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The contribution of the R-parity violating minimal supersymmetric standard model at the one-loop
level to the '°*Hg atomic electric dipole moment through P, CP-odd electron-nucleon (e — N) interaction
is calculated. We show that the current experimental data of the '°*Hg electric dipole moment give tighter
constraints on some of the imaginary parts of R-parity violating coupling than those currently known. We
add also the analysis of the P, CP-odd 4-quark interaction generated by R-parity violating interactions at
the one-loop level, and discuss the possibility to constrain them in future experiments.
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I. INTRODUCTION

The standard model (SM) of particle physics is known to
be very successful in interpreting many experimental data
up to now. There are however some phenomena which are
difficult to explain in this framework, such as the matter
abundance of our Universe. We need therefore to extend
the SM with some new physics (NP).

One approach to search for NP beyond the SM is the low
energy approach, which consists of observing the small
discrepancies between the measured low energy observ-
ables and the SM predictions. Among several others, the
electric dipole moment (EDM) experiments are of particu-
lar interest for the following reasons. The EDM is an
observable sensitive to the violation of parity and time
reversal (or equivalently CP). The contribution from the
SMis in general very small [1], but is sensitive to many NP
with large CP violation. The experimental data available
are very accurate for a variety of systems such as the
neutron [2], 2>T1 atom [3], '”Hg atom [4] atoms, YbF
molecule [5], and muon [6], which make the EDM to be a
very efficient probe of NP. Also, a new generation of
experiment using storage ring is under preparation, aiming
at the measurements of the EDMs of muon, proton, and
deuteron [7].

On the theoretical side, the minimal supersymmetric
standard model (MSSM) is known to be the leading candi-
date of the NP. A general supersymmetric extension of the
SM allows baryon number or lepton number violating
interactions, so we must impose the conservation of
R-parity (R = (—1)*8~L%2%) to forbid them. This assump-
tion is however completely ad hoc, so the R-parity violating
(RPV) interactions have to be investigated phenomenolog-
ically. Until now, many of the RPV interactions were con-
strained by high energy experiments, low energy precision
tests, and cosmological phenomenology [8—10]. Thanks to
many efforts in EDM experiments, many phenomenologi-
cal analyses of the supersymmetry with [11-15] and with-
out [16-22] R-parity were done, and many CP phases have
been constrained so far. Herczeg analyzed the contribution
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of the RPVMSSM to the P, CP-odd e — N interactions, and
gave new constraints from the atomic EDM on the imagi-
nary part of many combinations of RPV couplings at the
tree level [19]. The P, CP-odd e — N interactions receive a
stringent constraint from the experimental data of atomic
EDM [14,23,24]. The present tightest limits on the P,
CP-odd e — N interactions are given by the recent update
of the '”Hg EDM experiment as [4]

dyg <3.1 X 107%e cm. (1

The accuracy of the '*’Hg EDM data is such that one can
expect to constrain RPV parameters even at the one-loop
level. This is because loop-level diagrams can involve new
RPV structures not encountered at the tree level. The main
purpose of this paper is then to investigate the P, CP-odd
e — N interaction at the one-loop level within RPVMSSM.
Our discussion is organized as follows. In the next section,
we briefly present the RPV interactions, and list the con-
tributing diagrams to the P, CP-odd e¢ — N interaction at
the quark level. We then derive the EDM of the '”Hg atom
from this one-loop contribution. In Sec. IV, we analyze the
bounds on RPV couplings that can be set from the 'Hg
EDM data. We also add the analysis of the P, CP-odd
4-quark interaction within RPVMSSM at the one-loop
level and discuss the possibility to constrain RPV inter-
actions with future experiments. We finally summarize our
discussion.

II. RPV CONTRIBUTION

In the first step of the estimation, we construct the one-
loop level contribution to the P, CP-odd ¢ — N interaction
at the quark level within RPVMSSM. The superpotential of
the RPV interactions can be written as follows:

Wy = SAijk€ap LILE(E), + Af €0, LY Q5 (D),

I

+ I (U)(D9) (D), 2)

with i, j, k = 1, 2, 3 indicating the generation, a, b = 1, 2
the SU(2), indices. The SU(3), indices have been omitted.
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The lepton left-chiral superfields L and E¢ are, respec-
tively, SU(2), doublet and singlet. The quark superfields
0, U¢, and D° denote, respectively, the quark SU(2);
doublet, up-quark singlet, and down-quark singlet left-
chiral superfields. The bilinear term has been omitted in
our discussion. We also neglected the soft breaking terms
in the RPV sector. Also, baryon number violating RPV
interactions (A};) will be omitted from now, to avoid rapid
proton decay. This RPV superpotential gives the following
lepton number violating Yukawa interactions:

Ly = —3AulPieiPre; + &8Py + Sy PiPre;
— (i = )]+ (He) = Ajy[7:diPrd;
+d,d Py + dby P5PLd,

j;gképruj] + (H.c.). (3)

- éLidkPLuj
- ﬂLjdkPLei -

The above fields used in our analysis are assumed to be
mass eigenstates.

The possible types of one-loop correction are shown in
Fig. 1. Among the listed diagrams, the vertex corrections
are renormalizations of the tree-level RPV couplings, so
we do not need to consider them. This reduces our analysis
only to the box diagrams. In the evaluation of the diagrams,
the Yukawa couplings of the 1st and 2nd generations are
neglected. The masses of light fermions are neglected. We
have also assumed that the soft breaking squark and slep-
ton mass matrices have no off-diagonal components, and
diagonal components do not have any CP violating phases.
For the RPV interactions, the dominance of single bilinear
of RPV interactions is assumed. With these assumptions,
there are only two contributing diagrams (with their com-
plex conjugates), which are shown in Fig. 2.

The amplitude due to Fig. 2(a) with its complex con-
jugate added is

2 2

iM, = 8ilm(AL Al Vam—=miy I(mdy, m?2, m;,

am m \/—
—ée-d,,iysd, ]+ (P-even terms),

“4)

where we have neglected the external and exchanged mo-
menta. We see that this amplitude is sensitive to the CP
phase difference of the RPV coupling A;;; and Al,,,. a
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FIG. 1. Classification of one-loop correction contributing to P,
CP-odd e — N interactions in RPVMSSM.
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FIG. 2. Two diagrams (+ complex conjugates) contribute to
the P, CP-odd e — N interactions at the one-loop level in
RPVMSSM. The chargino is denoted by Y.

and m are the flavor indices. The Fermi constant is denoted
Gr, and V,,, is the Cabibbo-Kobayashi-Maskawa quark-
mixing matrix element with a and m the flavor indices.
Here, my, m, , and m;, are the respective masses of W
boson, up-type quark (with flavor index @) and charged
slepton (with flavor 7). The loop integral I is defined as
follows:

I(a, b, c) =

! ! [ a lo - b Io E]
4(4m? a—blc—a S0 c—b b
(5)

For example, we have for m;,, = 100 GeV,

m¥, 1(m3, m2, m = (100 GeV)?) = 1.26 X 1073,
m¥ 1(m3,, m?, m2 = (100 GeV)?) = 1.26 X 1073, (6)
m, 1(m3, m?, méu = (100 GeV)?) = 3.7 X 1074,

and for m;,, = 1 TeV,

m¥ 1(m3, m?, m = (1 TeV)?) = 5.19 X 1073,
m3, 1(m3,, m?, m~ =(1TeV)?) =519%X 1073, (7)

miy(miy, m, m} = (1 TeV)?) = 3.30 X 1073,
We see that this integral has a sharp dependence on the
slepton mass.

The amplitude of Fig. 2(b) (with its complex conjugate
added) is

. Gr
iM, 8LIm(/\l“)\lam)Vam\/§ Z|le|21(m)( ,m3 m;

X[Ei'ySeﬂmdm—ee-dmlysdm]. (8)

Here, m X Mo, and mg,  are, respectively, the masses of

chargino, sneutrino (Ist generation), and up-type squark
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(with flavor index a). The mixing matrix elements of the
chargino le (j = 1, 2) follow the notation of Rosiek [25].
The important point is that M, and M, have exactly the
same combinations of RPV couphngs Im(A}, AL,,,) with

the same sign. The diagram (b) of Fig. 2 1nvolves three
sparticles in the loop, and the integral I(m}( ,m% , m2 ,.) has
three unknown variables. The experimental result of
the LHC has excluded the squark masses less than 1 TeV
[26]. We set my, = 1TeV in this discussion We

show some values of the integral my, I(m3,, m; , m3, ) for
some tentative masses of sneutrino and chargino:
m%vl(m m3 , m3 )—38><105 for m, =m;

100 GeV mWI(m 7)) =99X107° for m,

1 TeV, and m; = 100 GeV (or for m, = 100 GeV and
m; =1TeV); mWI(m m; , my )—51><10 6 for
my =m; = 1 TeV. The order of magnitude of m3, 1
stays around 107> ~ 107¢ due to the heavy squark mass.
The relative size between M, depends then on the slepton
mass. We can divide the discussion in two cases. If the
slepton mass is around 100 GeV (light slepton), the am-
plitude M, has a dominant contribution. On the other
hand, when we have slepton mass =~ 1 TeV (heavy
slepton), the amplitudes M, and M, have the same
order contribution. We must note that both amplitudes
have the same couplings with the same sign, so there is
no possibility for cancellation with each other The
constraints on RPV couplings can therefore always be
discussed.

III. DERIVATION OF THE “’Hg EDM

In this section, we will derive the P, CP-odd ¢ — N
interactions from the one-loop RPV contributions. The
general P, CP-odd e — N interactions with nonderivative
couplings are

[CSPeZ'y5e NN + C{Sée - NiysN

-7

+CT 5 e‘“’p”éa'w,e - Nap,,N], ©)

where N denotes nucleons (N = p for proton and N = n
for neutron).

The contribution to the scalar-pseudoscalar coupling
C3F and pseudoscalar-scalar C{® coupling can be calcu-
lated by means of quark condensates in nucleons.

CSP = (pldd|p)r, + (plss|p)r, + (plbblp)rs,

_ (10)
C8P = (plaulp)r, + (pl5s|p)r, + (plbblp)rs,

and
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CHS = —(pldiysd|p)r, — (plsiyss|p)Ts
—{plbiysblp)ts,

Cy> = —(plaiysulp)r; — (pliysslp)s (11)
—(plbiysb|p)rs,
where
= —8Im(A%, ALy Vo (L(miy, m3,, m2, )
+ Z|z‘+f P12, m3, m2))). (12)
J

The condensates {p|gq|p) and {p|Givsq|p) (¢ = u,d, s, b)
denote, respectively, the scalar and pseudoscalar quark
condensate in the proton. Equations (10) and (11) were
derived by using isospin symmetry.

The evaluation of {p|Gg| p) needs nonperturbative meth-
ods of QCD calculation. In this discussion, we use the
following values for the quark contents of the proton:

(pliulp) = 7.7, (13)
(pldd|p) = 6.9, (14
(plsslp) = 0.1, (15)
(plbb|p) =1 X 1072 (16)

rived from the nucleon sigma term (o = W(plﬁu +
dd|p) =~ 55 MeV [27]) and the proton-neutron mass split-
ting m), —m) = —2.05 MeV (nucleon masses without
electromagnetic contribution) [28], with current quark
masses m, = 2.5 MeV, and m,; = 5 MeV. The nucleon
sigma term was also evaluated in lattice QCD and gives
a consistent result [29]. The strange quark content was
obtained with the recent lattice QCD calculations
[30,31], with strange quark mass m; = 100 MeV. We
must note that the strange quark content of nucleon eval-
uated in lattice QCD differs significantly from the classic
result using baryon mass splitting, which gives more than 1
order of magnitude larger strange quark condensate. This is
due to the fact that the expansion in strange quark mass
does not work accurately in the classic approach. The
bottom-quark contribution was calculated using the heavy
quark expansion [28].

For the calculation of pseudoscalar-scalar coupling C£3,
we need to calculate the matrix element (Giysq) (¢ = u, d,
s, b). The calculation was done by using current algebra
method with axial anomaly [32], which yields

. m a;
(plgivsqlp) = —N<Aq’ + —‘Ag), (17)
m, 2

where Agq’ is the fraction of the axial vector current of
the quark ¢ in the proton, and Ag is defined by
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(pITrG,,G*"|p) = —2myAgiiiysu, [32], where G,
is the gluon field strength and G v its dual. We use Au’ =
0.82, Ad' = —0.44, As' = —0.11 [33,34], (a,/27)Ag =
—0.16 [32] and recent values of quark masses cited above.
This gives

(plaiysulp) = 248, (18)
(pldiysdlp) = —115, (19)
(pl5iyss|p) = —2.5, (20)
(plbiysblp) = =3 X 1072, (21)

The pseudoscalar condensate of the bottom quark in the
last line was calculated with the heavy quark expansion, in
the same way as the scalar one [28].

The final step is the derivation of the dependence of the
EDM of the !’Hg atom on the P, CP-odd e — N inter-
actions. The relativistic Hartree-Fock calculation improved
with random phase approximation gives the following
result [35,36]:

dyg = (—=50(0.40C5P + 0.60CSF)
+ 6(0.09CFS +0.91CFS)) X 107 %e cm.  (22)

The dependence of the '“?’Hg EDM on the P, CP-odd
scalar-pseudoscalar interaction (C3F) arises via the hyper-
fine interaction between atomic electrons and nuclear mag-
netic moment [36]. The calculation of the *Hg atom wave
function was also done within the many-body method
based on relativistic coupled-cluster theory [37], and this
provides 4/3 times larger result. This means that if we use
this result, we can obtain 4/3 times tighter constraint on
RPV couplings.

The final dependence of the " Hg EDM on the super-
symmetric RPV contribution can be written as

dyg = (—1667, + 1.07, — 0.03273) X 10 2¢ cm.  (23)

Using the experimental data of "’ Hg EDM [Eq. (1)], the
following limits are given:

|7 < 1.9 X 1079,
|75 < 9.7 X 107°.

|Tz| <3.1X 1077,
(24)

We should add a little comment on the sensitivity of the
EDM of the paramagnetic Tl atom on 7;’s, since for
equal experimental bounds, the limits on P, CP-odd scalar-
pseudoscalar type interaction (C3F) provided by paramag-
netic atomic EDM are tighter than those of diamagnetic
atoms. The dependence of 2T EDM on C3 is [38]

dr = —7.0 X 107'¥(0.40C}° + 0.60C3)e cm.  (25)
By combining the above relation with Eq. (10), we obtain

dp = — (527, + 0.707, + 0.07073) X 107 8¢ cm.  (26)
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Using the experimental limit of the EDM of the 2%TI
atom [3]

dr < 9.4 X 107%¢ cm, (27

we obtain
|7 < 1.8 X 1078,
|75 < 1.3 X 1077,

|7] < 1.3 X107¢,
(28)

which are looser than those given by '*?’Hg EDM experi-
mental data, but do not differ by more than 1 order of
magnitude.

IV. ANALYSIS AND CONSTRAINTS ON RPV
INTERACTIONS FROM Hg EDM

By combining Eq. (23) and the current experimental
limit of the EDM of the '“’Hg atom [see Eq. (1)], we
obtain the constraints on bilinears of RPV couplings as
shown in Tables I and II. In this analysis, the dominance of
single bilinear of RPV couplings were assumed. The limits
given for Im(Ajj;AL), Im(A]Aly;), Im(Af,AL,), and
Im(A}}; Al;,) shows tighter constraints than limits from
other experiments [8—10]. The new constraints were set
because of the strong upper limit of the ®Hg atom EDM
and also of the high sensitivity of the P, CP-odd ¢ — N
interaction to the RPVMSSM.

We must pay attention to other processes contributing to
the EDM of the '”Hg atom induced by the same bilinears
of RPV couplings discussed in our analysis. These RPV
couplings contribute to the Barr-Zee-type diagram of the
electron and quark EDMs with W boson and charged
slepton exchange. However, these contributions are small
for the following reasons. The electron EDM is suppressed
since the '’ Hg atom is a diamagnetic atom. The quark
EDM generated from the RPV bilinears cited above is also

TABLE I. Upper bounds to the RPV couplings given by the
19Hg EDM experimental data via the P, CP-odd e — N inter-
actions for mgysy = 1 TeV, where SUSY is supersymmetry.
Limits from other experiments [8—10] are also shown.

RPV couplings 199Hg EDM Other experiments

[Im(A%,; A5l 20X 1073 2.9 x 1072

[Tm(A5;; Ajy)l 2.0X 1077 1.7 X 1072

[Im(A%,, Abs ) 82 % 1074 0.60
21177231

[Tm(A%;, Azl 8.2 X 107* 0.36
3117%331

[Tm(A5,, A5 0l 3.3x 1073 2.9 X 1072

[Im(AZ%,, A0l 3.3x 1073 1.7 X 1072
3117%312

[Tm(A%;, Absy)l 2.9 X 1072 0.60
21174232

[Tm(A%;, Adsp)l 2.9 X 1072 0.36
31174332

ITm (A3, A%5)] 7 2.9 X 1072

[Tm(A%, A5l 7 1.7 X 1072

[Tm(A5,; Adps) 0.6 2.9 X 1072

[Tm(A5,, A0l 0.6 1.7 X 1072
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TABLE II. Upper bounds to the RPV couplings given by
the '”Hg EDM experimental data via the P, CP-odd e — N
interactions for m; = 100 GeV. Limits from other experiments
[8-10] are also shown.

RPV couplings 199Hg EDM Other experiments

[Tm(A3;; Ahy ) 8.2x 1077 29% 1073

[Tm(A%, AL, )l 8.2 x 1077 1.7 X 1073
31174321

[Im(A%,, Abs ) 7.3 X 1073 6.0 X 1072
2117*231

[Im(A%,, ALy ) 7.3 X107 3.6 X 1072
3117%331

[Tm(A%, AL 1.4 X 1074 2.9x 1073
2117*212

[Tm(A%, ALl 1.4 x 107 1.7 X 1073
3117312

[Im(A%,, Abs,) 2.6 X 1073 6.0 X 1072
21174232

[Im(A%,; Assn)l 2.6 X 1073 3.6 X 1072

[Tm(A%, AL )] 0.3 29x1073
2117*213

[Im(A%,, AL o) 0.3 1.7 X 1073
3117313

[Im(A%,, by 3X 1072 2.9 X 1073
2117223

[Tm(A%,, A% 3% 1072 1.7 X 1073
3117%323

negligible, since the contributing Barr-Zee-type diagram
has an electron loop (the Barr-Zee-type contribution re-
ceives a factor of the mass of the inner loop fermion).

This analysis is expected to be also applicable to the P,
CP-odd four-quark interaction at the one-loop level. We
will see below this discussion.

V. ANALYSIS OF THE P, CP-ODD 4-QUARK
INTERACTION WITHIN R-PARITY VIOLATION
AT THE ONE-LOOP LEVEL

The previous analysis can be applied also to the P,
CP-odd 4-quark interaction. This discussion is a direct
extension of the tree-level analysis done by Faessler
et al. [21]. Diagrams contributing to the P, CP-odd 4-quark
interaction are shown in Fig. 3. The amplitudes are given as
follows:

U
d s S—
1
1
éLiY w
1 Ug
dm <« < * dm
(c)
ury
d —— = - - — d
b
e Y <>X
ala ‘>

dy—¢—--<--"— (,

FIG. 3. RPV contribution to the P, CP-odd 4-quark interaction
at the one-loop level. The structure of the box diagram is exactly
the same as the P, CP-odd electron-quark interaction.
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ij\/lc =~ 811m()t;21 /\iam)Vbl

am\/_mw L, -[diysd-d,d,

—dd-d,,iysd,]+ (P-eventerms), (29)

iMy = 8iIm(A%, mm)vblvm\/_mw ZIZ”IZI

2 m ) [diysd - dyd,,
- C?d : dml’)/Sdm]’ (30)

2
X (m)(j,

where (M, and i2M are the amplitudes of the diagram
with W boson and chargino in the loop, respectively. a,
b =1,2,3,and m = 2, 3 are the flavor indices. I, is the
loop integral of M. where

I(m3,, 0, m% ) (@a=12b=12)

I(m?,, m3, m2 (a=3b=12)
Ly = 31)
I(mW, m?2, m% (a=1,2, b=23)
](m%}[/) éL ) (a = 3, b = 3))
with
1 1 a a c
J(a, b, c) = 1- In—
(a, b, c) 4(47r)2a—b|:c—a< c—a na)

_cfb(1 cfbln%)] (32)

For example, we have

m%v.l(m%v, mg = (100 GeV)?,
— (1 TeV)2, m2) = 2.6 X 1075,

m2) =~ 1.9 X 104,
(33)
m¥,J(m%, m

Figure 3(d) involves two squarks in the loop, so its
contribution is smaller than the amplitude M., since
my l(m3, , m ) =9.9 X107 for m,, =100 GeV,
2b)—51>< 10~ 6f0rmX, =1 TeV
(we have assumed muL =~ 1 TeV). As we have seen for the
P, CP-odd e — N interaction, the amplitudes M and M4
have the same sign and combinations of couplings, so there
is no possibility of cancellation with each other.

The P, CP-odd 4-quark interaction contributes to the P,
CP-odd pion-nucleon interaction. In this discussion, we
use the factorization and partially conserved axial-vector-
current constraint reduction to derive the hadron-level
interaction. This gives the following isovector type P,
CP-odd pion-nucleon interaction

uLb
and mWI(mX , m

£ =30 NN, (34)
with
F_m% G _
— (1) g UF
g . == = pm(pldmdmlp>’ (35)
Y zmd \/-2—m222,3
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where F, =~ 93 MeV is the pion decay constant, and
m, = 140 MeV is the pion mass. The coefficient p,, is
defined as

Pm = 8iIm(Al; A

am

'(Ifaﬁzlzlflzl(miy m2 , m? )), (36)
7

2
Wit Vammy,
ULa Urp

We must note that this factorization method has a large
uncertainty.

The recent Schiff moment of the 'Hg nucleus was
calculated with fully self-consistent mean-field treatment
taking into account the deformation [39]. The result is

Sug = 0.0078 rynZ e i’ (37)

where g, yv = 12.9 is the ordinary pseudoscalar coupling
pion-nucleon coupling. We have neglected contributions
from the nucleon EDM, isoscalar and isotensor P, CP-odd
pion-nucleon interactions. The dependences of the 'Hg
Schiff moment on isoscalar, isovector, and isotensor P,
CP-odd pion-nucleon interactions were calculated by
Ban et al., and they used five different codes. The result
is shown in Table III. We use the average of the isovector
dependence of the Schiff moment (a; of Table III) to give
the relation (37). Note that this nuclear level calculation
has also a large theoretical uncertainty (for some calcula-
tional method, the result is of opposite sign).

The dependence of the EDM of the '®’Hg atom on the
nuclear Schiff moment is given by [35]

S
dyg = —2.6 X 10717 " ¢ cm, (38)
efm
The final form of the dependence of '?Hg EDM on the
RPV P, CP-odd 4-quark contribution is

dyg = (3.5p; +0.35p3) X 10 Be cm. (39)

The constraints on RPV couplings obtained from the ex-
perimental data (1) [4] are shown in Table IV, where m; . is
tentatively taken as 100 GeV and 1 TeV.

TABLE III. Coefficients a; of the dependence of the
Schiff moment on P, CP-odd pion-nucleon couplings (S =
2man(@0Z oy + @18k + @28 y)) in unit of e fm®. The
labels HB and HFB stand for calculations in the Hartree-Fock
and Hartree-Fock-Bogoliubov approximations, respectively.

Model —a —a, a

SkM* (HFB) 0.041 —0.027 0.069
SLy4 (HFB) 0.013 —0.006 0.024
SLy4 (HF) 0.013 —0.006 0.022
SV (HF) 0.009 —0.0001 0.016
SHI (HF) 0.012 0.005 0.016
Average 0.018 —0.0068 0.029
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TABLE IV. Upper bounds to the RPV couplings given by the
19Hg EDM experimental data via the P, CP-odd 4-quark
interactions.

RPV couplings (mz,, = 100 GeV) (ms,, = 1 TeV)
[Tm(AL, A,)] 4.0 X 1072 0.97
[Tm(A%; Al 0.76 8.5
[Tm(A%; Alyo)I 0.17 42
[Tm(A%, Aly,)I 4.0 X 1072 0.97
[Tm(A%5, Als,)l 33 37
[Tm (A%, Aly,)] 15 170
[Tm(A%; Aly,)l 3.5 40
[Tm(A%, Als,)I 170 1200
[Tm(AL, Aly5)] 25 630
[Im(A%; Al 22 53
[Tm(A%, Alys)I 110 2700
[Tm(A%, Alys)] 9.4 230
[Tm(A%, Alss)] 1.3 15
[Tm(A%, Aly)I 9900 1.1 X 10
[Tm(A%; Alys)l 840 9400
[Tm(A%, Alss)I 67 490

The limits obtained are looser than those obtained from
other experiments [8—10], so it is not possible to obtain
upper bounds on RPV interactions from the '"’Hg EDM
experimental data. Nevertheless, this result shows the vari-
ety of RPV interactions A}, accessible from the one-loop
level P, CP-odd 4-quark interactions.

We should add to this discussion the possibility to con-
strain RPV interactions from future EDM experiments. The
first good candidate is the EDM of the >’Ra atom. The
225Ra EDM has a strong sensitivity on the P, CP-odd
hadronic interactions, due to the large enhancement of
the nuclear Schiff moment. The dependence of the P,
CP-odd 4-quark interaction on the EDM of the **’Ra
atom is [35,40]

dga = (=1.0py — 0.1p3) X 10 2'e cm.  (40)

We see that the sensitivity on the P, CP-odd 4-quark
interaction is enhanced by a factor of 3000 compared to
the EDM of '"Hg atom [compare with Eq. (39)]. This
large enhancement is due to the enhancement of the Schiff
moment by the octupole deformation of the >>’Ra nucleus
[40] and the close parity doublet states of the atomic
energy level [35]. The ?>Ra EDM experiment is prepared
by the group of Argonne National Laboratory aiming at the
sensitivity of O(1072%)e cm [41]. We can then expect
upper bounds of Table IV to be tightened by several
hundred times.

Another experimental candidate is the EDM of the
deuteron (nucleus). Recently, a new generation of EDM
experiment using the storage ring is in preparation, and it
offers the possibility to measure the EDM of charged
particles with very high sensitivity [7]. With this setup,
the high sensitivity to the hadronic P, CP violation is
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possible, since the suppression of the nuclear level P, CP
violation by Schiff’s screening theorem is avoided due to
the absence of screening electrons, in addition to the long
coherence time during the measurement. The dependence
of the P, CP-odd 4-quark interaction on the EDM of the
deuteron is [42]

dp = (2.9p, +0.29p3) X 10 2e cm.  (41)

We see that the deuteron EDM is 10000 times more
sensitive than the EDM of '”Hg atom against P, CP-odd
4-quark interaction. The measurement of deuteron EDM is
in preparation at Brookhaven National Laboratory, and the
expected experimental sensitivity is O(1072°)e cm [43].
We thus expect upper bounds of Table IV to be tightened
by ~10000 times, and the deuteron EDM experiment is
therefore very promising.

We should also point out the potential importance of the
nucleon EDMs. In our discussion, we have neglected
the contribution of the P, CP-odd 4-quark interaction to
the nucleon EDM, since the isovector type P, CP-odd
pion-nucleon interaction does not contribute to the nucleon
EDM in the approximation taking the leading chiral loga-
rithm. This approximation however neglects nonleading
terms which, although being model dependent [42,44],
can involve sizable isovector dependence. This approxi-
mation has a large theoretical uncertainty, and accurate
evaluation of the dependence of nucleon EDMs on P,
CP-odd quark level interactions is needed. We are thus
waiting for lattice QCD calculation. If we assume that the
dependences of the nucleon EDM on isovector type and
other P, CP-odd pion-nucleon interactions are compa-
rable, the dependence of the P, CP-odd 4-quark interaction
on the nucleon EDM will be

dN ~ (01p2 + 001p3) X 107206 cm. (42)

The next generation of the neutron EDM experiments
using ultracold neutrons sources plans to reach the sensi-
tivity of O(102%)e cm [45], which can constrain the RPV
interactions listed in Table IV 1000 times tighter than the
current '?Hg EDM experimental data. We must also note
that the proton EDM can be a strong candidate in limiting
these RPV interactions, since its performance should
provide the same order sensitivity as the deuteron EDM
[7.43].
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VI. CONCLUSION

In this discussion, we have analyzed the contribution of
the RPVMSSM to the P, CP-odd e — N interaction at the
one-loop level and have derived from the recent '“Hg
EDM experimental data limits to the imaginary parts of
the following products of RPV couplings: Ajj AL,
A Aisrs A A AfiAlzps Ajpg Az, and Ay Ay (1= 2,
3). For Ay Al Afy Afsrs Ajyp Ay, and Ajy A, (0 =2, 3),
we have found that these limits give tighter constraints than
those given by other experiments. For A}}, A5 and A}, Alys
(i = 2, 3), we could not set new limits. The new constraints
were set because of the strong upper limit of the '”Hg
atom EDM and also of the high sensitivity of P, CP-odd
e — N interaction to the RPVMSSM. We have also
analyzed the P, CP-odd 4-quark interaction within
RPVMSSM at the one-loop level. The current experimen-
tal limit of the " Hg EDM could not set new limits, but
new generation of EDM experiments with >>Ra atom,
deuteron, neutron, and proton has the possibility to con-
strain the RPV interactions significantly via P, CP-odd
4-quark interaction. These EDM experiments are therefore
very promising.

The result of our analysis has demonstrated the impor-
tance of the subleading order analysis for the EDM, like the
well-known analysis of the muon anomalous magnetic
moment. It has also emphasized the accessibility to a
variety of RPV interactions through the subleading loop-
level contributions, within the assumption of the domi-
nance of single bilinear of RPV couplings. We have been
able to set new limits to RPV interactions thanks to the
combination of the high accuracy of the EDM experimen-
tal data and the variety of RPV interactions relevant at the
one-loop level.

We should also note that the limits to RPV interactions
given by the analysis of the P, CP-odd 4-quark interactions
has a large theoretical uncertainty and model dependence
in QCD calculation. To give more determinate constraints,
accurate calculations are indispensable. The study of the
dependence of P, CP-odd hadron level interactions on P,
CP-odd 4-quark interactions within lattice QCD is there-
fore required.
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