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We present a detailed analysis together with numerical calculations on one-loop contributions to the
neutron, deuteron, and mercury electric dipole moment from supersymmetry without R parity, focusing on
the quark-scalar loop contributions. Being proportional to top Yukawa and top mass, such contributions
are often large, and since these are proportional to hitherto unconstrained combinations of bilinear and
trilinear R-parity violating (RPV) parameters, they are all the more interesting. Complete formulas are
given for the various contributions through the quark dipole operators including the contribution from the
color dipole operator. The contribution from the color dipole operator is found to be a similar order in
magnitude when compared to the electric dipole operator and should be included in any consistent
analysis. Analytical expressions illustrating the explicit role of the R-parity violating parameters are given
following perturbative diagonalization of mass-squared matrices for the scalars. Dominant contributions
come from the combinations BjAj;, for which we obtain robust bounds. It turns out that neutron and
deuteron electric dipole moments (EDMs) receive much stronger contributions than the mercury EDM
and any null result at the future deuteron EDM experiment or Los Alamos neutron EDM experiment can
lead to extraordinary constraints on RPV parameter space. Even if R-parity violating couplings are real,
Cabibbo-Kobayashi-Maskawa (CKM) phase does induce RPV contribution and for some cases such a
contribution is as strong as the contribution from phases in the R-parity violating couplings. Hence, we
have bounds directly on |B} A} j1| even if the RPV parameters are all real. Interestingly, even if slepton
mass and/or u is as high as 1 TeV, it still leads to neutron EDM that is an order of magnitude larger than
the sensitivity at the Los Alamos experiment. Since the results are not much sensitive to tan/3, our

constraints will survive even if other observables tighten the constraints on tan/3.
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I. INTRODUCTION

The problems of neutrino mass, baryogenesis, dark mat-
ter, dark energy, and gauge hierarchy, provide unambigu-
ous hints toward physics beyond the standard model (SM).
Whereas a direct discovery of new physics particles at
colliders is indispensable, a search for alternative observ-
ables could not only provide a means to discovery of new
physics but also prove complimentary by hinting at favor-
able regions in parameter space. Discrete symmetries and
their violations have been crucial to establishing and vali-
dating the SM. Forty years after the discovery of CP
violation [1], its experimentally observed effects in the K
and B-meson systems [1,2] are generally compatible with
the standard model (SM) predictions with the Kobayashi-
Maskawa (KM) phase as its sole source. The search for
more CP-violating observables is keenly pursued at on-
going and upcoming B physics experiments, and it is
largely confined to the flavor changing sector. Within the
flavor diagonal sector, P and T violating electric dipole
moments (EDMs) of fermions [3], heavy atoms and mole-
cules are interesting C P-violating observables that provide
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essentially background free and sensitive probes of physics
beyond the SM [4,5]. Though the search for nonvanishing
EDM has so far yielded null results, the present experi-
mental scenario with regard to EDM measurements is very
encouraging, with most of them well within the range of
interesting predictions from physics beyond the SM. For
the convenience of the reader, below we briefly describe
the current status of EDM experiments. This will also serve
to motivate our case for specific new physics contributions
that we discuss here.

Since the early work of Purcell and Ramsey [6], EDM
experiments have dramatically improved in precision. The
standard method for measuring a permanent EDM of a
particle is by placing it in an external electric field E and
looking for a shift in energy that is linear in E. This
explains the focus on the electrically neutral candidates
for EDM measurements. Naively, the Schiff screening
theorem prevents any measurement of atomic EDM.
Indeed, the assumptions of the Schiff theorem, namely,
the point-sized nucleus and nonrelativistic limit, are sig-
nificantly violated in heavy atoms and hence facilitate
EDM measurement. Ironically, the shielding which is com-
plete in the nonrelativistic limit, actually produces an
enhancement in the realistic relativistic limit [7]. Sanders
[8] pointed out that due to relativistic magnetic effects, the
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atomic EDM induced in heavy atoms can be strongly
enhanced compared to the electron EDM inducing it,
leading to the best limit on the electron EDM. The en-
hancement factor can be over 2 orders of magnitude. For
the case of paramagnetic atoms, the best bound so far is for
the thallium (%TI), |dg| < 9.0 X 1072 (90% C. L.) lead-
ing to the tightest limit on the electron EDM |d,| = 1.6 X
10727 [9]. Note that the numbers are in the standard ¢ cm
unit, which is assumed throughout the paper. For the case
of diamagnetic atoms, the mercury (!°°Hg) EDM is best
constrained by the Washington group, the bound being,
ldiel <2 X 1072 (95% C. L.) [10]. An upgraded experi-
ment is expected to improve the accuracy by a factor of 4
[11]. The violation of Schiff theorem comes about due to
the finite size effect of the nucleus. For the nucleon EDM,
the best bound so far is on the neutron EDM from the
Grenoble experiment, |d,| <6.3 X 10726 (90% C. L.)
[12]. The most recent result from the same experiment is
|d,| <3 X 10726 [13]. It is expected to reach a goal of
|d,] < 1.5 X 10726 [14]. The Los Alamos neutron EDM
experiment will provide 2 orders of magnitude improve-
ment, probing d,, down to order 10728 [15]. The standard
method of measuring the energy shift linear in the electric
field fails for the EDM of the charged particle due to
acceleration of the charged particle. However, in recent
years a new dedicated method of searching for the EDM of
charged particles in storage rings has been developed
[16,17]. A muon EDM experiment is proposed that is
expected to reach a sensitivity of 1072 which is an im-
provement of a factor of 103 to 10° over the last CERN
muon g-2 experiment [18]. A deuteron EDM experiment,
again using the storage ring is proposed, that would reach a
sensitivity of 10727 that is 10 to 100 times better than
current EDM limits in terms of sensitivity to the quark
EDM and QCD 6 parameter [19].

With so many exciting ongoing and upcoming experi-
ments, EDM searches certainly provide a complementary
alternative to probe physics beyond the SM. In this work
we will focus on the neutron, deuteron, and mercury EDM.
As an example of physics beyond the SM, we shall focus
on supersymmetry (SUSY) without R parity or the generic
supersymmetric standard model [20]. When the large num-
ber of baryon or lepton number violating terms are re-
moved by imposing an ad hoc discrete symmetry called
R parity, one obtains the MSSM Lagrangian. GSSM is a
complete theory of SUSY without R parity, where all kinds
of R-parity violating (RPV) terms are admitted without
bias. It is generally better motivated than ad hoc versions of
RPYV theories. The MSSM itself, without extension such as
adding SM singlet superfields and admitting violation of
the lepton number, cannot accommodate neutrino mass
mixings and hence oscillations [21]. Given SUSY, the
GSSM is actually conceptually the simplest framework
to accommodate the latter. The large number of a priori
arbitrary RPV terms do make phenomenology compli-
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cated. However, the origin of the (pattern of) values for
the couplings may be considered to be on the same footing
as that of the SM Yukawa couplings. For example, it has
been shown in [22] that one can understand the origin,
pattern, and magnitude of all the RPV terms as a result of a
spontaneously broken anomalous Abelian family symme-
try model.

As we will see in the next section, the EDM of mercury,
deuteron, and neutron are expressible in terms of the quark
EDM and color EDM (CEDM). The neutron EDM is an old
favorite and within the SM, the CKM phase contribution
starts at the three-loop level [23]. Generic (R-parity con-
serving) SUSY contributions starts at the one-loop level
and hence can be large [24—34]. Most of the phenomenol-
ogy studies of the case admitting R-parity violation have
largely been confined to the trilinear superpotential pa-
rameters. Within the latter framework, it has been shown
that contributions to fermion EDMs start at the two-loop
level [35]. Striking one-loop contributions are, however,
identified and discussed based on the GSSM framework
[36,37]. Under that generic setting, all RPV couplings are
considered without bias. Note that studies of RPV physics
under such a generic setting is uncommon. Not only that a
priori approximations were usually taken on the form of
R-parity violation especially on the set of bilinear parame-
ters, such approximations were often times not clearly
stated, if appreciated well enough. They may be confused
with the flavor basis choice issues (see Ref. [20] for de-
tailed discussions on the aspects). The EDM study from
Godbole et al. in Ref. [35], however, did state explicitly the
bilinear couplings were neglected in their study. The one-
loop contributions are exactly resulted from combinations
of a bilinear and a trilinear RPV couplings. Similarly,
flavor off-diagonal dipole moment contributing to the
case of the b — sy decay [38] and that of the u — ey
[39] decay at the one-loop level have also been presented.
That is the approach taken here. In Ref. [36], the one-loop
EDM contributions from the gluino loop, charginolike
loop, and neutralinolike loop are studied numerically in
some details. It shows that the RPV parameter combination
i AL, dominates. with small sensitivity to the value of
tanS. The experimental bound on the neutron EDM is used
to constrain the model parameter space, especially the RPV
part. However, the alternative one-loop contribution con-
taining a quark and a scalar in the loop is also important.
For the case of the down-quark EDM, it contains a top-
quark loop and hence proportional to top mass and top
Yukawa, thus giving rise to a very large contribution. We
give complete one-loop formulas for these contributions to
the EDMs of the up- and down-sector quarks, with full
incorporation of family mixings (in Ref. [36], family mix-
ing was neglected for simplicity). We present a numerical
analysis of quark-scalar loop contributions from all pos-
sible combinations of RPV parameters. Besides the famil-
iar w7 AL, there are a list of combinations of the type
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B} A ik which are particularly interesting and will be the
focus of this paper. In comparison to the earlier works
[36,37], our investigation provides more extensive results,
both analytically as well as numerically with the elabora-
tion on some physics issues as well as includes contribu-
tions to the deuteron and mercury EDM. We obtain bounds
on combinations of RPV couplings which are otherwise
unavailable. In fact, as we will see, any null results of
future EDM experiments lead to stringent constraints on
RPV parameters that have not been constrained so far.

Note that we decouple any explicit discussion of the
leptonic EDM, like for the electron and muon as well as dry
in which the electron EDM has a dominant role, from the
study here. Unlike the case of the R-parity conserving
contributions, the RPV contributions to EDMs of the quark
and lepton sectors have quite an independent origin. For
the lepton sector, it involves the A-couplings, rather than
the A’-couplings. Hence, a whole set of different combina-
tions of RPV parameters are to be constrained by the
leptonic EDMs numbers—not to be addressed in this
paper.

The structure of the paper is as follows. In the next
section we describe our notation and framework, the so-
called single-VEV parametrization (SVP). We will also
describe the formula for the neutron, deuteron, and mer-
cury EDM in terms of the quark EDM and chromoelectric
dipole moment (CEDM). In Sec. III, we will describe the
quark loop contribution to the quark EDM and CEDM
coming from a combination of a bilinear and trilinear
RPV couplings. In Sec. IV we will discuss the results
and in Sec. V we will conclude.

II. FORMULATION AND NOTATION

We summarize the model here while setting the notation.
Details of the formulation adopted are elaborated in
Ref. [20]. The most general renormalizable superpotential
for the supersymmetric SM (without R parity) can be
written as

W = eluoHILS + W4 QCHLUS + X, L7 DS
+ M am LA LY ECT + '/\”kUcDCDk, (1)

where (a, b) are SU(2) indices, (i, j, k) are the usual family
(flavor) indices, and (a, B) are the extended ﬂavor index
going from O to 3. In the limit where A;j, /\gjk, l]k, and u;
all vanish, one recovers the expression for the R-parity
preserving case, with L, identified as H ;. Without R parity
imposed, the latter is not a priori distinguishable from the
L;’s. Note that A is antisymmetric in the first two indices,
as required by the SU(2) product rules, as shown explicitly
here with £, = —&,; = 1. Similarly, A” is antisymmetric
in the last two indices, from SU(3).

The large number of new parameters involved, however,
makes the theory difficult to analyze. An optimal parame-
trization, called the single-VEV parametrization (SVP) has
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been advocated [40] to make the task manageable. Here,
the choice of an optimal parametrization mainly concerns
the 4 L, flavors. Under the SVP, flavor bases are chosen
such that: (1) among the L,’s, only ﬁo, bears a VEV,

ie. (Ly=0: Q) h%(= Aop) =
(3) h (= A = —Ajor) = g—;dlag{mw my, my}; (4) hijy =
\U/—EVCTKMdiag{mu, m., m}, where vy = v2(Ly) and v, =

V2(H,). The big advantage here is that the (tree-level)
mass matrices for all the fermions do not involve any of
the trilinear RPV couplings, though the approach makes no
assumption on any RPV coupling including even those
from soft SUSY breaking; and all the parameters used
are uniquely defined, with the exception of some possibly
removable phases.

The soft SUSY breaking part of the Lagrangian in
GSSM can be written as follows:

dlag{ml, my, m3}

Vsoft = GabBaHZ[‘Z + €ab[A1€§ ~?Hll; 0]C + AgHZQ?DJC

+ AEHGLPES] + He. + eab[ M L0 DS

2 ijk
+ O30 + Utind, 0 + Db + L1ic L

1 1 v mcAcH
+ S ANLYLPES } +5ARUIDFDE + He.

- - M, . -
+ EVm}E + w3, |H,|> + 7133

M M
+72WW+7*gg+Hc )

where we have separated the R-parity conserving ones
from the RPV ones (H, = L) for the A terms. Note that
fffﬁa%i, unlike the other soft mass terms, is given by a 4 X
4 matrix. Explicitly, i  is g, of the MSSM case while
n? T, S give RPV mass mixings.

Detalls of the tree-level mass matrices for all fermions
and scalars are summarized in Ref. [20]. For the analytical
appreciation of many of the results, approximate expres-
sions of all the RPV mass mixings are very useful. The
expressions are available from perturbative diagonalization
of the mass matrices [20].

III. THE QUARK LOOP CONTRIBUTION TO THE
NEUTRON, DEUTERON, AND MERCURY EDM

As we will see toward the end of this section, neutron,
deuteron, and mercury EDMs are ultimately expressible in
terms of quark EDMs and CEDMs. Quark EDMs and
CEDM s are typically defined from the following effective
Lagrangian:

A i o=
Lot = — Edffffw?’sfFW - EdffawvsT“fG“””-

3)
Here, d} and df are the EDM and CEDM, respectively, of
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a quark flavor f. We perform calculations of the one-loop
EDM diagrams using mass eigenstates with their effective
couplings. The approach frees our numerical results from
the mass-insertion approximation more commonly adopted
in the type of calculations, while analytical discussions
based of the perturbative diagonalization formulae help
to trace the major role of the RPV couplings, especially
those of the bilinear type. The interesting class of one-loop
contributions are obtained from diagrams involving
bilinear-trilinear parameter combinations, which were sel-
dom studied by most other authors on RPV physics. The
bilinear parameters come into play through mass mixings
induced among the fermions and scalars (slepton and
Higgs states), while the trilinear parameter enters an effec-
tive coupling vertex. The basic features are the same as
those reported in the studies of the various related pro-
cesses [36,38]. Among the latter, our recently available
reports on b — s + 7y [38] are particularly noteworthy, for
comparison. The d quark dipole plays a more important
role over that of the u# quark, when RPV contributions are
involved. The b — s + vy diagram is, of course, nothing
other than a flavor off-diagonal version of a down-sector
quark dipole moment diagram.

Unlike the SM Yukawa couplings, the RPV Yukawa
couplings are mostly not so strongly constrained in mag-
nitudes [41], and are sources of flavor mixings. A trilinear
AL «jk coupling couples a quark to another one, of the same
or different charge, and a generic scalar, neutral, or charged
accordingly. The coupling together with a SM Yukawa
coupling at another vertex contributes to the EDMs
through some scalar mass eigenstates with RPV mass
mixings involved, as illustrated in Fig. 1. As the SM
Yukawas are flavor diagonal, the charged-scalar loops
contribute by invoking CKM mixings.' Note that under
the SVP adopted, the A/, jx parameters have quark flavor
indices actually defined in the d-sector quark mass eigen-
state basis. Analytically, we have the formula for the
electric dipole form factor for quark flavor f,

dE
f R* f”
<?>¢ B 47Tsm29WZ Z Im(cnmlcnmz)

5 )} (4)
€

m

Mf
X |:(Qf Qf')F4< ) Qp F3<
e
and for the chromoelectric dipole form factor,

dS), = 2% Im(Cy,,iChimi)
( f)¢ 47TSII’120 Z Z l’l’l( nmi nmt

M, M3,
M;‘" 9, F3< 7 ) 5)

"For the corresponding flavor off-diagonal transition moment,
like b — s + vy, scalar loop contributions do exist [38].
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FIG. 1. The d-quark EDM due to the B}Al;; combination.
Because of top-Yukawa and top-mass dependence this is the
most dominant contribution.

Here, F3(x) and F4(x) are Inami-Lim loop functions, given
as:

Fs(x) = —3+4x—x*—2lnx), (6)

1
2(1 — x)3(
1
2(1 = x)?

LR
For f = u (i = 1), the coefficients C,;;
interaction Lagrangian,

Fi(x) = (1 — x* + 2x1nx). @)

are defined by the

— - 1 —
= ngI(dn)cDJr((,br;)[cﬁmz 2 5
1+
+CE,, 75}\?( u) + He., ®)
% Ya ,, K )l jkn *
Cﬁmz = CKMDIZm —= V D€j+2)m’
82 82 (9)
é’lf:“ - yu‘ V(ljnKMDll*m’
82
and, for f = d (i = 1), the coefficients C=-* are defined by
the interaction Lagrangian,
- ~ 1—
L= ¥, )0(0,)| Chi
~p 1+
+CR 275}?(4) + He,, (10)
i == Vion Din,
(11

P
R _ Vdi it myl Jki ynks gyl
Cnmi - g VCKM 1)2m + 2 VCKM ﬂ(j+2)m’

. / .
with the >  denoting a sum over (seven) nonzero mass
m

eigenstates of the charged scalar; i.e., the unphysical
Goldstone mode is dropped from the sum, D' being the
diagonalization matrix, i.e., D't M2D! = diag{M?; ,m =

1 — 8} and MZ% being the 8 X 8 charged-slepton and
Higgs mass-squared matrix. Here, i = 1 is the flavor index
for the external quark while n is for the quark running
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inside the loop. Note that the unphysical Goldstone mode
is dropped from the scalar sum because it is rather a part of
the gauge loop contribution, which obviously is real and
does not affect the EDM calculation.

In general, there also exist the contributions from the
neutral scalar loop (involving the mixing of the neutral
Higgs with sneutrino in the loop). These contributions lack
the top Yukawa and top mass effects that enhance the
contributions of the charged-slepton loop, and are hence
less important. The formula for the electric dipole form
factor is given as:

E
L7 N
e ¢()

aeme

Al
4rsin~ Oy

Z Z I (Nnmt Nf;:ll)

m n=

M M>
S S
F R 12
M 3<M2 ) (12)

S
m

m

and for the chromoelectric dipole form factor is given as

LRSS (N N

47sin 6y,

M M?
fﬂ f}l
fm

(df) g0 =

5 m

where, for f = u (i = 1), the coefficients NLR i are de-
fined by the interaction Lagrangian

v = gy () D (Y, )[fv{;m,-l e

2
_ +
n Nﬁmil—zyj}lr(ui) +He, (14
Artr, = -2 am%[@ Dy,
y (15)
NEBe = g [D D,
82 \/_ : 6

and, for f = d (i = 1), the coefficients NER
by the interaction Lagrangian

i are defined

L4 = g ()08 N 52

" +
+ Ak L 275}%51,-) +He,  (16)
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N L% yui 1 s . s
Nﬁmi = _gainﬁ[Dﬁm —iDy,,]
)U* 1
“jin .5
82 \/_ /+2)m N ZD(j+7)m]’
N = s Dy +iDs,)]
nmi — 2 inﬁ 2m l Tm
A}"i 1 s i TS
— . ﬁ[ij+2)m + lD(j+7)m]. 17

. / . .
with the Y denoting a sum over (10) nonzero mass eigen-
m

states of the neutral scalar; i.e., the unphysical Goldstone
mode is dropped from the sum, D* being the diagonaliza-
tion matrix for the 10 X 10 mass matrix for neutral scalars
(real and symmetric, written in terms of scalar and pseu-
doscalar parts). Again i = 1 is the flavor index for the
external quark while n is for the quark running inside the
loop.

Having obtained the expression for quark EDMs and
CEDMs, the next task is to connect them to the hadronic
and atomic EDMs. This is a nontrivial step owing to non-
perturbative effects of QCD for which there is no single
unambiguous approach. Below we will briefly describe the
neutron, deuteron, and mercury EDM formulas that we will
use for numerical calculations. For details we refer the
reader to the excellent review articles [4,5].

For the case of the neutron EDM, there have been three
different approaches with a varying degree of sophistica-
tion. The simplest of these is the nonrelativistic SU(6)
quark model [24-27,33]. There have also been attempts
based on the chiral Lagrangian method [30] and QCD sum
rule approach [31]. In the chiral Lagrangian approach the
neutron EDM is expressed solely in terms of the quark
CEDM [30]:

d, = (1.6dS + 1.3dS + 0.26d°). (18)
In the case of the QCD sum rule approach one obtains [31]:
gl
d, = (1 £0.5)———"—= X [0.55¢(d$ + 0.5dS
0= (1 0.5) e s X [0.55e(d + 0.545)
+0.7(dE — 0.254%)]. (19)

However, the two approaches differ substantially in their
dependence on various quark EDMs and CEDMs and their
relative importance and hence give very different results.
For instance, in the chiral Lagrangian method quark EDMs
are completely neglected and only CEDMs contribute,
while both contribute in the QCD sum rule approach.
Moreover, the strange quark CEDM contribution is domi-
nant in the chiral Lagrangian method whereas it is ne-
glected in the QCD sum rule approach. Owing to the
large differences in these methods we use the nonrelativ-
istic SU(6) quark model and incorporate the quark CEDM
contributions using naive dimensional analysis. Although,
this approach is less sophisticated than the above two
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methods, it provides a reasonable and reliable enough
estimate for our present purpose.

In the SU(6) quark model, one associates a nonrelativ-
istic wave function to the neutron consists of three con-
stituent quarks with two spin states. After evaluating the
relevant Clebsch-Gordan coefficients the neutron EDM is
written as

d, = %(4dd —-d,), (20)
where
e
d, = nEdg + ncgdg. 201

Here, df and d€ are the contributions to the neutron EDM
from the electric and chromoelectric dipole operators,
respectively. nf(= 0.61) and 7 (= 3.4) are the respective
QCD correction factor from the renormalization group
evolution [33]. The authors of Ref. [26] showed that within
MSSM chromoelectric dipole form-factor contribution to
the neutron EDM is comparable to that from the electric
dipole form factor and hence should be included.

Among diamagnetic atoms, the mercury atom provides
the best limit on the atomic EDM, which is a result of
T-odd nuclear interactions. The Schiff screening theorem
is violated by finite size effects of the nucleus and is
characterized by Schiff moment S which generates 7-odd
electrostatic potential for atomic electrons. Again the prin-
ciple it approaches in the literature are the QCD sum rule
and chiral Lagrangian method. The QCD sum rule ap-
proach gives [42]

dy, = —(d§ — d§ —0.012d%) X 32X 107 %e.  (22)
The chiral Lagrangian method gives [43]
dy, = —(d§ — d§ —0.0051dS) X 8.7 X 107 3e.  (23)

Again, one can see the differences in the two approaches.
We shall follow the results of Ref. [44] and interpret the
bounds on the mercury EDM as constraining the combi-
nation [dS — d§] <2 X 107%°. As we will soon see in our
result section, constraints coming from the mercury EDM
are redundant as the neutron and the planned deuteron
EDM experiment provide many stringent constraints.

For the case of the deuteron EDM, because of rather
transparent nuclear dynamics, theoretical uncertainty is
much smaller. As mentioned in the introduction, the pro-
posed deuteron EDM experiment would reach a sensitivity
of (1 — 3) X 107?"¢ cm that is about 10 to 100 times better
than the current EDM limits in terms of sensitivity to quark
EDMs and QCD @ parameter [19]. The deuteron EDM
receives contributions from the constituents proton and
neutron EDMs as well as CP-odd meson nucleon cou-
plings:

dp =d, +d, + dj"". (24)

For theoretical predictions again there are two approaches,
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namely, QCD sum rule [45] and the chiral Lagrangian
approach [46]. The authors of Ref. [45] show that in the
SU(2) chiral perturbation theory proton and neutron EDMs
exactly cancel each other and hence compute the EDM
using the QCD sum rule approach. The authors of Ref. [46]
have shown that this is not true after introducing a strange
quark and corresponding meson. However, the two ap-
proaches agree to within error bars regarding the dominant
contributions due to quark CEDMs and following Ref. [32]
we take the deuteron EDM to be dp(d,, dS) = —e(d —

d$)5*1! and use the best-fit value for our analysis.

IV. RESULTS AND DISCUSSIONS

From the discussion in the previous section it is clear
that the analysis of neutron, deuteron, and mercury EDMs
boils down to understanding quark EDMs and CEDMs.
Quark EDMs involve violation of CP but not R parity.
Thus RPV parameters should come in combinations that
conserve R parity. From an inspection of formulae it is
clear that the contributions from two A’ couplings cannot
lead to the EDM as these violate lepton number by two
units which have to be compensated by Majorana like mass
insertions for neutrino or sneutrino propagators.2 If one is
willing to admit more than two A’ to be nonzero, than in
principle one can have contributions to EDM at the one-
loop level from the Majorana like mass insertions but these
would be highly suppressed. With only two RPV cou-
plings, the only other possibility at the one-loop level is
to have a combination of a trilinear and a bilinear (u;, B;,
or n”ziol,) RPV couplings in such a way that the lepton
number is conserved. However not all the three bilinears
mentioned above are independent as they are related by
tadpole relation in the single-VEV parametrization [20]

Bijtanf = g+ pop;. (25)
Using the above tadpole equation we eliminate ’h%o,- in
favor of u; and B;. Contributions from the combination

wi Al x> through squark loops, had been extensively studied

in [36] in detail. Here, we shall focus on the B A! ik kind of
combination as illustrated in Fig. 1. Such a combination
can contribute through the charged-scalar (charged-
slepton, charged-Higgs mixing) loop or the neutral-scalar
(sneutrino, neutral-Higgs mixing) loop. The fermions run-
ning inside the loops are quarks, instead of the gluon or a
colorless fermion as in the case of the squark loops. Before
we discuss the numerical results it would be worthwhile to
discuss the analytical results which can then be compared
with numerical results.

Let us focus on the RPV part of Im(C%,,,CX.), in Eq. (4)
for the case of the d-quark EDM. It is given as

2A combination A;”Tk)\f « 1s real and hence does not contribute
ki
to the EDM.
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Im[()’un CKMD )

X(A/kl g]IC(*M (j+2)m)]' (26)

AL PR*
Im (Cnmlcnm 1 )RPV

For the u-quark dipole, we have
Im[(/\jkn (IZIIC(*MDC+2)m)
X 0 VDL ) 27)

Interestingly, the entries of the slepton-Higgs diagonaliz-
ing matrix involved are the same in both terms above.
Bilinear RPV terms are hidden inside the slepton-Higgs
diagonalization matrix elements. To see the explicit depen-
dence on bilinear RPV terms let us look at the diagonaliz-
ing matrix elements of the charged-slepton Higgs mass
matrix, D! D | more closely. When summed over

Im>

Im (élr?mléfrtzl JRPV =

(j+2)m
the index m, it of course gives zero, owing to unitarity. This
is possible only for the case of exact mass degeneracy
among the scalars when loop functions factor out in the
sum over m scalars. In fact, the final result involves a
double summation over the m scalar and n fermion (quark)
mass eigenstates. Either the unitarity constraint over the
former sum or the Glashow-Iliopoulous-Maiani (GIM)
cancellation over the latter predicts a null result whenever

the mass dependent loop functions F 4( [v) and F 3( ) can

(m tm

be factored out of the corresponding summation due to
mass degeneracy. In reality however, these elements are
multiplied by nonuniversal loop functions giving nonzero
EDM. Restricting to first order in the perturbation expan-
sion of the mass eigenstates, D! Dt is nonzero for

(j+2)m
m = 2 and m = j + 2, both giving similar dependence on
RPV but with opposite sign (m =1 is the unphysical
Goldstone state that is dropped from the sum here). Also

D(j 122 D{:J +9)- For m = 2 one obtains [20]
B;
D(ﬁml) ﬁg X O(1). (28)

Here, M? denotes the difference in the relevant diagonal
entries (generic mass-squared parameter of the order of
soft mass scale) in the charged-slepton Higgs mass matrix.
To first order in the perturbation expansion there is no
contribution to the EDM from w,. If one goes to second
order in the perturbation expansion, one gets a contribution
from the term m = j + 5 which is given as [20]

i mim; (A7 — potanB)m;
D(/+2)(1+5)D1(/+5) M2 ><|: M2
\/_MWsmB(Mk/\kN) (29
&M;

There are a few important things to be noted here:
(1) Notice that u; enter at second order in the perturba-
tion expansion. Moreover they are accompanied by
corresponding the charged-lepton mass squared and
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hence uiAl ijk contributions are always suppressed
(later below we will elaborate on this). Also notice
that in principle the trilinear parameter A;;; also
contribute through '“k)‘ku But they have to be
present in addition to the trilinear parameter A},

thus making it a fourth-order effect in perturbation
and hence negligible. Thus, we will focus on B} A} ik

effects which are interesting.

(2) Evenif all RPV parameters are real, the CKM phase
in conjunction with real RPV parameters could still
induce the EDM. As we will soon see, this could be
sizable.

(3) It is clear that the d-quark EDM receives much
larger contribution owing to top Yukawa and pro-
portionality to top mass. There are nine trilinear
RPV couplings A§j1 that contribute to the d-quark

EDM. A5, has the largest impact owing to the least
CKM suppression. The m, enhancement feature is
not there in the two loop contributions [35].

(4) All the 27 trilinear RPV couplings (A’ ;jx) contribute

to the u-quark EDM. However, the absence of en-
hancement from the top mass in the loop and the
uniform proportionality to up Yukawa considerably
weakens the type of contribution to the u-quark
EDM.

(5) There is no RPV neutral scalar loop contribution to
the u-quark EDM. However, there are one-loop
contributions to the d-quark EDM from the
neutral-Higgs sneutrino mixing due to the combina-
tion of B;Al;, with Majorana like mass insertion in
the loop. From the EDM formula, it is clear that this
would be about the same magnitude as the u-quark
EDM due to the charged-Higgs charged-slepton
mixing and is hence highly suppressed.

From the above analytical discussion, we illustrated
clearly how various combinations of trilinear and bilinear
RPV parameters contribute to the neutron EDM. We now
focus on the numerical results. In order to focus on indi-
vidual contributions we keep a pair of RPV couplings (a
bilinear and a trilinear) to be nonzero at a time to study its
impact. We have chosen all sleptons and down-type Higgs
to be 100 GeV (up-type Higgs mass and B, being deter-
mined from electroweak symmetry breaking conditions),
Mo parameter to be —300 GeV, A parameter at the value of
300 GeV, and tanB = 3 (we will show the impact of some
parameter variations below). Since the A’ couplings are on

3The Majorana like mass insertion can be considered a result
of the nonzero B;. It manifests itself in our exact mass eigenstate
calculation as a mismatch between the corresponding scalar and
pseudoscalar parts complex ‘“‘sneutrino” state which would
otherwise have contributions canceling among themselves.
With the nonzero B;, the involved diagram is one with two
AL, coupling vertices and an internal d quark. Hence, the type
of contribution is possible only with the single A’ coupling.
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the same footing as the standard Yukawa couplings, they
are in general complex. We admit a phase of /4 for
nonzero A’ couplings while still keeping the CKM phase.
The phases of the other R-parity conserving parameters are
switched off. Since it is the relative phase of the BjA;;
product that is important, we put the phase for B; to be zero
without loss of generality. We do not assume any hierarchy
in the sleptonic spectrum. Hence, it is immaterial which of
the bilinear parameters B; is chosen to be nonzero. We
choose Bj to be nonzero but all the results hold good for B,
and B, as well.

In Fig. 2 we have plotted the neutron, deuteron, and
mercury EDMs, as well as the d-quark EDM and CEDM,
against the most important combination Im(B3A};,) nor-
malized by u3. This combination has the largest impact
owing to top-Yukawa and top-mass dependence. We have
not plotted the u-quark EDM as it is about 5 orders of
magnitude smaller than the d-quark EDM (reflecting up-
top hierarchy). The description of various lines and sym-
bols is given in the caption for the figure. It is straightfor-
ward to understand the features of the plot. From Egs. (4)
and (5), given that loop functions F3 = F, for the parame-
ters considered here, one can see that d%/dS = 5/(2g,) =

1e-25
1e-26 7
el L] rDuru:tuct:ucr:u:cr:tmr:rl
g OOOOOOOOOOOOOOOOOOOOOOOOO
)
3 AAAAAAAAAAAAAAAAAAAAAA
8 le28 ¢ ' AR AR ]
: total n-EDM =
. d-quark EDM
e d-quark CEDM o
o Hg EDM -
o Deuteron EDM 4
. exp. bound NEDM ——
exp. projected nEDM
SNS projected NEDM -+
e exp. bound Hg EDM ]
, , , , _ exp. bound D EDM -

0 02 04 06 08 1 12 14 16 18 2
IM(X 331"Bg)/uZX10°

FIG. 2 (color online). The neutron EDM (in units of e.cm)
versus the combination J(BjA%;,) normalized by u2. The hori-
zontal lines show the present EDM bounds as well as improve-
ments possible in the future experiments. The red solid line is the
current experimental bound for the neutron EDM [13], the pink
dotted line is the current experimental bound for the mercury
EDM [10], the green dashed line is the goal expected to be
reached by the current Grenoble neutron EDM experiment [14],
the cyan dash-dotted line is the expected measurement of the
proposed deuteron EDM experiment [19], and the blue hashed
line is the expected improvement at the proposed Los Alamos
neutron EDM experiment [15]. The red filled squares stand for
the total neutron EDM prediction, the green filled circles are the
d-quark EDM, the blue open circles are the d-quark CEDM, the
cyan filled squares are predictions for the deuteron EDM, and the
magenta filled triangles are predictions for the mercury EDM, in
the present framework described in the previous section.
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2.5. This can be roughly observed in the plot. The plot also
shows that the total neutron EDM is the same as the
d-quark EDM contribution. To understand this, observe
that the u-quark EDM is negligible and hence the total
neutron EDM is the sum of the d-quark EDM and CEDM.
CEDM suffers not only a factor of 2.5 suppression as
discussed above, but also has additional e /47 suppression,
which more than compensates the QCD enhancement fac-
tor of 3.4. For the d-quark EDM contribution, the QCD
suppression factor is compensated by the Clebsch-Gordan
coefficient factor of 4/3 and the total neutron EDM works
out to be roughly the same as the d-quark EDM. In the
similar way one can see from the formulas for deuteron and
mercury EDMs that dy, = d§/3.14 and dgeyeron = 1.6 X
ddc. All these relations are born out in the plot.

Coming to bounds, from Fig. 2, we see that the null
result at the proposed Los Alamos EDM experiment can
lead to a particularly stringent constraint on
Im(B3A%5,)/ md < 1.4 X 1077, For the same combination
the bound we obtain from the sensitivity of the proposed
deuteron EDM experiment is 4.0 X 107® and from the
present best limits on the neutron EDM and Hg EDM
experiment, 4.0 X 10° and 1.9 X 10~ respectively. This
gives us an idea about the unprecedented sensitivity of the
proposed Los Alamos neutron EDM experiment and the
deuteron EDM experiment.

Figure 3 shows the contours of the neutron EDM in the
plane of magnitudes for the couplings A5, and B3 with the
relative phase fixed at 77/4. The contour for the present
experimental bound is shown in a dotted line. The plot
shows that a sizable region of the parameter space is ruled
out. Successive contours show smaller values of the neu-

1

L A A B AL A B R LR
H contours of n-EDM (ecm)]
: 1e28 - ---1 09
1e-27 —3
5e-27 E 08
1 07
1 06
4 05 [\ 334
{ 04
{03
{02
4 04
P I T N ] O
0 5e-05 0.0001 0.00015 0.0002 0.00025
2
[B3l/u"

FIG. 3 (color online). A contour plot for various values of the
neutron EDM in e.cm in the plane of real A}y, and B; (with a
relative phase of 77/4). The cyan dash-dotted line is the previous
best experimental bound, the pink dotted line is the current best
bound, the blue hashed line is the expected reach of the Grenoble
experiment, the black dashed line is the Los Alamos projected
sensitivity. One can see a sizable improvement in the regions
ruled out in parameter space with improvement in sensitivity.
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tron EDM with the smallest being 10728¢ cm, the pro-
jected sensitivity of the Los Alamos experiment. Figure 4
shows the contours of the deuteron EDM in the plane of
magnitudes for the couplings A5, and B3 with the relative
phase fixed at 77/4. The region between the dotted line and
the dashed line is the expected sensitivity of the proposed
deuteron experiment. The dashed line shows a possible
order of magnitude improvement in this. One can see
that any null result can rule out huge regions in parameter
space.

So far we have kept certain parameters like the phase of
the RPV combination, the wu, parameter, and the slepton
mass spectrum fixed. To get a better understanding of the
allowed regions in the overall parameter space, let us focus
on variations of the parameters one at a time. In Fig. 5 we
have plotted the neutron EDM versus the slepton mass
parameter i, = g (with |Bs3| =200 GeV2, |Ajy] =
.05 and relative phase of 77/4). As expected the neutron
EDM falls with the increasing slepton mass. More careful
checking reveals that the result is sensitive only to one
slepton mass parameter, the mass of the third left-handed
slepton here. It is also easy to understand from our ana-
lytical formulas that the dominating contributions among
the various scalar mass eigenstates for the case of B} Aj;;
come from the ith left-handed slepton and the Higgs.
Various horizontal lines are the experimental bounds. It
is interesting to note that even if the slepton mass is as high
as 1 TeV, it still gives the neutron EDM contribution that is
an order of magnitude larger than the Los Alamos experi-
ment sensitivity. In Fig. 6 we have shown the variation of
the neutron EDM with the w( parameter. Although the
parameter u does not directly figure in the EDM formula,
its influence is felt through the Higgs spectrum. Larger w

I ' ' T T T 1
4 0.9
D-EDM (ecm) 4 08
LR Jor
1e-27 E

peEr i 1 g Mool
4 04
4 03
4 02
A Pk S I | DTy I|, 01

0 1e-05 2e-05 3e-05 4e-05 56-05 6e-05 7e-05 8e-05

|B:3|/H20

FIG. 4 (color online). A contour plot for various values of the
deuteron EDM in e.cm in the plane of real A};, and B3 (with a
relative phase of 77/4). The region between the pink dotted line
and the green dashed line is the expected sensitivity of the
proposed deuteron experiment. The black dashed line shows a
possible order of magnitude improvement in this. Again one can
see that any null result can rule out huge regions in parameter
space.
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FIG. 5 (color online). Various EDMs vs the slepton mass
parameter 7, = rip (with |Bs| = 200 GeV?, |A}y,| = .05 and
relative phase of 7/4). Horizontal lines are the experimental
bounds.

leads to heavier Higgs spectrum which suppresses the
EDM contribution. Again, it is interesting to see that u, =
1 TeV, still gives the neutron EDM contribution that is
larger than the sensitivity of the Los Alamos experiment.
The large value of the neutron EDM (much larger than the
reach of the Los Alamos experiment) even for the slepton
mass and p, parameter at 1 TeV is not only encouraging
but also indicates that if a nonzero EDM is measured, one
should exercise caution in the interpretation in terms of any
new physics model. Our analytical formulas show that
there is no strong dependence on tan8 (we have checked
this numerically as well) and hence we have kept tan3 = 3
fixed in all the plots. Relative insensitivity to the value of
tanf here can be contrasted to certain interesting predic-
tions like the branching fraction for B, — u*u™ in

1e-25
n-EDM +
d-EDM
Hg-EDM O
exp.-bound n-EDM
1626 | exp. projected nEDM E
. SNS projected NEDM --------
L7 * ., exp.bound Hg EDM
T 7+ - -exp- bound D EDM
3 + +
= te27f Lt e, E
o + +
w +++++ gBBog ++++
+* a” g Ty
+* g0 B, t 4
Lo o Bq .
1€-28 frmeerrerreseeee e 12 R e B pyoseensssmnneneeeens E
b Bg
o o
go® Bog
goB Hog
1e-29 L L L
-1000 -500 0 500 1000

FIG. 6 (color online). Various EDMs vs the u, parameter with
|B3] = 200 GeV?, |A4y| =.05 and the relative phase /4.
Horizontal lines are the experimental bounds.
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MSSM which is boosted by 3 orders of magnitude in the
large tan B region. Any constraints on tan S following non-
observations of B, — u* u~ would still leave our predic-
tions unaffected. The fact that our predictions largely
depend on the hitherto unconstrained combination B} A,
and already known top Yukawa and top mass, makes it all
the more interesting.

To go beyond the illustrative case of the parameter
combination B} Al;,, we list in Table I the bounds due to
the neutron EDM from the current Grenoble results (in the
column under I), due to the plausible null result at the Los
Alamos experiment (in the column under II), as well as due
to any null results of the future deuteron EDM experiment
(in the column under III), on the nine combinations
|B;Aj;;| normalized by (100 GeV)?. It is interesting to
note the difference in bounds for case (a) and (b) for the
coupling combination |B} A5, | and | B} A},,|. The inputs for
case (b) are identical to case (a) except for the RPV phase
being zero for case (b). Case (b) thus relies solely on the
CKM phase. Interestingly the bound for |B} A5, | changes
very marginally from case (a) to (b) whereas the bound for
|B;AlL,;| weakens by about an order of magnitude. To
understand this difference in the behavior of |Bf Al;,| and
|Bf ALy, |, with and without a complex phase in the RPV
couplings, we have plotted in Fig. 7 the allowed region in
the plane of the relative phase of BjA};, and the |B3A%; |
(left) and the relative phase of BjA},; and the |BjAL,,|
(right). One can see that the bound for | B3 A}y, | is about the
same for the relative phase in B;A%;, of 0 or 77/4 but the
bound for |BjA},, | strengthens by about an order of mag-
nitude as the phase in the RPV coupling increases from 0 to
/4 suggesting a collaborative effect between the CKM
phase and the RPV phase. Figure 8 is similar to Fig. 7
except that it is now for the deuteron EDM. We see a

TABLE 1.
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similar pattern here also because of the similar qualitative
dependence on the down-quark EDM, implying similar
interference pattern between the CKM phase and RPV
phase induced contributions. For the case of Bi A};, there
is no CKM phase involved. In the table we have fixed the
sign of the w, parameter to be negative. In the Fig. 6 it is
seen that the absolute value of the neutron EDM is sym-
metric with respect to the sign of the u, parameter and
hence the positive u, should give identical bounds. The
variation of bounds in Table I with changes in parameters
Mo and the slepton and Higgs mass very much follows the
pattern found in plots discussed earlier.

Before we conclude, we would like to briefly comment
on two things. In Table I, we have only mentioned the
bounds for the nine combinations IBf)\g i |, whereas earlier
in the text we did mention that in principle all the twenty-
seven A i together with bilinear couplings do contribute to
the neutron EDM. The couplings other than A; i1 contribute
to the u-quark EDM and all the contributions are propor-
tional to up Yukawa (in contrast to the presence of a
contribution proportional to top Yukawa for the d-quark
EDM). Strength of the corresponding contributions is sub-
stantially weaker (typically by 5 to 6 orders of magnitude)
and hence does not lead to meaningful bounds. The other
thing is about the possible w; - A/ j contributions. It can be
seen in Eq. (29) that these are second order in perturbation
and are also accompanied by lepton mass u;. Thus, a
typical M?Mjk contribution is substantially weaker than
the corresponding B;‘)tf ik contribution. For instance, with
the similar inputs for other SUSY parameters as described
above, if one takes u;=10"2GeV (dictated by the re-
quirement of sub-ev neutrino masses), A%y, = .05, and
a relative phase of 77/4, one obtains the neutron EDM
of 6.0X 1073 which is about 6 orders of magnitude

Here we list the normalized upper bounds for several combinations of bilinear and trilinear RPV parameters, with some

variation in the input parameters. The bounds essentially depend on the values of parameters like 171;, po, and my, (my, and B, being
determined from the electroweak (EW) symmetry breaking condition). tanB has been kept fixed at 3 as the EDM has a very mild
dependence on tanS. Note that all these bounds include CEDM contributions. Columns headings I, II, III refer to bounds from the
current neutron EDM experiment, from the possible null results at the Los Alamos neutron EDM experiment, and the possible null
results at the deuteron EDM experiment, respectively. As is clearly seen, any null results at the Los Alamos experiment can lead to
bounds that are over 2 orders of magnitude larger than the current bounds

Parameter values

Normaxlizved/ bounds

Mo iy my, RPV (]‘(()g' GAe:; ))2 <\1\oo eV’ (]‘é’(f' G)\e v ))2

(GeV) (GeV) (GeV) phase I I I I I 11 I II 111
(@ —100 100 100 #/4 [1.5X107* 5.0X 1077 1.5X 1075 |43 X 107* 1.3 X 107° 25X 107° |1.7X 1073 52-107° 1.1Xx10°*
(®?* =100 100 100 0 [80X 1075 25X 1077 20X 1075 [2.0X 1073 65X 107® 5.1 X 1074 nil nil nil
() —400 100 100 7/4 |[55X107* 2.6 X 107° 52X 107 |27 X 107* 92X 107° 1.6 X 107* | 1.OX 1072 3.5 X 1075 6.6 X 10~*
(d —800 100 100 #/4 [1.7X1073 55X 107° 1.5X107* |9.0X 1073 3.0X 107 54X 107* [32X 1072 1.1 X 107* 2.1 X 1073
() —100 400 100 7/4 [63X107* 2.1 X 107° 56X 1075 [42X 1073 1.5X 1075 2.6 X 107* [1.5X 1072 52X 107° 1.1 X 1073
(f) =100 800 100 /4 [1.9X 1073 6.4X107° 1.6 X 10™* |1.5X 1072 52X 107° 92X 107* |5.1 X 1072 1.8 X 107* 3.6 X 1073
(g —100 100 300 /4 |3.8%X107* 1.2X 1070 3.6 X 107% [L.7X 1073 6.0 X 107 1.0 X 107* [ 6.6 X 1073 2.3 X 1075 4.2 X 10~*
(h) —100 100 600 /4 [1.0X 1073 3.5X 107 92X 107 |58 X 1073 20X 1073 3.5 X 107* |21 X 1072 7.6 X 107° 1.4 X 1073

“For this case the constraints correspond to the real part of the RPV combination as the relative phase is zero.
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FIG. 7. The dotted region is the parameter space allowed by
the neutron EDM upper bound in the plane of the relative phase
of Aj3,B; and the | A}, B3| (top) and the relative phase of A}, B}
and the |A},, B3| (bottom).

smaller than the present experimental bound on the neutron
EDM. If one goes by the upper bound on the mass of v, of
18.2 MeV [47], u3 could be as large as 7 GeV for tan3 =2
and sparticle mass ~300 GeV [40]. For u; = 1 GeV we
obtain the neutron EDM of 6.1 X 1072, still about 3
orders of magnitude smaller than the experimental bound.
These numbers can be easily compared with the A},
contributions to the d-quark EDM through the chargino
loop in Table 1 of Ref. [36]. There the corresponding
contribution (with @3 = 1 GeV) is much weaker (of order
10732) as it lacks the top-Yukawa and top-mass enhance-
ments. In the same table one finds that the corresponding
contribution to the gluino loop is much stronger (of order
10723) due to proportionality to the gluino mass and strong
coupling constant. In the light of above reasons one can
appreciate that the contributions due to the soft parameter
B; are far more dominating in the present scenario of quark
loop contributions.
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FIG. 8. The dotted region is the parameter space allowed by
the proposed deuteron EDM upper bound in the plane of the
relative phase of A};,B; and the |A};, B3| (top) and the relative
phase of A%,, B} and the A}, B3| (bottom).

V. CONCLUSIONS

We have made a systematic study of the influence of the
combination of bilinear and trilinear RPV couplings on the
neutron, deuteron, and mercury EDMs, including the con-
tributions from the chromoelectric dipole form factor. Such
combinations are interesting because this is the only way
RPV parameters contribute at the one-loop level to the
EDM. The fact that the form factors are proportional to
top Yukawa and top mass with the hitherto unconstrained
combination of RPV parameters, makes them all the more
interesting. Such a class of diagrams have a quark as the
fermion running inside the loop. The EDMs of neutron,
deuteron, and mercury are ultimately expressed in terms of
the quark EDMs and CEDMs. In our analytical expressions
obtained based on perturbative diagonalization of the sca-
lar mass-squared matrices, we demonstrated that the
charged-slepton Higgs mixing loop contribution to the
d-quark EDM far dominates the other contributions due
to a diagram with the top-quark in the loop. In our numeri-
cal exercise we have obtained robust bounds on the combi-

Im(B;-A,)
(100 GeV)?
reported before. The bounds are reported for the current

nations for i, j =1, 2, 3 that have not been
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best limits on the neutron EDM as well as projected for any
null results in the future improvements at the Grenoble and
Los Alamos experiments as well as the deuteron EDM
experiment. It turns out that measurements of the mercury
EDM are not as strongly constraining as the current neu-
tron EDM limits, whereas any null result at the deuteron
EDM and/or Los Alamos neutron EDM experiment can
lead to much stronger constraints on RPV parameter space
(for instance Im(B;A43,)/ 3 < 1.4 X 1077). Even if the
RPV couplings are real, they could still contribute to quark
EDMs via the CKM phase. For some cases the CKM phase
induced contribution is as strong as that due to an explicit
complex phase in the RPV couplings. We find that even if
slepton mass or w are as high as 1 TeV, it could still lead to
bounds that are well within the reach of the Los Alamos
neutron EDM experiment. There also exist contributions
involving u;A! - However these are higher order effects
which are further suppressed by proportionality to the
charged-lepton mass. Since u; are expected to be very
small (of order 1073 GeV) for sub-eV neutrino masses,
such contributions are highly suppressed. Our results pre-
sented here make available a new set of interesting bounds
on combinations of RPV parameters.

One further thing worth some attention here is the
question of to what extent our choice of model formulas
for the hadronic EDMs from quark dipoles, as discussed
and justified above, affect our major conclusions.* One can

“The question is prompted by a journal referee, to whom we
express our gratitude.
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think about presenting full numerical results and the com-
parison for the cases of the various different model for-
mulas. However, we find that neither feasible nor desirable.
We did do some numerical checking, but consider a brief
summary here as the only appropriate thing to present.
Two special features of the RPV model dictate the answer.
The hadron EDMs are to be determined from the EDMs
and CEDMs of the u, d, and s quark. For the RPV model,
the resulted dipoles for the u quark are much smaller
than of the d quark. For the s quark, however, dominant
contributions involve similar diagrams with trilinear RPV
couplings of different family indices, typically replacing
a 1 for the d by a 2 for the s. The latter complication
makes it difficult to fully address the impact within the
scope of the present study. However, one can at least see
that for the RPV parameter combinations playing a
dominant role in generating d dipoles, our main focus
here, their contributions to the s dipoles are going to be
unimportant. Neglecting the s and u dipoles, models
formulas from the QCD sum rule and the valence quark
model give roughly d,, = 0.92d% and d,, = 0.96d~, respec-
tively. The case for comparison with the chiral Lagrangian
approach is more complicated. But the result agrees within
a factor of 3 with the two numbers. The deuteron EDM
numbers from the two approaches agree within error
bars. And the mercury EDM constraint is always negligible
when compared to that of the neutron and deuteron,
even when s dipoles are to be considered. Hence, our
results here are not much affected by the hadron EDMs
model formulas chosen.
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