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We calculate the effect of the P, CP-odd electron-nucleon interaction on the electric dipole moment of
the '®"Hg atom by evaluating the nuclear spin matrix elements in terms of the nuclear shell model. It is
found that the neutron spin matrix element of the '®Hg nucleus is (¥|s,.|¥) ~ —0.4 with a dominant
configuration of p;,, orbital neutron. We also derive constraints on the CP phases of Higgs-doublet

models, supersymmetric models, and leptoquark models from the latest experimental limit |dy,| <

7.4 % 10730 ¢cm.
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I. INTRODUCTION

The baryon abundant Universe is realized if the funda-
mental theory fulfills Sakharov’s criteria [1]. An important
issue is the insufficiency of CP violation in the standard
model (SM) which generates a too small baryon number
asymmetry [2,3]. Motivated by this problem, the search for
CP violation beyond the SM is nowadays an active area in
particle physics.

One of the promising experimental approaches to unveil
new sources of CP violation is the measurement of the
electric dipole moment (EDM) [4-20]. The EDM is an
excellent probe of CP violation thanks to the small SM
background [21,22], and has been measured in many
systems such as the paramagnetic atoms [23], the neutron
[24], the muon [25], and the electron inside paramagnetic
molecules [26-29]. There are also many new experimental
ideas to measure the EDM in other systems such as the
paramagnetic atoms using three-dimensional optical lattice
[30,31], the proton and light nuclei using storage rings
[16,32-36], the strange and charmed baryons using bent
crystals [37,38], the 7 lepton from the precision analysis of
collider experimental data [39,40], the electron in polar
molecules and an inert gas matrix [41], or in polyatomic
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molecules [42], etc. Currently, the most precise measure-
ments are performed for the diamagnetic atoms. They include
129Xe (current limit |dy.| < 4.81 x 10727 ecm [43], pro-
spective sensitivity ~107! ecm), ??°Ra (current limit |dg, | <
x10723 ecm [44], prospective sensitivity ~1072% e cm),
and '"’Hg which gives the current world record of the EDM
upper limit |dy,| < 7.4 x 107% ¢ cm [45].

Despite the exhaustive search for new physics in LHC
experiments, their results are still consistent with the SM,
and the development of other complementary approaches
is now required. In this regard, the EDM is actually an
excellent alternative because it is more sensitive than the
current reach of LHC (13 TeV) under the assumption of
natural [O(1)] CP phases. The sensitivity of the EDM is so
high that the detection of the Lorentz violation [46—48] or
axionlike particle mediated interactions [49,50] using this
observable is also under discussion. In the context of
the atomic EDM, Schiff’s screening phenomenon which
states the cancellation of the EDM of the nonrelativistic
pointlike constituents in electrically neutral bound states is
well known [51]. The EDM of atoms is generated by three
important mechanisms. These are (a) the relativistic
enhancement of the electron EDM, (b) the polarization
of the atomic system by the P, CP-odd electron-nucleon
(e-N) interaction, and (c) the nuclear Schiff moment giving
the nonpointlike effect of the nucleus. Among them, the
atomic polarization due to the P, CP-odd e-N interaction is a
purely atomic effect, and it can only be studied by measuring
the EDM of heavy atoms [6,7,52-58]. The P, CP-odd e-N
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interaction is recently attracting attention, since it is gen-
erated in the two-Higgs doublet model (2HDM) at the tree
level, and has extensively been discussed in the literature
[59-62]. This process is also interesting due to its specific
sensitivity to several classes of models such as the super-
symmetric models with large tan f [8,63—68] or the R-parity
violation [14,69-72], as well as the leptoquark models
[57,60,73-75] where the s-channel electron-quark interac-
tion is relevant. Since atoms are one of the most accurately
measurable systems and give now the world record in the
EDM experiments, the study of the contribution of the
CP-odd e-N interaction has an inevitable importance in
the analysis of the CP violation of these models.

In the phenomenological analyses of the new physics
beyond the SM using the atomic EDM, hadronic, nuclear,
and atomic level calculations are required. In the context of
the CP-odd e-N interaction, the results of the calculations
at the hadronic level are already reaching a very good
accuracy thanks to the progress of lattice QCD, currently
being precise at the level of 10% [76—86]. The atomic level
calculations are also known to be very accurate, and the
theoretical uncertainty associated with them is typically of
O(1%) [54,87-92]. For the nuclear level calculation of the
EDM of '’Hg, however, the nuclear spin matrix elements,
which are the most important input, have never been
quantitatively evaluated. An estimation using the simple
nuclear shell model assuming only one valence nucleon is
possible [55,93,94], but it is known in modern nuclear
physics that this naive picture does not hold in general due
to the configuration mixing, in particular for nuclei with the
nucleon numbers not close to the magic numbers.

For the case of the Xe atom, the nuclear level inputs
required in the analysis of the atomic EDM such as the
coefficients relating the intrinsic nucleon EDM and the
CP-odd nuclear force to the nuclear Schiff moment or
the nuclear spin matrix elements, were evaluated in the
shell model with configuration mixing [17,95-98].
Combined with the results of atomic level calculations
[54,87,99], they allowed a quantitative access to the CP
violation at the hadronic level and beyond. Following the
success of the nuclear level calculation of 1>Xe, we expect
the application of the same framework to '°’Hg to have the
best impact on the study of new physics contributing to the
CP-odd e-N interaction. In this paper we therefore accu-
rately evaluate the nuclear spin matrix elements of the
9Hg nucleus using the shell model, to allow quantitative
analysis of theories contributing to the CP-odd e-N
interaction, i.e., the extended Higgs models, the super-
symmetric models, and the leptoquark models.

This paper is organized as follows. We first present in
Sec. II the CP-odd e-N interaction and its relation with the
EDM of the '”Hg atom. We then give the detail of the
framework of the calculation of the spin matrix elements of
19Hg and the neighboring odd nuclei in the shell model in
Sec. 111, and show the result as well as the relation between

the quark-gluon level CP-odd interaction and the EDM of
19Hg. We then analyze in Sec. IV the constraints on several
candidates of new physics beyond the SM. The last section
is devoted to the summary.

II. THE P, CP-ODD ELECTRON-NUCLEON
INTERACTION

The leading P, CP-odd electron-nucleon (e-N) inter-
action contributing to the atomic EDM is given by three
types of dimension-six contact interactions [6,7,14,57]:

Gr _ _
Loy=—— CYNNeiyse + C*NiysNee
eN \/EN;;@[ N Vs N VY5

1 _
~5 C%e””p"NaﬂyNéapge] . (1)

Here we denote the first, second, and third terms by the
scalar-pseudoscalar (SP), the pseudoscalar-scalar (PS),
and the tensor (T) type interactions, respectively. Note
the minus sign in front of C}, due to the convention.
The EDM of the '°°Hg atom is given by the leading order

perturbation of the CP-odd electron-nucleus interaction
H cp:

(wol = ed_irilwm) wulHerlyo)
dyg = 2; E,—E, )
where y,, labels the atomic eigenstates. From the non-
relativistic spin structure of the CP-odd e-N interaction (1),
it is possible to parametrize the EDM of the '’Hg atom in
the leading order of the CP-odd e-N couplings as [7]

ng = RT(C};<Upz> + C};<0nz>)
+ RPS(C]P;S <6pz> + Cl;S <0'nz>)
+ RSP(O.40C§,P + O.6OC;°;P), (3)

where (oy,) = ('Hg|oy.|"*”Hg) (N = p, n) is the nuclear
spin matrix element. We see that the T and PS type CP-odd
e-N interactions depend on the nuclear spin matrix ele-
ments, and we therefore need their accurate values to
quantitatively analyze the effect of new physics. The factors
0.40 and 0.60 are the fractions of the proton and neutron
numbers over the total one, and are exact in the non-
relativistic limit. For the case of the SP type CP-odd e-N
interaction, the calculation of nuclear matrix elements is
therefore not required.

The atomic coefficient Ry was calculated in several
atomic level approaches [17,87-92]. Here we use the result
of the calculation in the relativistic normal coupled-cluster
method Ry ~ —3.3 x 1072 ecm [92], where the theoreti-
cal uncertainty was estimated to be about 2%.

The PS type CP-odd e-N interaction is analytically
related to the T type one with [7,87]
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(C3(6,) + C(G,) < (Ch(Gp) + CalGn)).  (4)

where R is the nuclear radius. From this relation we

have Rpg =~ —1.2 x 10722 ecm.

The '’Hg atom is a diamagnetic atom and has a closed
electron shell, so the EDM is not generated by the SP type
CP-odd e-N interaction in the leading order of electro-
magnetic interaction. It is, however, induced by the hyper-
fine interaction [7,55,100]. The atomic level coefficient of
the SP type CP-odd e-N interaction (C3¥) has recently been
calculated, giving Rgp =~ —2.8 x 10722 ecm [100], with
about 20% of uncertainty.

Let us move on to the derivation of the CP-odd e-N
interaction from the quark-gluon level physics. The CP-odd
e-N couplings of Eq. (1) are generated by the CP-odd
electron-quark interactions, which have the same Lorentz
structure, and by the CP-odd electron-gluon interactions,

G . L
Logrg= —7% {Z |:C2qu€l]/5e + CHgiysqee
q

1
CT "P°G6,,qe0 ,ze ]

+C§§12 G’wel}/Se—FCegg G“ Gil'e }, (5)

=le,,,Go’. Here note that a,G%G4 and

SG,‘;,,G”” are renormalization group invariant in the leading
order of the strong coupling a,. The sum over the quark
flavor ¢ has to be taken up to that allowed by the
renormalization scale y (e.g., ¢ = u, d, s, ¢ fory = 2 GeV).

where G

For the T type CP-odd e-N interaction, the couplings C,
are obtained by just multiplying the nucleon tensor charge
5q = 2mN (p|gicesrsq|p) to the quark level analogue Cj.
By writing them explicitly, we have

CT = Clou + Clsd + CTss + Cléc, (6)
Cl = Clsd + Clou + Clos + Clsc, (7)

where we assumed the isospin symmetry. The light quark
contributions to the nucleon tensor charge are given by
ou = 0.8, 6d = —0.2, and 6s = —0.003 from recent lattice
QCD calculations [81,82,84-86], with 10% of theoretical
uncertainty for du, éd, and 50% for Js, being conservative.
The values of du and dd are also extracted from exper-
imental data using perturbative QCD based frameworks
[101-104], but more accurate data with future experiments
[105-108] are required to perform quantitative analyses.
The charm quark contribution is consistent with zero within
the uncertainty |5¢| < 0.005 [86].

‘We note that Cg (g = u, d, s, c) calculated at the scale of
the new physics (e.g., 4 = 1 TeV) has to be renormalized

down to the scale where the results of the calculations of the
nucleon tensor charges are available (1 = 2 GeV in most of
the cases). The running of C} from u =1 TeV down to
u =72 GeV brings a factor of about 0.8 [109-113]. This
suppression is intuitively understood by the radiative emis-
sion and absorption of the gluon, which flip the spin of the
quark. A similar mechanism is also working at the level of
the nucleon matrix element, attenuating the contribution of
the quark to the nucleon tensor charge [114,115].

For the PS type CP-odd e-N interaction, we have to
consider the gluonic contribution in addition to the CP-odd
electron-quark interaction. The couplings are given by

CSS<p|51irsdlp>
+ 37 (ol irsd|p) + CFS o

CPS = CFS(pluiysu|p) +
> (p|G4,Gi’ | p).

98
q=s.c
(8)
€IS = CI5(nldiysd|n) + CIP (nliysuln)
3 Ol irsd|n) + CE - (nIGiL G ),
q'=s,c
9)

where the isospin symmetry was used. The nucleon matrix
elements are phenomenologically derived from the anoma-
lous Ward identity [14,69-71,116-121]. Using the latest
QCD level inputs [122-124], we have (p|uaiysu|p) = 180,
(p|diysd|p) = =170, (N|siyss|N)==5.1, (N|¢iysc|N) =
—0.34, and g* <N|G“ G4'IN) = 400 MeV (N = p, n), with
about 30% of theoretical uncertainty [17]. Here we note
that the quark pseudoscalar matrix elements (N|giysq|N)
are dimensionless (the same applies for quark scalar matrix
elements (N|gg|N)). It is important to note that the PS type
CP-odd e-N interaction is enhanced, due to the pion pole
contribution of the light quarks [116,125]. We also point
out that at a scale below the quark mass threshold, the b and
t quarks contribute to CP5 through quark loops, as CF =

—LCPS (Q = b, 1), in the leading order in a, [126-130].

For the case of CFS, the renormalization grows the
couplings when the scale decreases since the product of
(N|giysq|N) and the current quark mass forms invariants.
The running from u =1 TeV to u =2 GeV yields an
enhancement of a factor of about 2 (this is also valid for b
and 7 quark contributions since Cb; %).

The SP type CP-odd e-N interaction is derived in a
similar way as the PS one:

CSP o CSP o
CSP N ~d PaN
2 (m +m + gs | + 2 \m, +my 9s

Ay a v
+ ZCSP ’d +CE;’ —(plGLGElp),  (10)

q'=s,c
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" 2 (mu+md 9s | + 2 mu+md+gs
(o] [P
t YO e TG GLGE . (1)
q'=s,c

where we again used the isospin symmetry. Here the pion-
nucleon sigma term is given by o,y ~ 40 MeV [76-79] and
the isovector nucleon scalar charge is gg =~ 0.9 at the scale
u =2 GeV [80,81,83,84,86], with error bars of about 10%.
We note here that ¢, phenomenologically extracted from
experimental data is around 60 MeV [131-136]. The
strange and charm contents of the nucleon are given by
o, ~40 [76-79,137-140] and o, =~ 80 MeV [141-143],
respectively, with an uncertainty of about 50%. The gluonic
condensate is derived from the trace anomaly as
1= (N|G4, G IN) = (=50 £5) MeV (N = p, n) [17].
As with the PS type one, the contribution from b and ¢
quarks at a scale below the threshold is given by C3y =

—-L C%P. The renormalization of CSF, is exactly the same
mo q/eg

as that of Cg?e ;> since the product of (N[gg|N) or 1/mg
(Q = b, 1) with the current quark mass is invariant under

the renormalization group evolution.

III. NUCLEAR SHELL-MODEL CALCULATION

The nuclear shell model is one of the most successful
models to describe various properties of nuclear structure
such as the energy spectra, electromagnetic transitions, and
electromagnetic moments. In order to study the nuclear
structure and estimate the nuclear spin matrix elements of
199Hg, it is preferable to exploit all the single-particle levels
between magic numbers 82 and 126 for neutrons and those
between magic numbers 50 and 82 for protons. It is,
however, very hard to perform the full shell-model calcu-
lations for '"’Hg due to the large number of shell-model
configurations. To get around this problem, the pair-
truncated shell model (PTSM) is utilized, where the full
shell-model space is truncated within subspaces composed
of collective pairs of nucleons. The details of the PTSM
framework are given in Refs. [144—-147].

For the single-particle orbitals in the shell-model space,
we employ the six orbitals between magic numbers 82 and
126 (Ohgsn, 1f7/2, Oiy32, 2p3s2, 1fsp2, and 2pyjp) for
neutrons and the five orbitals between magic numbers 50
and 82 (0g7/2, 1d5),, 1ds)3, 25y )5, and Ohy /) for protons.
The single-particle energies listed in Table I are determined
to reproduce the low-lying spectra in 2°’Pb and 2°’T1. Both
neutrons and protons are treated as holes. The full shell-
model space is truncated into subspaces composed of
collective pairs with angular momentum zero (S pairs),
two (D pairs), and four (G pairs) for protons, and S and D
pairs for neutrons.

TABLE L. Single-particle energies ¢, and ¢, for neutron holes
and proton holes, respectively, in units of MeV.
2pip 1fs/ 2p3 0iy3/2 Lf7/2 Ohg)»
&y 0.000 0.570 0.898 1.633 2.340 3415
25172 lds), 0hy1)2 lds), 097/2
€ 0.000 0.351 1.348 1.683 2.500

As a nuclear effective interaction, the so-called monop-
ole plus quadrupole-quadrupole interaction is employed
[146,147]. The Hamiltonian is written as

A=H,+H,+H (12)

np»

where A, and A » consist of the single-particle energies and
the two-body interactions for neutrons and protons, respec-
tively, and H,, represents the quadrupole-quadrupole
interaction between a neutron and a proton. The optimized
strength parameters of the effective two-body interactions
in Eq. (12), which are listed in Table II, are determined by
performing a y? fit to the experimental spectra for some
low-lying states in 2°Hg, '*®Hg, '9®Pt, and '*°Pt nuclei.

We calculate odd-mass Hg isotopes with the use of the
Hamiltonian in Eq. (12) and the strengths shown in Table II.
The results of the nuclear spin matrix elements in the lowest
1/2~ state of '’Hg are

<6nz> = <‘P|6nz|lp> = —0.3765, (13)
(c,,) = 0.0088, (14)

where |¥) represents the wave function of the lowest
1/2" state.

The nuclear spin matrix elements of '*’Hg are given as
(6,:) = —1and (6,,) = 0 in the simple picture that an odd
neutron resides in the 2p; /2 orbital [7,14,55]. Our results
for (c,.) and () are consistent with the simple estimate.
Table III shows nuclear spin matrix elements of odd-mass
Hg isotopes. The results gradually approach the simple
estimate as the number of valence neutrons decreases from

TABLE II. Optimized strengths of two-body interactions be-
tween neutrons (n-n), protons (p-p), and neutrons and protons
(n-p). Gy and G, indicate the strengths of the monopole-pairing
and quadrupole-pairing (QP) interactions between like nucleons.
K, indicates the strengths of the quadrupole-quadrupole (QQ)
interactions between like and unlike nucleons. The strengths of
QP and QQ interactions are given in units of MeV/b*. The
oscillator parameter b = /h/Mw is determined by the nucleon
mass M and the frequency fiw = 41 A='/3 MeV.

Gy G, K2
n-n 0.080 0.006 0.016
p-p 0.080 0.006 0.004
n-p 0.040
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TABLE III. Nuclear spin matrix elements for odd-mass Hg
isotopes.

199Hg ZOIHg 203Hg 205Hg
(6,2) —0.3765 —0.3396 —0.3494 —0.3333
(0,2) 0.0088 —0.0152 —0.0255 —0.0016

1%Hg to 2%Hg. Thus, it is concluded that the effect of the
configuration mixing on the nuclear spin matrix elements is
limited.

Figure 1 shows the low-lying energy levels of '’Hg in
comparison to experimental data. The actual spin parity of
the ground state is 1/27, whereas the lowest 1/27 state is
calculated at 0.185 MeV in the present framework.

In order to examine the wave functions further, nuclear
magnetic moments of Hg isotopes are calculated. The third
component of the magnetic moment operator is defined in
units of the nuclear magneton yy as

(eff)5 (eff
= UN Z <911 lrz +g?7 K 7z)’ (15)

T=n,p

where I, and 3,, stand for the third components of the

orbital angular momentum operator and the spin operator,

respectlvely In this study effective g factors of ggiff) =

0.6gs7 are adopted, where g§, ee) indicates the free spin g
factors. The quenching factors are consistent with the
adjusted values in the large-scale shell-model study around
the mass number 210 [149,150]. As shown in Table IV, the
magnetic moments of odd-mass Hg isotopes can be
systematically reproduced in our framework except for
205Hg, which has only one valence neutron.

The quenching of the ¢ factors is due to the core-
polarization effects and the meson-exchange currents. As
discussed in Sec. 3.4 of Ref. [155], the core-polarization
effects are differently affective between nuclei with just
one valence nucleon and those with more than two valence

2.0 1 i
Expt. PTSM
—(1912%)
15 1 _19/21 i
—oin) — 212
— (52"
e
2 1.0 1 -+ —15/0
S —72" —172"
0.5 ——3/2° —132" 1 . i
e —_—3/2 132"
—3/2" 512 —_—3
—_—3/2" p— 1V
—_—5" 1/2°
004 —1/2° T —30 5/2 1
FIG. 1. The energy spectrum of '°’Hg is given on the right panel

(PTSM). The optimized strength parameters of the effective two-
body interactions are shown in Table II. The experimental data
(Expt.) on the left panel is taken from Ref. [148].

TABLE IV. Magnetic dipole moments y (Calc.) in units of the
nuclear magneton yu, in comparison with the experimental data
(Expt.) [148,151-154]. The lowest state for each spin-parity I”*
and the second lowest one are indicated with I and I7,
respectively.

I7 Expt. Calc.
205Hg 1/27 +0.601 +0.372
203Hg 5/27 —+0.849 +0.899
01Hg 3/27 —-0.560 -0.605
199Hg 1/27 +0.506 +0.495

5/27 +0.88(3) +0.748
3/27 —-0.56(9) —-0.530
5/25 +0.80(9) +1.000
13/2} -1.015 —-1.080

nucleons because of the Pauli blocking. On the other hand,
the main part of the so-called core polarization is the
configuration mixing within the one harmonic-oscillator
shell. The configuration mixing is taken into account in the
present PTSM framework except for the neutron part of
205Hg. In contrast, the contributions of the meson-exchange
currents are expected to be independent of the number of
valence nucleons [156,157]. According to the above argu-
ments on the origin of the quenching of the g factors, it is
reasonable to employ different effective g factors between
205Hg and 203201.1%Hg. In other words, the PTSM frame-
work has the ability to accurately predict the spin depen-
dent quantities of '’Hg.

To complete the investigation of error bars, we also
comment on the next-to-leading order (NLO) contribution
in the chiral effective field theory. At the NLO, the nuclear
scalar, tensor, and pseudoscalar matrix elements are cor-
rected by the one-loop level pion dressing and the two-
nucleon contribution, composed of the pion-exchange
current and the short-range contact term (see Fig. 2). In
any cases, it can be shown from the power counting
argument [158,159] that the above corrections are sup-
pressed by at leasta factor of O (m3/m3,) ~ 0.3%, thus being
negligible in our analysis. We note that the nuclear matrix
elements (¥|oy |¥) are not suppressed by a factor of nucleon
momentum and, consequently, the NLO contribution is

()
o

Y
Y

Y
Y

(@) (b)

FIG. 2. The next-to-leading order two-nucleon correction to the
nucleon operators, with (a) the pion-exchange current and (b) the
two-nucleon contact interaction. The solid and dashed lines
indicate the nucleon and pion, respectively. The scalar, pseudo-
scalar, and tensor operators are denoted by I
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relatively small. The above discussion also applies to the
correction of the CP-odd interactions due to the change of
the model space, since the only source of the modification of
the nucleon is the interaction either with other nucleons or
with the virtual pions. We can thus use the same CP-odd
operators as the bare one [Eq. (1)] to a good approximation.
In contrast, the magnetic moment is sizably corrected by the
pion-exchange current, due to the momentum suppression
which is present even at the tree level [155].

The above results provide us the relation between dy,
and the CP-odd e-N couplings

dyyg = (1.2CT 4 0.0045CFS — 0.017CSP - 0.011CSP)

x 10720 e cm. (16)

We neglected the effect from the proton spin matrix element
since it is small and its theoretical uncertainty exceeds the
central value. We also display the relation between dy, and
the CP-odd quark or gluon level interactions defined in

Eq. (5):

dyg = (=0.23C} + 0.83C — 0.003CY
— 1.4CTS 4 1.5CS - 0.04CPS — 0.003CFS
—8x 107*C}S —2x 1075CFS + 3.2 MeV~!CPS
—0.14C5P — 0.15CSF — 0.02CSP — 0.003CSP
-6 x 107*C3P =2 x 1073C3P
+2.4 MeV~!CEF) x 107 e cm,

(17)

with a conservative error bar of 40% for the u- and d-quark
contributions, and 60% for the others. Note that the CP-odd
electron-quark or gluon couplings were renormalized at
u=1TeV.

IV. CONSTRAINTS ON NEW PHYSICS BEYOND
STANDARD MODEL

Let us now discuss concrete constraints for several
known models. The first candidate to be considered is
the 2HDM. In the standard 2HDM, there are five physical
Higgs modes, of which three are charge neutral including a
CP-odd one. The relevant Lagrangian is the Yukawa
interaction between the Higgs bosons and the SM fermions:

‘CY:

Y.
- = ((sin 8 @Y, + cos B %)y
2 i

+ cos B Ay iysy;]
Y,
- —= [(cos f ) — sin  p3)iw
— sin B Ag;iysyil, (18)
0

where @9, ¢Y, and A are the CP-even up-type, CP-even
down-type, and the CP-odd Higgs fields, respectively,
and Y; denotes the Yukawa coupling of the fermion i.

e e e e e e

I q 94660%3\9

(a) (b) ()

FIG. 3. Diagramatic representation of the leading contribution
of new physics to the CP-odd e-N interaction. (a) t-channel
electron-quark interaction, (b) s-channel electron-quark interac-
tion, (c) electron-gluon interaction. For (b), the dashed line of the
intermediate state may be a scalar or a vector boson. For (c), the
particle in the loop can be a quark as well as a colored scalar field.

The parameter f is defined by the well-known ratio
between the vacuum expectation values of the up- and
down-type Higgs fields tanf = 'L’—d Here we note that the
CP violation appears in the mixing between two Higgs
modes with opposite CP parity [160-166]. The physical
state with the lowest mass is identified as the Higgs boson
with mass my = 125 GeV [167-169].

This mixing generates SP and PS type CP-odd e-N
interactions at the tree level [see Fig. 3(a)], as [170,171]

—%C?P = - Zzen);,j cos fsin ftan’fIm(Z,),  (19)
- \G/—g P = Z;nyg cos’Im(Z,), (20)
- \G/g P = Z;g sin fcos fecot’fIm(Z,),  (21)
_Gr CPS = Yl cos’BIm(Z,), (22)

\/§ k
where j = u, c,tand k = d, s, b. We note that m ;=Y ;sinf3/

2V2Gr (j=u, ¢, 1) and my = Y, cosf/1/2V2G

(k =e, d, s, b). The dimensionless constants Z, and Z,
depend on the detail of the Higgs sector, especially on the
mass of the CP-odd Higgs mode A. The mass of A is
undetermined, but constrained to be m, > 1.5 TeV in
the large tanf scenario [172,173]. Their dependence on

p is factorized as Z, xtanf/1 +tan’f and Z, x
cotBy/1 +cot? B (for the convention, see Ref. [170]).

In the case where tan /8 is large, the experimental data of
dyg then yield the following bound:

2
4my,

[Im(Z,)| < 1.8, (23)

where we also considered the systematic errors. We note that
Im(Z,) grows as tan” f8 in the 2HDM, so that the constraint
on the Higgs sector becomes significantly tight for large
tan . In the above discussion, we did not constrain the
CP violation of the top quark sector [174—185] because it is
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more tightly bounded by the analysis of the Barr-Zee type
diagram [62,186-206].

The supersymmetric models [207-209] include the
2HDM as the limit of heavy sparticles. If the sfermions
are relevant, additional contributions to the CP phase of
the Yukawa coupling from loop diagrams are possible
[210-215]. The first effect we might consider is the squark
loop inducing the Higgs-gluon-gluon (HG,, ,G%") vertex
which contributes to the SP type CP-odd e-N interaction
[see Fig. 3(c)] [66]. This contribution is, however, well
below that given by the CP-odd electron-quark interaction,
as we will see below.

The correction to the Yukawa vertex with intermediate
sfermion propagation may be important in the case of large
tan 5. This effect actually brings an additional tan  to the
CP-0dd e-N interaction, resulting in a tan® # dependence
[64,65]. For large tan 3, we actually have

tan’(sin 8, — sin )

(1 =J,tanp)(1 — J tan f) <138, (24)
tan’(sin §, — sin ;)

(=Lanp( =t % &)
tan’f(sin 8, — sin &)

(1 =J,tanp)(1 — J, tan j3) < 2.0, (26)

where sing; =

J;)tan 8 (
\1+.I tan 3

tions show almost no dependence on flavor, despite the
hierarchy between the Yukawa couplings. They are actually
canceled by the nucleon pseudoscalar density (N|giysq|N)
which is approximately proportional to the inverse of the
quark mass [17]. We note that the above bounds do not
disappear in the limit of heavy supersymmetric particles
[8,64,65]. For the case of the third generation, the two-loop
level contribution to the electron EDM may be large
[8,64,65,216-220], although it decouples for heavy spar-
ticle masses. If the sparticles have masses of O(1) TeV (the
current experimental lower limits of the masses of top
squarks and gluinos are m; > 1 TeV and my; > 2 TeV,
respectively [221-223]), a stronger constraint by 2 or 3
orders of magnitude is obtained by the recent experimental
datad, < 1.1 x 1072 e cm [29]. Note that for the 2HDMs,
interesting cancellations or fine-tunings may occur
[224,225], although we do not consider them in this work.

In the supersymmetric extension of the SM, R-parity
violating (RPV) interactions [226-229], which do not
conserve lepton or baryon numbers, are also allowed.
The relevant RPV interactions are given by

e, d, s, b). The above equa-

Aijk

ik
(i < j)]
+ A [BidiPrd; + dyjd Py + diy 5P d,

=t -c _
-l-eRkyiPLej

— epidyPru; — iip;dy Pre; — dp e Pruj] + (Hc)}
(27)

where field operators with tilde denote the sparticles. The
coupling constants 4, /Ii-jk (i, j, k =1, 2, 3 are the flavor
indices) may have nonzero CP phases. In this case, a
nonzero CP-odd e-N interaction is generated through the
t-channel process [see Fig. 3(a)]. The matching with the
CP-odd electron-quark couplings is given by

G /Iz ’Iz
F CSP Z ( Jj 11) . (28)
\/i i=2,3 zmﬂi
m(A;Af
CPS w 111 (29)
=23 Vi

where j = d, s, b. We note that the RPV interactions do not
contribute to the CP-odd electron-up-type quark interaction
at the tree level. The PS type CP-odd electron-d-quark
interaction is enhanced by the pion pole effect of the
nucleon pseudoscalar density (N|diysd|N) at the nucleon
level. The constraints given from the experimental data of

dy, are then

Im(2,, A}
Zim( i )| 21210 Tev2, (30)
i=2,3 7

Im (2,4

m( 22 Wl < 16x 100 Tev2,  (31)
i—23 My

Im (2554

m( 33 wl _ 7% 10 Tev2, (32)
i=23 mf'i

The flavor hierarchy of the above upper limits is due to the
nucleon matrix elements which become smaller for heavier
flavor. From the LHC experimental data, the mass of

sneutrinos are constrained by m; > 1 TeV [230]. The
Im(A,, A

coupling >, 237’;_‘ i
constrained by the EDM of %Hg via the CP-odd e-N
interaction thanks to the pion pole enhancement. On the
other hand, heavier flavor contributions are more strongly
constrained by the analysis of the Barr-Zee type diagrams
[14,72,231,232].

The analysis of the CP-odd e-N interaction also has an
important impact on the CP violation of the leptoquark

[Eq. (30)] can be specifically

075021-7



YANASE, YOSHINAGA, HIGASHIYAMA, and YAMANAKA

PHYS. REV. D 99, 075021 (2019)

models [233-236]. It is generated by the s-channel process,
as shown in Fig. 3(b). We can conceive spin-1 and spin-0
leptoquarks, as given by the Lagrangian of Ref. [74]:

ELQ = Sl [gle(ITtCPLe - C_ZCPLZ/L)) + g/lRL_tcPRe}
- (R2)+[l’l/2LlijL€ —|— h/ZlelPRe]
+ Ui [ny, (ay, Py, + c_lyﬂPLe) + h’ch_ly”PRe]
— (Vo) [dh dY, Pre + ghrd€y, Pre] + (H.c.),

(33)
where S; and R, (U; and V,) are the spin-0 (spin-1)
leptoquarks. The spin-1 leptoquarks can only generate SP
and PS type CP-odd e-N interactions, whereas the spin-0

one also gives a T type one. The matching with the CP-odd
electron-quark couplings is given by

—_ & CSP - _ Im(hIZLhIER) _ Im(.g/lL.dTR) (34)
V2 4m%el 4m§l ’

_ & CPS — _ Im(hy, h'5g) _ Im(g}; g'1z) (35)
V2 4m§el 4m§l
GF CT _ Im(h/ZLh/zR) + Im(‘dng/TR) (36)
2v2 8mp, 8mg,

_ ﬁ CZP _ Im(Ry hR) | Im(gh g5R) (37)
V2 my, my,

_ & CcPS — _ Im(A, 1) _ Im(g5;, 9'5%) ' (38)
v2 ! my, my,

We can then derive the following constraints from the
experimental data of dy,:

Im(g,9'1z)

— L) <28 x 1078 TeV—2, (39)
mS]

Im(h5 h'5x) <25x 1078 Tev—2, (40)
mp,

Im(BL15R)| _ 62 5 100 Tev-2, (41)
mj;

Im(dzég’éze) <62 x10™ TeV2, (42)
mvl

where mg, and mg, (my, and my, ) are the masses of the
spin-0 (spin-1) leptoquarks. The masses of the leptoquarks
are constrained to be larger than 1 TeV by the null result of
LHC experiments [237-240]. The above leptoquark inter-
actions also contribute to the electron EDM [75,241,242],

but the upper limits are looser by several orders even if
we consider the latest experimental constraint d, < 1.1 X
107 ecm [29], if the fermions are restricted to the first
generation. Here, for simplicity, we only considered one
leptoquark multiplet for each spin. In the general case with
several leptoquark multiplets, there may be additional
mixings [74]. For the exchange of spin-1 leptoquarks,
the EDM of 'Hg is dominantly generated by the PS type
interaction, due to the pion pole enhancement. In the case
of spin-0 leptoquark exchange, the contributions from the
T and PS type CP-odd e-N interactions are comparable.

Let us also mention the SM contribution, generated by
the CP phase of the CKM matrix. The current under-
standing is that its leading effect to the CP-odd e-N
interaction is given by the pion-exchange process, via
the SP type interaction (C5F) [60,243,244]. The coupling
is estimated to be

CSP ~ 10717, (43)

which gives a contribution of dy, ~ 107 ecm. In the
diamagnetic atomic system, the contribution from the
nuclear Schiff moment [51] is also relevant. From the most
recent calculation, it is given by dy, ~ 107° ecm [244],
which is much larger than that of C3F. However, we have to
note that the above analyses did not consider the dynamical
nuclear effect of the intermediate hypernuclear state [245],
and the neglect of it may introduce sizable systematics. This
issue has to be inspected in future works.

V. CONCLUSION

In summary, we evaluated the nuclear spin matrix
elements of '’Hg, which are required in the evaluation
of the atomic EDM generated by the PS and T type CP-odd
e-N interactions within the nuclear shell model. The '*’Hg
nucleus has a dominant configuration with p;, orbital
neutron, yielding (¥|o,.|¥) ~ —0.4. For the proton one, the
error bar is larger than the central value, but its size is much
smaller than the neutron one, so it can be neglected in the
analysis of many candidates of new physics beyond the
SM. Our result is consistent with the simple shell model
picture with only one valence neutron, but we emphasize
that this was obtained with the large-scale shell-model that
considers the dynamical effects among nucleons in the
core, reducing the systematics and greatly increasing its
reliability. Before this work, the nuclear spin matrix
elements of '“Hg were the only missing link between
the semileptonic CP violation and the experimental data of
the EDM of '®Hg. Through our analysis, we could fill the
gap, and combining with the accurate hadronic and atomic
level inputs, the CP-odd e-N interaction became the most
accurately known CP-odd process of the EDM of '“Hg.

We also analyzed the contribution of the P, CP-odd e-N
interaction to the EDM of the '°’Hg atom within 2HDM,
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supersymmetric models, and leptoquark models. Thanks to
the tight experimental limit of the '’Hg atom, we could set
strong constraints on the semileptonic sector of these
models. The CP-odd e-N interaction is therefore critically
important to probe those specific candidates.

Our analysis using the nuclear shell model definitely has
to be extended to the study of the nuclear Schiff moment
generated by the intrinsic nucleon EDM and the CP-odd
pion-nucleon interactions to reduce the theoretical uncer-
tainty. We also expect our framework to be applicable in
the evaluation of the spin matrix elements of other heavy

nuclei such as ?>’Ra which has already been measured in
experiment [44].
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