtained from diamagnetic systems and the neutron. Cy is the tensor electron-nucleon couplings
and g is the strong 7 N N constant which violates P and 7 invariance with isospin 7'. d*" is a short-distance contribution to the neutron EDM.
This work A (0.38) indicates that the factor 0.38 is used in Eq. (24), while the factor 0.27 is used for this work B (0.27) of Ref. [38], which is
used in Ref. [46]. Compared to the analysis by [46] different signs are used for the coefficients in front of the g© and g". In the lowest row,

the results in Ref. [46] are also shown.

Cr g d*" (e cm)
This work A (0.38) 2.208 %107 —11.63 x 10710 1.710 x 10710 17.43 x 10~*
This work B (0.27) 2.052x107 —10.82 x 10710 1.664 x 10~ 16.20 x 102
Ref. [46] 1.265x 107 —6.687 x 10710 1.4308 x 10710 9.878 x 107
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excitations), and the excitations from orbitals under 50 to
orbitals over 82 (type-III excitations) are considered for the
one-particle and one-hole excitations. It is found that the
contributions of type-II excitations are a few times larger than
those from the type-I and type-III excitations. The contribution
of excitation from the Ogy/, orbital to the Ok, orbital is the
largest. It is also found that the excitations which require large
excitation energies have negligible contributions.

The upper limit for the electric dipole moment of '**Xe
neutral atom is estimated using its Schiff moment. In the
Standard Model it has been obtained as |dsy('*°Xe)| = 2.5 x
10~3%¢ cm. If a much larger EDM is observed, it would be
evidence for physics beyond the Standard Model.

It has been reported recently that the kaon exchange effect
is sizable [45]. As a future work, this effect should be
incorporated. Also it should be noted here that intrinsic EDMs
of nucleons also contribute to the Schiff moments [27,28,47].
These contributions should be taken into account for more
precise estimation of atomic EDMs.
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APPENDIX A

In the operator representation of the Rayleigh-Schrodinger
perturbation theory with the unperturbed Hamiltonian Hy and
the perturbed Hamiltonian V:

H=H+V, (AD)

the ground state wave function is perturbed from |¢y) to

[¥o) = lgo) +

Vigo) + (A2)
Here, 0 =1— P with P = |@o){(¢ol and Holpo) = €ol¢o)
with |@p) being normalized. Here, the deviation of normal-
ization constant from one for |v) is due to second order of
V and should be safely neglected in first order of V. Then the
expectation value of the Schiff moment operator S(()l) for the
ground state |rg) is expressed in first order of V as

0
S = (go| S 1% c.c.
(@olS, c0— Ho lpo) +

= (el S5 1i) i
i €o

_y {golSy li) (i 1K) (k| QV |¢o)
g0 — (Ho)ix

1
~He k) (k| QV o) + c.c.

+ c.c.
ik

S§V k) (k| V
_Z (@0l Sy "1k) (k|V |@o) o (A3)
&0 —

(Ho)k
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where (Ho)w = (k|Holk) and the complete relation of any
basis states, > |i){(i| = >_|k){(k|] = 1 has been used. In the
final expression both (k|QV = (k|V and (ilk) = §;; are
assumed.

APPENDIX B

In the present paper the total Hamiltonian H is divided
into the unperturbed part Hy and the perturbation V as H =
Hy+V, where Hy= Hp + Hp + Hpp is the interaction
which does not break P and T invariance and V = VFT is
the P and T violating interaction.

In the following “c-particle” denotes any particle in an
orbital between the magic numbers 50 and 82 and “a
particle” denotes any particle in an orbital over the magic
number 82. Here, Hp is constructed solely from creation and
annihilation operators of c-particles, Hy is constructed solely
by creation and annihilation operators of a-particles, and Hp o
is constructed by creation and annihilation operators of c-
and a-particles. In the following only type-I excitations are
considered for simplicity.

In order to avoid unnecessary complications, the angular
momentum coupling and the single-particle orbital index are
abbreviated. Let us consider the expectation value of (Hy)x =
(k| Hy|k), where |k) = afc|g.s.) is the 1p1h state constructed
on the ground state |g.s.). Then we have

(k|Holk) = (g.s.|c'aHoatc|g.s.)

= (g.s.|cla{[Hy,a'c] + a'cHp}|g.s.)
= Eg + (g.s.|cTal[Hy,a'cllg.s.)

= E,s + (gs.|[c'a,[Ho,a'clllg.s.).  (B1)

Here, we have used the fact that the ground state |g.s.) con-
sists only of c-particles. Namely a|g.s.) = 0 and Hy|g.s.) =
Eyl|gs.).

In the evaluation of the double commutator [c¢ta,[Hy,afc]],
only the following terms in Hy contribute to (k| Hylk): (1) the
term containing only one a' and only one a operators, (2) the
term containing neither a' nor a operators.

Then up to two-body interactions, only the following
Hamiltonians:

Hp = e.cfe + Actclec, (B2)
Hp = ¢qa'a, (B3)
H}% = Ja'clac, (B4)

contribute to (k|Hylk), where A and J indicate strengths of
two-body interactions depending on the orbitals involved. &,
and ¢, indicate single-particle energies.
Finally, we have
(k|Holk) = E

os. + 84— &+ AEY + AE‘;,CQ, (BS)

where AEY = (k|H |k) and AE%, = (k|Hpplk). Here,
HY = Acliclce is the two-body part of the interaction Hp in

the model space. H,(,Q corresponds to the residual interaction.
The energy denominator in Eq. (A3) is given as (i.e., &g =
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Eg.s‘)

g0 — (Holik = &c — € — AER — AE%,. (B6)

APPENDIX C

In order to evaluate Eq. (5), intermediate states

(pK:17) = Ny llalal® @ ) (1)

should form an orthonormal system. In principal each state is
orthonormalized by Schmidt orthogonalization procedure by
requiring

(PRYK T |(pK 3 T7) = 8, pundri.  (C2)

PHYSICAL REVIEW C 96, 015501 (2017)

Since it is a hard task to accomplish this requirement
numerically, for the type-I excitations, e.g., we only require

(pWK T |(pWK; 1) =1 (€3)
and
(PWKTTI(PWKTT) = 8, p8k k- (C4
Thus
(PIOK I [(ph K1) = S (C5)

is only approximately realized in this work. This overlap is
non-zero only when both 7’ and h single-particle states are
occupied in |11+ ). Thus this overlap is expected to be very
small in a many-body system.
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