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ABSTRACT: We present a detailed study of the Thallium, neutron, Mercury and deuteron
electric dipole moments (EDMs) in the CP-violating Minimal Supersymmetric extension of
the Standard Model (MSSM). We take into account the complete set of one-loop graphs, the
dominant Higgs-mediated two-loop diagrams, the complete CP-odd dimension-six Wein-
berg operator and the Higgs-mediated four-fermion operators. We improve upon earlier
calculations by including the resummation effects due to CP-violating Higgs-boson mixing
and to threshold corrections to the Yukawa couplings of all up- and down-type quarks and
charged leptons. As an application of our study, we analyse the EDM constraints on the
CPX, trimixing and Maximally CP- and Minimally Flavour-Violating (MCPMFV) scenar-
ios. Cancellations may occur among the CP-violating contributions to the three measured
EDMs arising from the 6 CP-violating phases in the MCPMFYV scenario, leaving open the
possibility of relatively large contributions to other CP-violating observables. The analytic
expressions for the EDMs are implemented in an updated version of the code CPsuperH2.0.
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1. Introduction

With the imminent advent of the LHC, we are entering an exciting era for probing new
physics at the TeV scale. If new physics is indeed observed at this scale, the questions of
its flavour and CP structure will immediately become very critical. The non-observation of
the Thallium (°°T1) [[], neutron (n) [, and Mercury (*Hg) [ electric-dipole moments
(EDMs) already provide remarkably tight bounds on possible new CP-violating phases
beyond the Cabibbo-Kobayashi-Maskawa (CKM) one of the Standard Model (SM). Com-
plementary to the direct explorations at the LHC, a new generation of precision low-energy
experiments is also expected to play an important role. The new precision experiments will



place much stronger indirect constraints on the possible CP and flavour structure of models
of TeV-scale physics. In particular, if the proposed experiment searching for a deuteron
(2HT) EDM achieves the projected sensitivity M, B, this will improve the existing bounds
on possible CP-violating chromoelectric operators by several orders of magnitude [f].

One of the theoretically best-motivated scenarios of new physics is Supersymmetry
(SUSY) [[d. Its minimal realization, the Minimal Supersymmetric extension of the Stan-
dard Model (MSSM), with SUSY broken softly at the TeV scale, addresses the naturalness
of the gauge hierarchy, predicts gauge-coupling unification, provides a viable candidate for
Cold Dark Matter (CDM) and may help explain the baryon asymmetry in the Universe
(BAU) via a first-order electroweak phase transition [§]. An essential role in the generation
of the BAU could be played by the new CP-odd phases that appear in the MSSM [§].
However, the non-observation of EDMs severely constrains these CP-violating phases [[].

The aim of this paper is to present a detailed study of the 2°°TI, n, '%Hg and 2H*
EDMs in the CP-violating MSSM. We include in our study the complete set of one-loop
graphs [[[0, [(]], the dominant Higgs-mediated two-loop diagrams [[9-[[4] of the Barr-Zee
type [[[(] and the Higgs-mediated four-fermion operators [[[3, [[, [[7], originally studied by
Barr [[[§] within a two-Higgs doublet model.! We improve upon earlier calculations [[[9,
by calculating the complete CP-odd dimension-six Weinberg operator [R]] and by including
resummation effects due to CP-violating Higgs-boson mixing [B9] and to threshold correc-
tions to the Yukawa couplings of the up- and down-type quarks and charged leptons [RJ.
We then use this compendium to derive representative constraints on the CP-violating
parameters of phenomenologically relevant benchmarks in the MSSM, such as the CPX
scenario [R4], the trimixing scenario [RF, [[4] and the general Maximally CP- and Min-
imally Flavour-Violating (MCPMFV) framework [Rf], for selected sets of values of the
CP-conserving parameters. Clearly, sufficiently small values of the CP-violating param-
eters must be compatible with the experimental upper limits on the EDMs but, as we
shall illustrate with explicit examples, larger values may also be allowed by non-trivial
cancellations.

For the presentation of our analytic results, we follow the conventions and notations
of CPsuperH [R7], especially for the masses and mixing matrices of the neutral Higgs
bosons and SUSY particles. We note parenthetically that the new version of CPsuperH,
CPsuperH2.0, includes an improved treatment of Higgs-boson propagators and Higgs cou-
plings, and enables numerical predictions for a number of flavour-changing-neutral-current
(FCNC) B-meson observables, including CP-violating effects. On the basis of the results
in this work, we further improve the code CPsuperH2.0 by implementing the computation
of the Thallium, neutron, Mercury and deuteron EDMs in the CP-violating MSSM.

The layout of the paper is as follows. Section 2 presents all formulae relevant to the one-
loop contributions to the electric and chromoelectric dipole moments of the charged leptons
and quarks that result from chargino-, neutralino-, and gluino-mediated diagrams. Non-
holomorphic threshold effects on the light-quark Yukawa couplings have been appropriately

"However, we do not include here the contributions of a possible non-zero CP-violating QCD vacuum
parameter 6.



resummed, as these are the dominant source of higher-order corrections. In section 3, we
calculate the CP-odd dimension-six three-gluon Weinberg operator, taking into account
loop diagrams involving ¢ and b quarks and Higgs bosons, in addition to the previously
known loop effects due to ¢ and b squarks and gluinos. In addition, we present analytic
results for the Higgs-mediated four-fermion operators and the dominant Higgs-mediated
two-loop diagrams. In section 4 we compute the 2°T1, n, '%Hg and 2H* EDMs in the
CP-violating MSSM. Section 5 presents illustrative constraints on key soft SUSY-breaking
parameters and CP-odd phases in the CPX, the trimixing and the MCPMFYV scenarios.
We summarize our conclusions in section 6.

2. One-Loop EDMs of leptons and quarks

At the one-loop level, the charged leptons, e, u and 7, and the light quarks, u, d and s,
can have EDMs induced by charginos, neutralinos and gluinos. The u, d and s quarks may
also develop chromoelectric dipole moments (CEDMSs) via the corresponding squark and
gluino loop diagrams. In this section we exhibit analytical formulae for the one-loop EDMs
of charged leptons and light quarks, and the CEDMs of the quarks.

We denote the EDM of a fermion by d? and the CEDM of a quark by dgj. The relevant
(C)EDM interaction Lagrangian is given by

1 - 1
Lcepm = — 3 df F*™ fous f — §d¢(f G qouwysT q, (2.1)

where F* and G** are the electromagnetic and strong field strengths, respectively, and
the T% = \%/2 are the generators of the SU(3)¢ group. The interaction Lagrangian (P.1)
leads to a matrix element of the form:

iM = —df e(q) - (p+ ) a(p') s ulp) , (2.2)
where p = ¢ + p' and €(q) - p = €(q) - P/, since €(q) - ¢ = 0. We use the convention
o =3[y Y] =iy = gM).

To set our coupling notations and normalisations, we write down the generic interaction

of a chargino )Zf%, neutralino )2?727374 or gluino g%, collectively denoted by x, with a fermion
f and sfermion f; 5, as follows:?

L oi=gl aPLh) fi + ol (Prf) f +hee. (2.3)
Likewise, the interaction Lagrangians for the couplings of a photon A* with x and f/ read:
‘CXXA = —e QX ()Z’}/HX)AM s ‘Cf’f’A = —e Qf’ f/* 8# f’A‘u . (24)

Employing (R.J) and (B.4) and taking into consideration the diagrams of figure [, we
calculate the one-loop fermion EDM,

dE\ X - -

CFY My [ xff xff’} 2 2 3 2 2

< . > = 167T2m3£~, Sm (gmj> 91ij QXA(mXi/me,_)+Qf,B(mXi/me,_) , (2.5)
j

2Here the convention for the couplings gr and gr is different from that used in [E] gr = R}, and
gr = Li.



Figure 1: Generic Feynman diagram for the EDM (dj‘fJ )X of the fermion f induced by x exchange
effects. The photon line can be attached to the sfermion f’ line, or to the y line if y = )Zj[

where

A(T):ﬁ<3—7‘+il_n:>, B(r)zﬁ(l—i—r—i—iﬂn:)a (2.6)

with A(1) = —1/3 and B(1) = 1/6. We have checked that our analytic expressions for the
one-loop EDMs are in agreement with [ and [[LT].

We now present the individual one-loop contributions of charginos Y* to the EDMs of
charged leptons (d¥/ e)Xi, up-type quarks (dZ/ e)’zﬁE and down-type quarks (d% / e)’zi. In
detail, these are given by

-
dE X L o i
() - Smi(g5;")" 953 ) Qi AlmZs/m3), (2.7
ot
df X Mk udh )Zimz N ) ) ,
(¢) = 2 Sl gt (@ AT/ my) + QB /)]
(2.8)
ot
dg X Xz du ~id1] 9 9 5 )
<?> = 16”2 Z Sm ngJ ) 9L ) [fo A(mﬁ[/maj) + QQB(mﬁ[/mﬁj)}7
(2.9)

where the electric-charge assignments for the loop particles are: Qg+ = +£1, Qg = 2/3,
Q;=-1/3, and

...j: D .

95, =—9(Cr)a , S (O )i (2.10)
YEud * 1\ * * 1\ % ud % % NS

9Lij T = —g(CLR U, + ha(CL) U3, gﬁ S =h(CRRUDY,  (211)
YEdi U\ * U\ * * U\ *

g%ijd = —g(Cr)an(U")1; + hu(Cr)i2(U")3; , ;% da = hg(CL)i(U")}; . (2.12)

We note that the coupling coefficients defined in (R.1()-(R.13) appear in (2.7)-(R.9), re-
spectively.



Correspondingly, the contributions of neutralinos to the EDMs of charged leptons
(d¥/ )X’ up-type quarks (dZ/e)X" and down-type quarks (dk/ )X’ may conveniently be
expressed as

df\*

X’L *

(—f> - me 9=l (Ghi)) gF QB /m% ), (213)
7] ]

with f =, u,d. The neutralino-fermion-sfermion couplings are
0 f * * f *
g5 47 = V29T Ny UT), — V2gtw (Qr — THINAWUD ), — hyNL WD),
gﬁgj;f — V2gtw Qs Na(UY)s; — hiNi(UY)3,, (2.14)
where the Higgsino index v = 3(f =1,d) or 4(f = u), Té’d =—1/2 and T3' = +1/2.

In addition to charginos and neutralinos, gluinos also contribute to the quark EDMs
(dF /e)9. In the gluino mass basis, (d5 /e)7 is given by

dy | M| .
(?q> 37722 Sml(g5])* 974 QaB(IM3]* /my) (2.15)

where the gluino-quark-squark couplings are given by

dqg gs et s ( q\*
= LRy, = S el )

As well as the EDMs, the chargino, neutralino and gluino loops can produce non-
vanishing CEDMs for the quarks, (qu)Xi’Xo’g . Their individual contributions are as follows:

ot ok, T ek T
C\ X Xl dy x d 2 2
X+ Xl Tdix xTdi
(dg) = 1671'2 Z Sm( gRiju) gfij u]B(m;ﬂt/mi)a
g0 Y s mfc?o adyx X000 B2 /2
( q:u,d) = 16722 m2 Sm((g9x:;') 9145 ] (mxg/mfij)’
i,J 4;
| 3| .
(A0a)” =~ 5 3 Sl o) COM P ), (2.17)
where
1 2rlnr 18Inr
C =———(10r — 26 — 2.18
(r) 6(1—r)2< A B 1—r>’ (2.18)

so that C(1) = 19/18.

Finally, it is important to stress that there are non-holomorphic threshold corrections
to the light-quark Yukawa couplings that occur in the chargino and neutralino couplings.
These corrections are proportional to the strong coupling o, and become significant at large



Figure 2: Typical Feynman diagrams for (d%)9 and (d“)#. The H; lines denote all three neutral
Higgs bosons including CP-violating Higgs-boson mixing. Heavy dots indicate resummation of
threshold corrections to the corresponding Yukawa couplings.

tan 3. We therefore resum these effects by redefining the light-quark Yukawa couplings as

follows:
h — V2my, 1 . V2m, 1
sy 1+ Atg] T wsg 1+AStg)
hy = V2my 1 7 hy = V2m 1 7 (2.19)
veg 1 —|—Adt5 veg 1+Astﬁ
where
D= 50 M IO ME L IMSP), A= o oM T(ME, M2 M)
3 Gy ’ 3 02 M Qa )
Ag = 23(:4: M I(M]%l,M%l, |M3|2), A = 23?: WM I(M%Q’M%z’ |M3|2), (2.20)
and

xy In(z/y) + yz In(y/z) + xz In(z/x)
(z—y)(y—2)(z—2)
is the one-loop function that takes account of the non-holomorphic threshold corrections.

I(z,y,z2) = (2.21)

3. Higher-order contributions to EDMs

Beyond the one-loop single-particle level, there are many CP-violating operators that can
have significant effects on the EDMs. Of particular importance are the gluino— and Higgs-
mediated dimension-6 Weinberg operator, the Higgs-exchange four-fermion operators, and
the two-loop Higgs-mediated Barr-Zee-type diagrams. We present detailed analytic expres-
sions for all those contributions in this section.

3.1 Weinberg operator

We start by considering first the gluonic dimension-6 Weinberg operator. This is described
by the interaction Lagrangian® [R1]:

1 ~
ﬁWoinbcrg = g dG fabc GZN Gb H ch P ) (31)

3Note the coefficient d ¢ has a different sign from that in [@] d¢=—-cC.



where GH = %e“")‘”G Ao 18 the dual of the SU(3), field-strength tensor G),. In the MSSM,
d% is induced at two-loop order by § and ¢, b, and at three-loop order by CP-violating
Higgs-boson mixing and non-holomorphic threshold corrections to the top- and bottom-
quark Yukawa couplings. Hence, the Weinberg operator d is the sum of two terms:

d%=(d%9 + @91, (3.2)

as illustrated in figure fl. The first term, (dG)g , is the quark-squark-gluino exchange con-
tribution and is given by [L9]

5 3
G _ q 999\* 999
wF =5 () 2™ Zu\/\ﬁm (i) 913)

H(mg, /|Ms[*,mg, /| Ms|?,mg/|Ms[?),  (3.3)

NN
H(z1,22,2¢) = / dx/ du/ dyz(1l —z)u 11)42 (3.4)

where

and
N1 =u(l —2z)+ zgz(1 — 2)(1 — u) — 2uz[z1y + 22(1 — y)],
Ny = (1 —2)*(1 —u)® 4+ u® - %xz(l —u)?,
D =u(l —z)+ zgz(1 —2)(1 —u) + uz[z1y + 22(1 — y)] . (3.5)

Figure f] shows the functional dependence of z,|H (z1, 22,2,)| on z, for several values of
zs = z1 = z9. Our results are at variance with those presented in [E] For instance, we
find that when z3 < 4, H(z1, 22, 24) becomes negative beyond certain values of zq.4.

The loop function H (21, 22, z4) simplifies considerably in specific regions of the param-
eter space. Specifically, if 21 = 22 = 2, and the limit 2z, — 0 is taken, the following function
may be defined:

Ho(zs) = lm z,H(zs, 25, 2¢)

zq—0
1
= B [2(1 — 2,) (1 + 11z,) — (1 — 1625 — 922) In 2] , (3.6)
with Ho(1) = 5/108. Hence, for 2 S 0.1 and (22 — 21)%/(22 + 21)? < 1, the loop function
H(z1, 22, z4) may be approximated as follows:

1 |~ 21 + 29 (Zg—Zl) =~ 21 + 29
H ~— |H Hy .
(21,22, 2q) = [ 0< 5 ) + EEEE 5 ; (3.7)
where
~ 1
Hi(z) = ————— [(1 - 2)(1 s+ 29522 417723
1(zs) T08(1 —2.)° [(1 = 25) (1 + Tzs + 29527 + 1772)

+622(21 + 5024 + 922) In(z,)] (3.8)

We thank Oleg Lebedev and Pran Nath for useful comparisons and comments regarding the loop
function H(z1, 22, 2q).
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Figure 3: The functional dependence of z4|H (21, 22, 24)| on z, for several values of z; = 21 = 22.
When z, <4, H(z1, 22, 24) becomes negative when z, is larger than a specific value.

with Hy (1) = 11/1080.
The second term in (B.3), (d %), is the neutral Higgs contribution [R1], 0], which may
be cast into the form:

3
(dG)H = m Z [Z gflﬁq gflitjq h(ZiQ)] ) (39)

1
(4m) '

i

where zi; = Mg /m? and

_1 1 . 1 y u3$3(1—:17)
h(z) = 4/0 d /0 A T + 20w =)’ (3.10)

with h(0) = 1/16. We note that for the loop function h(z) we follow [R(], whose result is
smaller by a factor 2 than the one given in [R1].
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Figure 4: Feynman diagrams for CP-odd four-fermion operators. The H; line denotes all three
neutral Higgs bosons including CP-violating Higgs-boson mixing. Heavy dots indicate resummation
of threshold corrections to the corresponding Yukawa couplings.

3.2 CP-odd four-fermion interactions

CP-odd four-fermion interactions play a significant role in the EDMs. These interactions
may be generically described by the Lagrangian

Lis =Y Crp(FH(Firsf) - (3.11)
v

The CP-odd four-fermion operators in (B.11)) are generated by CP-violating neutral Higgs-
boson mixing in the t-channel and by CP-violating Yukawa threshold corrections, see fig-
ure []. The combined effect of these two contributions gives rise to the CP-odd coefficients

g3 = 9b -
H _ H;ff 7H;f'f'
(Ce) ! =grgp Y — 57 A (3.12)

(2

where gf = my/v with v = 2My /g for f = [,d,u. Possible sub-dominant contributions
from box diagrams [[[7] have been neglected.

3.3 Barr-Zee graphs

Finally, there are additional Higgs-boson quantum effects that contribute significantly to
the EDMs beyond the one-loop level. For the Thallium EDM, these are the two-loop
Barr-Zee graphs, denoted as (d¥)#, and the CP-odd electron-nucleon interaction Loy =
Cs éiyse NN [, [13], which is induced by CP-violating gluon-gluon-Higgs couplings, (Cs)?.
As shown in figure ], the electron EDM (d£)# is induced by CP-violating phases of third-
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Figure 5: Barr-Zee diagrams: the H; lines denote all three neutral Higgs bosons, including CP-
violating Higgs-boson mixing, and heavy dots indicate resummation of threshold corrections to the

corresponding Yukawa couplings.

generation fermions and sfermions and of charginos. More explicitly, (dZ)H is given by

d¥ " 3aemQ§me > gI];-eJre*
<—e> ZZ{ ot 2 D 9mad g

e
q=t,b i=1 Hi =12

3a? Q2 Me
_87:;17]\42 Z [QH ete— gquq frg) + QH ete— .ngqq g(qu)}
=1
a m QHZ +
;;7.‘-36 Z S Z qu— 7 TTJZ)
=1 H; 7=1,2
o s P
W [QH ete— QH - J(7ri) + 9H,ete—9H; 77— Q(Trz’)}
_ agm Me
427282, My

3
_1 P S S P
X Z Z m o+ |:gHie+egHiX7LX_ f(Tx;.—Li) + IH,ete Ity T g(Tini) ,
i=1j=12 'X; 7 3 A
(3.13)
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Figure 6: Feynman graphs contributing to (Cs)9: the H; lines denote all three neutral Higgs
bosons, including CP-violating Higgs-boson mixing, and heavy dots indicate resummation of thresh-
old corrections to the corresponding Yukawa couplings.

with 7,; = m2 /MI%Q The Higgs-mediated two-loop quark EDMs (dZ are also cal-

q=u,d,s
culated similarly. In the above, the two-loop functions F'(7), f(7), and g(7) are given by

F(T):/Oldx 21— =) 1n[”5(1_x)],

)H

T 1T If(lh’_(f)—a:) | ;(1—95)
f(T)_§/01d$a;(l—a:) -7 n[ T }’
g(r) = %/0 d$$(1_i) — In [$(1T_$)]. (3.14)

There are subleading two-loop contributions which we neglect [P, BJ]. Instead, we consider
the gluon-gluon-Higgs contribution to Cg, see figure f|. This is given by

3
Cs)? = (0.1GeV) e Titga T 3.15
(Cs)? = (0. e)?ZWa (3.15)
i=1 i

where (N|§2G**G% |N) = —(0.1 GeV)N N is used, and we use the tree-level value ggiée =
—tan 8 Og4;. In addition, gIS{Z_ gg 18 the scalar form factor S7 in the heavy (s)quark limit:

2z v? 9H,q5q;
S — q_ S j
9H;99 = E 3 9H;qq — 12 E 7mgj ) (3.16)
q=t,b j=1,2 qj

where 2, = 1 and z, = (1 —0.25k) with kK = (N|ms5s|N)/220 MeV ~ 0.50+£0.25 [cf. (4)].
Apart from EDMs, the two-loop Barr-Zee graphs also generate CEDMSs for the u and
d quarks. These additional contributions are given by

3 P
H gs Qs M 9H,q
(dg)” == { Yt Y g, Flr)

q=t,b i=1 H; j=12

3

gs Qs Ctem TN P S S P

—= 82 2em 2‘11 § :[gHiIMlgHiﬁq f(Tqi) +gHi§lngHi¢7qg(Tqi)] ) (3'17)
1672 sy, M, —

with ¢; = u, d.

— 11 —



4. Thallium, neutron, mercury and deuteron EDMs

In this section we present analytic expressions for the Thallium, neutron, Mercury and
deuteron EDMs in terms of the constituent particle (C)EDMs and the coefficients of the
dimension-six Weinberg operator and the four-fermion operators.

4.1 Thallium

We first consider the atomic EDM dpy of 2°°T1. This receives contributions mainly from

two terms [B0, B1]:
dry [ecm] = =585 - dF [ecm] — 8.5 x 107 [ecm] - (Cs TeV?) +-- -, (4.1)
where d” is the electron EDM, which is given by the sum
df = (d9)F + (@) + (@) (42)
The coefficient Cg is calculated as
Cs = (Cs)Y + (Cs)?, (4.3)

where the (down-type) quark contribution is given by [[7]

29 MeV Kk X 220 MeV
+ Cypmrmm— .

(CS)4f = Ce
mq ms

(4.4)
We neglect the u- and c-quark contributions and absorb the b-quark contribution into (Cg)Y
together with the top and heavy-squark contributions [cf. (B.1()]. We recall that the ratio
Cye/mq < me/v? is scale- invariant [[7]. More details concerning the calculations of these
coefficients are given in appendix [A.

4.2 Neutron

We now turn to the calculation of the neutron EDM, d,. Its magnitude is somewhat
uncertain, because of non-perturbative dynamics at the hadron level. We consider three
different hadronic approaches for computing d,,: (i) the Chiral Quark Model (CQM), (ii) the
Parton Quark Model (PQM) and (iii) the QCD sum-rule technique.

The CQM is a non-relativistic model, where the quark EDMs are estimated via naive
dimensional analysis (NDA) [BZ], and the neutron EDM is given by

4 1
dn — —dyDA _ _dI;IDA,

3 3
NDA _ . E FE c ¢ ,c ceN
dqzu,d =1 dq + n E dq + n E d s
E(C ot 0 ;
A2 = (@O 4 (dBON 4 (@B ©)T 4 (aF O (4.5)

E,.C.G

where the chiral symmetry breaking scale A ~ 1.19 GeV and the 7 are QCD correction

factors that describe the renormalization-group (RG) evolution of qu ‘“ and d€ from the

- 12 —



electroweak (EW) scale, e.g., the Z-boson mass Mz, down to the hadronic scale. These
QCD correction factors are given in [BJ] as

n? ~153,n° ~n% ~34. (4.6)

We note that the EDM operators qu “ and d% in [#.H) are computed at the EW scale.
Another approach to computing the neutron EDM is based on the PQM, which uses

low-energy data related to the constituent-quark contributions to the proton spin combined
with isospin symmetry [B4]. In the PQM, the neutron EDM is given by

dy = P (AT @l ADOM gE | APQM By (4.7)
where we consider the following particular values, to contrast with the PQM predictions®
AP — 0746,  APOM = 0508,  APOM = _(.226. (4.8)

As in the CQM, df in ({1.7) are evaluated at the EW scale.

The third approach to computing the neutron EDM employs QCD sum rule tech-
niques [BY-B7, [, BY. With the aid of these techniques, the neutron EDM is determined
by

dp = dp(dZ ,dC) + dn(dC) + dp(Cra) + -+,

q°7q

dp(df ,dY) = (1.440.6) (df —0.25d8) + (1.1 £0.5)e(dS +0.5d%)/gs,

q 7q
dp(d%) ~ +e(20£10) MeVdY,

dp(Chq) ~ +£€2.6 x 1073 GeV? [% + 0.75%] , (4.9)
mp mp

where qu and dqc should be evaluated at the EW scale and d© at the 1 GeV scale.® We note
that the contribution of d© to d,, is a factor ~ 2 smaller than in the CQM. We calculate
the coefficients Cyq and Cyg, by means of (B.19) and evaluate the coefficients g, and g4, at
the energy scales my and 1 GeV, respectively. For definiteness, in our numerical estimates
we assume that both d¢ and Cjy contribute positively to d,,.

The comparisons between the results obtained in these three approaches indicates the
significance of the non-perturbative uncertainties in calculating d,,. Related uncertainties
appear also in the calculations of EDMs of nuclei. In section [, we present numerical
estimates of the neutron EDM based on the CQM, the PQM and QCD sum-rules.

5We note that isospin symmetry between the neutron n and the proton p implies that Aq = (Au)p =4/3,
Ay = (Ag)p = —1/3. Furthermore, in the relativistic Naive Quark Model (NQM), one has As = (As)p, = 0.

6 on: 4G ~ (G G ~ G
Here we make use of the relation: d”| . ~(n”/0.4)d !EW ~85d ’EW [@]
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4.3 Mercury
Using QCD sum rules [[7, Bl to calculate the Mercury EDM, one finds that

dg = 7x 1073 e (dS —dF)/gs + 1072dF

— 1.4 x 1075 e GeV? [% - 3.3, 224 +(1— 0.255)%]
mq ms mp
+ (3.5 x 1072 GeV) eCg
. Z—N ,
+ (4x107" GeV)e |Cp + Cpl. (4.10)
A )y,

The parameters Cp and O are the couplings of the CP-odd singlet and triplet electron-
nucleon interactions, respectively, and are described by the interaction Lagrangian

Lc, = CpéeNiyzN + Cpée NiystsN . (4.11)

Making use of the SU(2) isospin symmetry of the nucleon N = (p,n), one may evaluate
the triplet contribution C, which is suppressed by a factor [(Z — N)/Aly, = —0.2 with
respect to the singlet one Cp. In detail, the contribution of four-fermion interactions to
Cp and C} is given by

Ce
Cp=(Cp)Y ~ —315MeV > =4,
My
q=c,s,t,b
Cp = (Cp)Y ~ —806 MeV Cea _ 181 MeV Z Ceq (4.12)
! ! N md q=c,s,t,b Myq 7 '

where the u-quark contribution has been neglected. For a detailed discussion, see ap-
pendix [B]

On the basis of above results, we improve upon an earlier calculation of the Mercury
EDM [BT].” More explicitly, including the CP-odd triplet electron-nucleon interaction, the
Mercury EDM is given by

iy = (1.8 x 1073 GeV ) e gl o 4+ 1072d7 4 (3.5 x 1073GeV) e C

A
(di —dg)/9s  1{qq)l

+ (4 x 107 GeV)e [C’p + (Z - N> C’}g} ,
Hg

gy =2t x 10712

N 10-26cm (225 MeV)3 '
I ~ —8 x 1073GeV? [70'50“ £33k (1 0.25@%} , (4.13)
mgq mg mp

where Lyn D gf:]z,NNNwo. We note that the factors 1.8 x 1072 GeV~! and —8 x
1073 GeV? are known only up to 50 % accuracy [B9).

"We also correct the errors in the contributions of gff])w to dug and of four-fermion interactions to

_Q
gf(rzer ]
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4.4 Deuteron

Finally, the deuteron EDM may be calculated by using QCD sum rules. We include
the contributions from the pion-nucleon-nucleon isospin-triplet coupling g7(r1]2fN [q), the
constituent proton and neutron EDMs [Bf], and the dimension-six Weinberg operator [21],
B1. The deuteron EDM dp is then found to be [g]

dp = dfNN + dp(dn,d,) + dp(d9),

_(1
dﬂNN _ egWNNgfrjsz 1+£ ~ —(13i03)e§(1) Gev—l
D 127m, (1+26)?2 77 Y TIN ’

dp(dy, dy) ~ (0.5 4 0.3)(dZ + dF) — (0.6 £0.3) e [(dS — dF)/gs +0.3(dS +dF)/gs],
dp(d®) =~ d,(d%) + dp(d®) ~ +e(20+10) MeVd© , (4.14)

where g-nyn =~ 13.45 and & = ,/mp€e/m,, with € = 2.23 MeV being the deuteron binding
energy. Collecting all the above intermediate results, we may write dp in the more compact
form:

dp ~ — [5X31 + (0.6 £0.3)] e (dS — dF)/gs

—(02+£0.1)e(dS +d9)/gs + (0.5+0.3)(dE + d¥)

0.5C C, C
F(1£0.2) x 102 eGeV? | == 4 33,759 1 (1 —0.256)=4
my Mg mp

+ (20 £ 10) MeV d© . (4.15)

In the above, d€ is evaluated at the 1 GeV scale, and the coupling coefficients 9d,s,p that
occur in Cyq ¢qpq are computed at energies 1 GeV, 1GeV and my, respectively. All other
EDM operators are calculated at the EW scale. We observe that the leading dependence
of dp on di 4 is the same as in dyg. In the numerical estimates given in the next section,
we assume that d© contributes positively to dp.

5. EDM constraints

In this section, we present illustrative constraints on key soft SUSY-breaking parameters
and CP phases in the trimixing, the CPX and the MCPMFYV scenarios. We use the
following current experimental limits on the Thallium [, neutron [B], and Mercury [§
EDMs:

|dry] < 9x107%° ecm,
ldug| < 2x 1072 ecm),
|dy| < 3x107%% ecm. (5.1)

On the other hand, the projected sensitivity to the deuteron EDM is [{]

ldp| < (1 —3) x 10727 ecm . (5.2)
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For our numerical study, we take 3x 10727 e cm as a representative expected value. However,
we note that much better statistical precision at the level of 107%? e cm may be possible in

principle [f].

5.1 Trimixing scenario

The trimixing scenario is characterized by large tan 6 and a light charged Higgs boson,
resulting in a strongly-mixed system of three neutral Higgs bosons with mass differences
smaller than the decay widths [RF]:

tan 8 = 50, Mpy= =155 GeV,
MQS =My, =Mp, = M; = Mp = Msysy =05 TeV,
‘M‘ =0.5 Tev7 ‘At,b,q—’ =1 TeV, ‘MQ’ = ’Ml‘ =0.3 TeV7 ‘Mg‘ =1 TGV,
0, =0° Q=0 =0", By, =0y =Dy, =0s =Du, =24, =0". (53

Note that, in this scenario, only two independent CP-violating phases generate EDMs:
Py =Py, = Py, and ®3. In addition, we introduce a common hierarchy factor p between
the masses of the first two and third generations:

Mf(l,z =pMyg, , (5.4)
with X = Q,U, D, L, E. For the size of first two generation A terms, we take |A.| = |A;|,
|Ay.c| = |A¢], and |Ags| = |Ap|. Note that in this scenario, only d{id’S and did depend on
the hierarchy factor p through the resummed threshold corrections (R.19).

In figure [, we show the absolute value of the Thallium EDM divided by its current
experimental limit, in the ®3-®4 plane (left) and as a function of ®3 taking &4 = 60°
(right). In the left frame, the plane is divided into 4 regions: |dr/d"*F| < 1 (black), 1 <
|d1/dPXP| < 10 (red), 10 < |d7/d"XF| < 100 (green), and 100 < |dp;/d®*F| (magenta).
The unshaded region is not allowed theoretically. In the right frame, the constituent
contributions from the electron EDM d¥ and the CP-odd electron-nucleon interaction Cg
are shown in the thin solid and dashed lines, respectively. The thick solid line is for the
total. Note the non-trivial cancellation between deE and Cg contributions around 3 = 275°
in the right frame.

In figure f, we show the neutron EDM calculated in the CQM for two values of the
hierarchy factor p: p = 1 (upper) and 3 (lower). In the left frames, the regions are
shaded as in the Thallium case, figure []. In the right frames, the constituent contributions
from the quark EDMs dfi 4> the quark CEDMs di 4 the Weinberg operator d® are shown
in the thin solid, dashed, and dotted lines, respectively. The thick lines are again for
the total. We note first that dﬁ 4 and did do not vanish, even though we are taking
P12 = P4, , = 0°in this scenario. This is because the non-vanishing ®3 enters the Yukawa
couplings through the threshold corrections and the two-loop Higgs-mediated graphs. The
di’dc contributions decreases for larger p, whilst the d© contribution is independent of p. For
larger p = 3, the d“ contribution is almost dominating. The non-vanishing p-independent

df’dc at @3 = 0°,180° comes from the two-loop Higgs-mediated diagrams. A non-trivial
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cancellation occurs, for example, between the di 4 and d® contributions around ®5 = 10°
in the lower-right frame.

In figure ], we display the neutron EDM calculated in the PQM. The shaded regions
and lines are the same as in figure [§, except for the constituent contributions in the right
frames: the thin solid, dashed, and dotted lines are for the contributions from the EDMs
of u, d, and s quarks, respectively. In this model, the neutron EDM is dominated by the
dE contribution and decreases as p increases. The dips in the lower-right frames are due
to the cancellation between the contributions to d? from the Higgs-mediated and other
diagrams.

Figure [LJ shows the predictions for the neutron EDM calculated using the QCD sum
rule approach. In the right frames, the thin solid, dashed, dotted, and dash-dotted lines
are for the constituent contributions dﬁ & did,
the CQM, di 4 contribution is about 3 times larger and d% one about 2 times smaller. The

d%, and Chd,ap, respectively. Compared to

Cha,qap contribution is significant because of the large value of tan 3 and the light Higgs
spectrum in this scenario.

Comparing figures B, | and [[0, we see that they yield qualitatively similar overall
results, but with important detail differences. In particular, the appearances and locations
of non-trivial cancellations are model-dependent.

Finally, figure gives our numerical estimates for the Mercury EDM. In the right
frames, the thin solid, dashed, dotted, and dash-dotted lines are for the constituent contri-
butions from dZ, di o Car = Cad sdpd, and C’g’)P, respectively. When p = 1, the Mercury
EDM is dominated by dg 4 However, as p increases, the di 4 contribution decreases while
other four contributions remain the same. Cancellations occurs more easily for larger p, in
which case all the contributions become more or less comparable, and we see a non-trivial
example in the lower-right frame.

5.2 CPX scenario

In the CPX scenario [24], the product of y and the third-generation A terms are larger
than the common SUSY scale of the third-generation squarks by a factor of 8:

MQS - MUS - MDS - Mis - MES = Msusy ,

’N’ = 4MSUSY7 ‘At,b,ﬂ—’ = QMSUsy, ‘Mg’ =1 TeV. (55)

As an example, we have fixed |Ma| = 2|M;| = 100GeV, and taken the charged Higgs-
boson pole mass Mg+ = 300 GeV and the common SUSY scale Msysy = 0.5 TeV, but the
parameter tan 3 is varied. The A-term phases of first two generations are set to vanish,
as in the trimixing scenario: ®4, = Py, = Py, = Py, = Py, = &4, = 0°. For the
size of the A terms of the first two generations, we also take |A.| = |A;|, |Au.c| = |4,
and |Ags| = |Ap|. As for the CP-violating phases, initially we vary two phases generating
EDMs, ® 4 and @3, taking ®; = &5 = 0. The effects of non-trivial ®; and ®5 are described
later.

Taking ®; = ®5 = 0°, in figures [[3, [[3, [(4, [[§, and [(6, we show the Thallium, neutron,
and Mercury EDMs on the ®3 — ®4 plane (left) and as functions of ®3 taking ®4 = 90°
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(right). We take two values of tan § = 5 (upper) and 50 (lower) but with fixed p = 1. The
shaded regions and the lines are the same as in figures i, B, §, [L0, and [L1], respectively.

We observe the Thallium EDM, shown in figure [[3, is dominated by the two-loop Higgs-
mediated electron EDM for both cases, with only mild dependence on ®3. For small tan 3,
we always have |dr)/d"*F| < 10, independently of ®3 4, as can be seen from the upper-left
frame. For large tan 3, the sub-leading Cs contribution becomes larger by two orders of
magnitude, whilst the electron EDM contribution is larger by one order of magnitude as
seen by comparing the two right frames.

Turning now to the neutron EDM in the CQM, shown in figure [[3, we see that the three
contributions from dﬁ a0 dgd, and d© are comparable. The most important contributions
to the down-quark EDM ddE and CEDM ddc come from the one-loop gluino diagrams,
explaining the mild ®4 dependence. The different dependence on ®3 for large tan 5 is

dg’c, and we note a non-

due to the enhanced two-loop Higgs-mediated contribution to
trivial cancellation in the lower-right panel when ®3 ~ 325°. The neutron EDM in the
PQM, figure [[4, and that found using the QCD sum rules, figure [[5, are somewhat larger
in general and show a similar behaviour, due to the dominance by the d¥ and the ddc
contributions, respectively. The Mercury EDM, figure [[6, is also dominated by the ddo
contribution. However, the sub-dominant contributions from dZ, Car = Cyd,sd,pa, and C’g)P

become larger for large tan (.

We now study the effects of non-zero ®; and ®5, and some cancellation properties,
varying the common hierarchy factor p and assuming maximal CP violation in ®4 and
®3, ie., Py = &3 = 90°. The one-loop contributions decrease as p increases but the con-
tributions from the Weinberg operator and the two-loop Higgs mediated diagrams remain
constant.

In the upper frames of figure [, we show the Thallium EDM as a function of p
for two values of tan3: 5 (upper-left) and 50 (upper-right). The four lines are for
(®1,P2) = (0°,0°) (solid), (90°,0°) (dashed), (0°,90°) (dotted), and (0°,270°) (dash-
dotted). When (®q,®5) = (0°,0°), the Thallium EDM is independent of p because the
main contribution from the electron EDM is dominated by the two-loop Higgs-mediated
diagrams, see figure [3. The two dips around p = 1.5 and 4 when (®q,P2) = (90°,0°)
and (0°,90°) are due to the cancellations between the p-independent two-loop Higgs and
neutralino and chargino contributions to the electron EDM, respectively. In the lower
frames we show explicitly the chargino-Higgs cancellation in the (0°,90°) case. In the
lower frames, the thick solid line is for the total electron EDM and the thin solid, dashed,
horizontal dash-dotted lines are for the chargino, neutralino, and Higgs contributions to it,
respectively.

In figure [[§, we compare the three calculations of the neutron EDM: the CQM (upper
row), the PQM (middle row), and the QCD sum-rule technique (lower row). The lines are
the same as in figure [[7. The cases with (®1,®3) = (0°,0°) (solid) and (90°,0°) (dashed)
are hardly distinguishable from each other. The PQM calculation (middle) is most sensitive
to @9, whilst the QCD sum-rule approach shows the least sensitivity. We observe that the
value of p where the cancellation occurs varies on the models and approaches. In all cases,
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the neutron EDM calculations saturate to certain values determined by the p-independent
contribution from the Weinberg operator or the two-loop Higgs mediated diagrams, as
shown below.

In figures [[ and R0, we show details of the neutron EDM taking the cases (®1, ®2) =
(0°,90°) and (0°,270°), respectively, as examples. In figure [[, the thick line is for the
total neutron EDM and the thin solid, dashed and horizontal dotted lines are for the
contributions from the EDMs of quarks d{’i 4+ the CEDMs di 4 and the Weinberg operator
d%, respectively. The EDMs and CEDMs are dominated by those of the down quark. In
the lower-right frame, the lower horizontal dash-dotted line is for the contribution from
the bottom-down four-fermion operator, Cpqq. We observe the dips of the thick lines
are determined by the interplay of the three main contributions. For example, in the
upper-left frames with tan 3 = 5, cancellation occurs at p = 2 in the CQM. On the other
hand, in the QCD sum-rule approach where the contribution from d¢ (dg ) is suppressed
(enhanced) compared to the CQM, the cancellation occurs at p ~ 3.6. Taking into account
of the uncertainty involved in the calculation of the d“ contribution, the p value where the
cancellation occurs may change by ~ +£1, at least. The more significant contribution from
d{’i 4 in the CQM explains why this calculation is more sensitive to ®; than the QCD sum-
rule approach. The dips in the thin solid lines for df’ 4 are due to three-way cancellations
among the one-loop gluino, one-loop chargino and two-loop Higgs-mediated diagrams. For
large tan 3, no cancellation occurs due to the dominance of dg a

Figure displays our numerical estimates for the neutron EDM in the PQM when
(P, P2) = (0°,270°). In the upper frames, the thick lines are for the total EDM, and the

thin solid, dashed, and dotted lines are for the contributions from the EDMs of the up
E

<, respectively. In the lower frame, we show the

d?, down dg , and the strange quark d
dominating contribution from the strange-quark EDM d¥ (thick solid) together with its
constituent contributions from the one-loop chargino x* (thin solid), one-loop neutralino
x° (thin dashed), one-loop gluino § (thin dotted), and two-loop Higgs-mediated H® (hori-
zontal thin dashed-dotted) diagrams. We observe that there is a cancellation between the
chargino, gluino, and Higgs contributions at p ~ 4.

The above examples demonstrate that the interpretation of neutron EDM measure-
ments is subject to uncertainties in non-perturbative QCD, which are reflected in the
specific models discussed.

In figure P1], we show the Mercury EDM. It shows barely any sensitivity to ®; and ®,,
due to the dominance by the down-quark CEDM ddc, which is dominated by the one-loop
gluino and two-loop Higgs-mediated diagrams, as shown in the lower frames. In the lower
frames, the lines are the same as in the lower frames of figure 0.

Taking into account the uncertainty of the d® contribution to the neutron EDM, and
that involved in the Mercury EDM calculation, there is a possibility of evading all the
three EDM constraints by taking (®1,®2) ~ (0°,90°) and p ~ 4 in the CPX scenario
with &4 = &3 = 90° when tan § = 5, if one calculates the neutron EDM using the QCD
sum-rule approach.

Finally, in figure P we show the deuteron EDM. It is not sensitive to ®; and ®,,
as it is dominated by the d“ and dg contributions. At high p, the EDM is given by the
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sum of the d© contribution and the contribution to ddc from the two-loop Higgs-mediated
diagrams. In the lower frames, the thick line is for the total EDM and the thin solid,
dashed, horizontal dashed, horizontal dash-dotted lines are for the contributions from dfi &
dﬁd, Car = Cyd,sd,pd, and de.

5.3 MCPMFYV scenario

In the MCPMEFYV scenario, in contrast to the trimixing and CPX scenarios, the soft SUSY-
breaking parameters are specified at the the gauge coupling unification (GUT) scale where
the MFV condition is imposed [P, [lT]. This scenario has a total of 19 parameters, including
6 CP-violating phases and 13 real mass parameters. As a numerical example, in order to
study the effects of the CP-violating phases on EDMs in this framework, we consider a
CP-violating variant of a SPSla-like [iZ] scenario:

|M1’273| = 250 GeV,
My = M}, = M = Mg = Mp = (100 GeV)?,
M? = M% = (200 GeV)?,
|Au| = |Ad] = |Ae| = 100 GeV, (5.6)

with tan 8 (Msyusy) = 40. As for the CP-violating phases, we adopt the convention that
®,, = 0°, and we vary separately the three phases of the gaugino mass parameters, ®1 3,
taking however vanishing A-term phases at the GUT scale: @A(}ET = (IDEET = (IDEET = 0°.
At the low-energy Mgysy scale, A-term phases may be generated by the CP-violating
phases of the gaugino mass parameters ® o3, even though we are taking real A terms at
the GUT scale [43, Bg).

In the upper-left frame of figure P3, we show the Thallium EDM as a function of ®,
for several values of (®1,®3): (0°,0°) (solid), (0°,90°) (dashed), (90°,0°) (dotted), and
(270°,0°) (dash-dotted). We see the Thallium EDM is nearly independent of ®3, cf., the
two overlapping lines for (®1,®3) = (0°,0°) and (0°,90°). This is because the Thallium
EDM is dominated by the electron EDM. In the upper-right, lower-left, and lower-right
frames, we show the electron EDM as a function of ®3 when (@, ®3) = (0°,90°), (90°,0°),
and (270°,90°), respectively. In the lower frames, we observe the neutralino contribution
becomes less dependent on ®5 when ®; = 90° and 270° and cancels the chargino one
around ®5 = +4°, resulting in the dips in the upper-left frame.

Figure P4 presents numerical estimates of the neutron EDM in the CQM as a function
of ®3. We observe that the EDM is nearly independent of ®; and ®3. This is because
of the dominance of the down-quark EDM d%, see the upper-right frame with (¥, ®3) =
(0°,0°) in which the thin solid line for df’ 4 1s overlapped by the total thick line. The
electric EDM of the down quark still plays a dominant role even when ®3 has a non-trivial
value, because of an accidental cancellation between the contributions from the Weinberg
operator d“ (dotted line) and the down-quark CEDM d§ (dashed line) as shown in the lower
frames for (®1, ®3) = (180°,90°) (lower-left) and (180°,270°) (lower-right). This accidental
cancellation is lifted when the EDM is calculated using the QCD sum-rule approach, in
which d¢ and dg contribute differently to the total EDM, see the lower-frames of figure 6.
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In the upper-left frame of figure P, we show the neutron EDM calculated in the PQM.
We find that the neutron EDM is nearly independent of ®3. The dominant contribution
comes from the strange-quark EDM d¥, and we show it together with the constituent
contributions in the other frames taking (®1,®3) = (0°,0°) (upper-right), (0°,10°) (lower-
left), and (0°,90°) (lower-right). The thick lines are for the total EDM and the thin solid,
dashed, dotted, and dash-dotted lines are for the contributions from the one-loop chargino
xF, neutralino x?, gluino §, and the two-loop Higgs-mediated H° diagrams. When ®5 = 0°,
dE is dominated by the chargino contribution, see the upper-right frame. As shown in
the lower frames, the ®3 dependence of the strange-quark EDM is largely cancelled in
the two main chargino and gluino contributions, explaining the ®3 independence of the
neutron EDM shown in the upper-left frame. We note that this cancellation resulting in
®3 independence also occurs in the down-quark EDM df , see the thin solid dfi g4 lines in
the lower frames of figures P4 and 4.

Figure P§ gives the predicted values for the neutron EDM calculated using the QCD
sum-rule approach. In the upper-right and lower frames, the lines are the same as in fig-
ure @, but for different combinations of ®; and ®3. The non-trivial three-way cancellation
among the contributions from dﬁ a di g and d% explains the dips in the upper-left frame
when ®3 = 20° and 340°.

In figure P7, we present numerical estimates for the Mercury EDM. In the upper-right
and lower frames, we see that the dominant contributions come from the electron EDM
d? and the down-quark CEDM dg. The cancellation between them results in the dips in
the upper-left frame. Note that ®3 = 90° could generate an EDM larger than the current
experimental limit by a factor ~ 400, nearly independent of ®5, see the nearly horizontal
thin solid line in the upper-left frame.

Finally, figure R§ shows theoretical predictions for the deuteron EDM. The deuteron
EDM is dominated by the down-quark CEDM ddc. The sub-leading contributions are from
the Weinberg operator d“ and the down-quark EDM df . In the upper-right and lower
frames, we show the constituent contributions to dg. The chargino and neutralino contri-
butions are dominant when ®3 = 0, see the upper-right and lower-left frames. However,
as ®3 grows, the gluino contribution rapidly increases, see the lower-right frame. We note
that the dip around ®3 = —20° in the upper-left frame when (@, ®3) = (0°,10°) is due to
a cancellation between the ddc and df contributions.

6. Conclusions

We have performed a fully-fledged analysis of the Thallium, neutron, Mercury and deuteron
EDMs within the general CP-violating framework of the MSSM. In our analysis, we have
taken into account the the complete set of one-loop graphs, the dominant Higgs-mediated
Barr-Zee diagrams, the complete CP-odd dimension-six Weinberg operator and the Higgs-
mediated four-fermion operators. Our study has also improved earlier calculations in two
important aspects. First, it includes CP-violating Higgs-boson mixing effects and, secondly,
it properly implements resummation effects due to threshold corrections to the Yukawa
couplings of all up- and down-type quarks and charged leptons. Not only do these two
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effects turn out to be significant for the existing one- and two-loop EDMs, but also they
give rise to additional higher-order contributions within the MSSM, such as the original
Weinberg operator induced by ¢ and b quarks with Higgs bosons in the loop. In addition,
we have improved the Mercury EDM calculation by including the contribution due to the
CP-odd triplet electron-nucleon interaction.

Having established the latest state-of-art theoretical framework as described above, we
have then explored the EDM constraints on the CPX, trimixing and MCPMFV scenarios.
Clearly, sufficiently small values of the CP-violating parameters survive the experimental
upper limits on the EDMs. However, we have also found that larger values of the CP-
violating parameters may be allowed exceptionally by accidental cancellations among the
CP-violating contributions to the three measured EDMs, i.e., dti, d,, and dpg, in all the
above scenarios. In detail, the results of our analysis may be summarized as follows.

First, we studied the trimixing scenario. We have explored the impact on the three
measured EDMs resulting from an hierarchy of the soft SUSY-breaking masses between
the first two and third generations, p, and the CP phases ® 4 = ®4, = ®4, and ®3 related
to the third generation A-terms and the gluino mass parameter, respectively. In the case of
the Thallium EDM, large CP-violating phases are allowed due to the cancellation between
the contributions from the CP-odd electron-nucleon interaction C's and the two-loop Higgs-
mediated electron EDM (d¥)f. The two contributions are found to be independent of p
in the scenario under consideration.

The neutron EDM has been computed within three different models and approaches:
(i) the CQM, (ii) the PQM and (iii) a QCD sum-rule approach. In the CQM and QCD
sum-rule approaches, the neutron EDM is dominated by the EDM and CEDM of the
down quark df’c and the contribution from the dimension-six Weinberg operator d“. In
the QCD sum rule approach, d“ (d$) becomes less (more) important than in the CQM.
The down-quark EDM and CEDM ddE’C are generated through the resummed threshold
corrections at one loop by ®3 and the two-loop Higgs-mediated diagrams. The latter
remains the same for large p. The df’c contributions depend on p, whilst the one due to
dC is p-independent. The bottom-down four-quark interaction Cpggp is also independent
of p and becomes significant in the QCD sum rule approach. Interestingly, cancellations
may occur among df’c, d® and Cha,gp more easily when p is large. In the PQM, on
the other hand, the neutron EDM is dominated by the strange-quark EDM dSE , Which
is generated by one-loop threshold corrections at the one-loop level and by the two-loop
Barr-Zee graphs. Again, cancellations occur between the two contributions when p is large.
All the three different hadronic models or approaches for computing the neutron EDM give
comparable estimates. However, there are significant differences of detail, implying that
the interpretation of neutron EDM measurements is model-dependent.

As far as the Mercury EDM in the trimixing scenario is concerned, the d-quark CEDM
ddc was found to be dominant for small values of p, whilst it gets suppressed for large values
of p. In addition, the p-independent contributions from Cyg, the four-quark operators
Cld,sd,pd, the CP-odd singlet and triplet electron-nucleon interactions, Cp and C’, and the
electron EDM become all relevant, leading to an interesting cancellation pattern.

In the CPX scenario, we have analyzed the dependence of EDMs on the hierarchy
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factor p, the CP phases ®4 = ®4, = ®4, and @3, for a relatively low and large value
of tan #: tan 3 = 5 and 50. In the absence of any mass hierarchy between the first two
and third generation of squarks and sleptons, i.e., p = 1, and for &1 = &3 = 0°, we
have found that the Thallium EDM is dominated by the electron EDM, whilst C'g starts
becoming important only for tan3 2 10. Correspondingly, the neutron EDM receives
the largest contribution from df’c and d“ in the CQM and the QCD sum-rule approach.
The main contributions to ddE’C come from the one-loop gluino diagrams and the two-loop
Higgs-mediated diagrams. The latter become important when tan 3 is large. In the PQM,
the neutron EDM mainly results from d. Finally, the Mercury EDM receives its biggest
contribution from ddc7 whilst the contribution due to d” becomes important only for large
tan 3.

Varying p and the CP phases ®; and ®2, we have found that several cancellations can
occur within the CPX scenario. Specifically, one-loop neutralino and chargino effects and
the two-loop Barr-Zee graphs may add up destructively and suppress the electron EDM
d¥. Likewise, cancellations among the one-loop chargino and gluino graphs and two-loop
Higgs-mediated diagrams lead to suppressed strange- and down-quark EDMs dg’ ; and to
an equally small down-quark CEDM dg. As a consequence of the suppressed dZ, d¥ and
ddc, the Thallium, neutron (in the PQM) and Mercury EDMs were all found to come out
well below their experimental limits. A similar result has been obtained in the CQM or
QCD sum-rule approach, where the Weinberg operator d plays an important role. In
particular, we have demonstrated explicitly the possibility of evading all the three EDM
constraints from dry, dy, and dpg in the CPX scenario with ® 4 ~ ®3 ~ 90°, if one assumes
that (®q, ®2) ~ (0°,90°) and p ~ 4 when tan 8 = 5, provided d,, is calculated using QCD
sum-rule techniques. Finally, the deuteron EDM [f, ], whose size crucially depends on d“
and dg, can constrain dramatically the CP-violating phases by a factor of about 100 [g].

A third benchmark scenario of the MSSM that has been analyzed was the MCPMFV
scenario. For definiteness, we have used SPSla-like input parameters given at the GUT
scale, for which @guUT = @%uUT = @%ET = (0° and tan 3 = 40. This choice results in a
relatively light SUSY spectrum, where phases for the A-terms are generated by RG running
down to the electroweak scale. Within this particular MCPMFV scenario, we have studied
the implications of the CP-violating phases ®1, ®5 and ®3 for the three EDMs dy, d,, and
dpg. The Thallium EDM was found to be nearly independent of ®3, since the electron
EDM d¥ turns out to be the dominant contribution. Moreover, we have noticed that one-
loop chargino and neutralino effects may cancel each another in d. The neutron EDM
in the CQM was also found to be nearly independent of ®; and ®3, due to an accidental
cancellation between the Weinberg operator d¢ and the down-quark CEDM dg. Unlike
in the CQM, this cancellation is no longer present when the QCD sum rule approach is
used, leading to a strong dependence on ®5. In the PQM, like in the CQM, the neutron
EDM does not depend strongly on ®3, since there is a cancellation between the chargino
and gluino effects on the dominant strange-quark EDM d%. The Mercury EDM dyg in the
MCPMEFV scenario was found to receive its biggest contribution from the electron EDM
df and the down-quark CEDM dg. A non-vanishing gluino phase ®3 can drive dpg to quite
large values that could easily exceed the current experimental limit. Finally, the leading
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effect on the deuteron EDM comes from dg, whilst d¢ and ddE remain sub-leading. Since
the deuteron EDM is expected to be a factor ~ 100 more sensitive than dpg H, B, it will
lead to much tighter constraints on the CP-violating phases [fj.

Our detailed study has shown that the three measured EDMs provide correlated con-
straints on the 6 CP-violating phases in MCPMFV scenario, leaving open the possibility of
relatively large contributions to other CP-violating observables. In particular, the deuteron
EDM [, f] will probe the unconstrained CP phases of the MCPMFV scenario.

The analytic expressions for the EDMs are implemented in an updated version of the
code CPsuperH2.0. This new feature of CPsuperH2.0 will be particularly valuable in future
explorations for possible new-physics phenomena in the K- and B-meson systems.
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A. Calculation of Cg

In this appendix we calculate the coefficient C's. Our starting point is the interaction

Lagrangians:
Lcg = Cg éiryse NN, Las = Cye Gq €iyse . (A.1)
Given the relation (N|Lcg|N) = (N|L4|N), one may identify
N|qq|N)
C)¥] = e NIGIN) A2
()], = Coe ririimany (A-2)

where ¢ could be a light quark, e.g. u,d, or a heavy one such as the b quark.
We first derive the light-quark contribution to (Cs)%/, [(Cg)*/] g—uq- Lo this end, we
need to know (N|@u|N) and (N|dd|N). Using the relation [[[7]

(1 + ma) (N|au + dd|N) ~ 90 MeV (N|NN|N), (A.3)

and assuming that the triplet contribution vanishes, i.e.

(N|au — dd|N) =0, (A.4)
we obtain
(Nlau|N) — (N|dd|N) 1 90MeV ~  29MeV _ (my\ 29MeV (A5)
(NINN|N) (N|NN|N) = 2 (my+mq) ~  mqg  \mg My )
with m,/mg = 0.55. Putting everything together, we find that
v\ 29MeV 16 M
|:(CS)4f] ~ Cye <m_> 9 Me ~ Cue 0 eVy
u mq My My
29 MeV
Co)¥| =~ Cye : A6
[( s) L de = (A.6)
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The very last expression was used to obtain the first term in eq. ([4).

As for the heavy-quark contribution to Cg, there are two approaches that can be
considered. We illustrate these by taking the b-quark as an example. The first way is to
include the heavy-quark contribution directly to (Cs)*/ [T, i.e.

66 MeV (1 — 0.25k)
mp '

(A.7)

[(C’s)ﬂb = Che

The second method uses the QCD trace anomaly and the heavy quark is integrated out in
the gluon-gluon-Higgs vertex (Cg)Y [cf. (B.I9)]:

(Coll — (0.1Gev) e 23: {gffigg]b Iiee o 2(01GeV) A8
S) e — M- € 2 pt MJZ-[Z = Lbe 3my s .

where we made use of the relation [g%igg]b =2/3 gfl_l—)b [cf. (B.16) and (B.19)]. Notice that,
apart from the x-dependent term, the two approaches are equivalent to each other.

B. Calculation of Cp and C},

Here we compute the iso-scalar and iso-triplet coefficients C'p and C' that are relevant in
the determination of the Mercury EDM. To this end, we start considering the interaction
Lagrangians,

Lc, = CpéeNiyzN + Cpée NiysTsN Lag = Ceq €€ qiysq (B.1)
Imposing the relation (N|Lcp|N) = (N|L4|N), we may project out the iso-scalar and
iso-triplet contributions as follows:

_ o N|ginsa|N) / _ (N|givsq|N)
(€], = Co iy (O], = O Ry - B2

As in appendix A, we need to consider the light- and heavy-quark contributions sepa-

rately. Our approach closely follows [[4]. Thus, taking into account all the relations that

follow from isospin invariance, i.e.

. 7. mu_m -
(N|my @ivsu + mgdinsd|N) = ———%my (—ga) (N|NivsmsN|N),
My, + My
(N|tivsu|N) = —(N|diysd|N) , (B.3)
we obtain
My _
u (N|at N) = — ——  (N|N N|N),
o (N[ai750|N) = may (=g.) = (N|Ninsma N|V)
7 mq =

N|divsd|N) = — — — (N|N N|N B4
mq (N|diysd|N) mn ( gA)mu+md< |NiysmsN|N) (B.4)

where (—ga) = 1.25 is the axial nucleon form factor. From all the above relations, it is
then not difficult to derive that

C m 444 MeV
IN\Af| o Xeu _ uw ~ I
[(CP) L My m (=94) My +myg Ceu my
C m 806 MeV
rNAf| . Yed _ _ Md ovb VeV B
[(CP) ]d mg m (=94) Ma+mg @ my (B.5)
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where we assume that my =1 GeV and m,,/mg = 0.55. Observe that the light quarks do
not contribute to the singlet coefficient (Cp)*/.

To calculate the heavy-quark contributions to Cp and C, we first consider the chiral
anomaly relations [[4]:

(N|9*J3IN) = 2(N|my wivsu + mqdiysd|N)
g ~
2 N|my Givsq|N) + 6 (N|—=GG|N
+2 ) (NlmgisalN) +6 (N[ 2GGIN)

q:c787t7b

(N T3IN) = (=g") 2my (NINis NIN), (B.6)

where n; = 2 and ny = 4 are assumed to be the numbers of the light and heavy quarks,

respectively, and 91(40) = (3/5)ga in the relativistic quark model. After integrating out the

heavy quarks by employing the relation
(N1 @1561V) 0= —5 (NISZGEIN) (B.7)
we get
(N|my, Givsu + mg diysd|N) + (N]g—;GG\N> - (—gff>) my (N|NiysN|N) . (B.8)
From (B.J) and (B.7), we finally obtain

. 1 — .
(N|mg qivsq|N) = —5 mn (—gf)> (N|NiysNIN)

2
1 my —my _
2 g Y (—94) (N|NiysT3N|N) (B.9)

for each of the heavy quarks ¢ = ¢, s,t,b. The first and second terms in (B.9) give the
heavy-quark contributions to (Cp)*/ and (C}))‘lf , respectively. More explicitly, we have

(009]_ = S L ()] = - TV

q=c,s,t,b myg 2 my
Ceq 1 My — My
2 my, + my

181 MeV

mn (_gA):| = _Ceq T, (BlO)

M) =

q=c,s,t,b myg

where my =1 GeV and m,/mg = 0.55 were used in our numerical estimates.

C. CPsuperH2.0 interface

e Input: For the complex A parameters of first two generations, part of auxiliary array
CAUX_H is used as

A, = CAUX_H(995),
A, = CAUX_H(996), A, = CAUX_H(997),
Ag = CAUX_H(998), A, = CAUX_H(999). (C.1)

e Output: For output, part of auxiliary array RAUX_H is used.
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— The electron EDM in units of cm:
RAUX_H(200) = dZ /e = (dZ /)X + (dZ /)X + (dB/e)? + (dF Je)H |  (C.2)
where the constituent contributions are

RAUX_H(201) = (dZ/e)X", RAUX_H(202) = (dZ /e)¥
RAUX_H(203) = (d¥/e)?,  RAUX_H(204) = (d¥/e).

— The electric EDM of the v quark in units of cm:
RAUX_H(210) = dZ /e = (dZ /)X + (a2 /)%’ + (dZ/e)T + (dB /), (C.3)
where the constituent contributions are

RAUX_H(211) = (d€/e)X", RAUXH(212) = (dZ /e)X’

RAUX H(213) = (d¥/e)?,  RAUXH(214) = (d¥/e)" . (C.4)
— The electric EDM of the d quark in units of cm:
RAUX_H(220) = d% /e = (dF /e)¥" + (d /)X’ + (dB/e)T + (dB /),  (C.5)
where the constituent contributions are

RAUX_H(221) = (dZ/e)X", RAUXH(222) = (dZ /e)"’
RAUX_H(223) = (df /e)9,  RAUX.H(224) = (df /e)" . (C.6)

— The electric EDM of the s quark in units of cm:
RAUX H(230) = d¥ /e = (dZ [e)" + (dF/e)X’ + (dF [e)? + (dF/e)",  (C.7)

where the constituent contributions are
RAUX_H(231) = (d€/e)X", RAUX_H(232) = (dZ/e)X’
RAUX H(233) = (d¥/e)9,  RAUXH(234) = (dF/e). (C.8)

— The chromo-electric EDM of the u quark in units of cm:
RAUX H(240) = d$ = ()X + (d)X + (d$)7 + (d)7 (C.9)

where the constituent contributions are

RAUX H(241) = ()Y, RAUX.H(242) = (d©)¥

RAUX H(243) = (d¥)7,  RAUX_H(244) = (d9)% . (C.10)

u
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— The chromo-electric EDM of the d quark in units of cm:
RAUX_H(250) = d§ = ()% + (d9)X" + (dS)7 + (d§)* (C.11)
where the constituent contributions are

RAUX_H(251) = (d5)¥", RAUX.H(252) = (d5)¥
RAUX_H(253) = (d5)9,  RAUXH(254) = (d§)". (C.12)

— The purely gluonic dimension-six Weinberg operator in units of cm:
RAUX_H(260) = d¢ = (d%) + (d%)7, (C.13)
where the constituent contributions are
RAUX_H(261) = (d“),  RAUX_H(262) = (d“)9. (C.14)

In the distributed version, eq. (B.7) is used to evaluate the function H (21, 22, z4)
for (dG)g. For a full calculation, especially when z, 2 0.1, the user should
provide a dedicated routine, see figure B

— Cg, Cp, and, C in units of cm/GeV:
RAUX H(270) = Cg, RAUXH(271)=Cp, RAUXH(272)=Cp. (C.15)

— The coefficients of four-fermion operators in units of cm/GeV?:

RAUX_H(280) = Cye/mq, RAUX_H(281) = Cy./m,,
RAUX_H(282) = C,q/mq, RAUX_H(283)= C,,/m,, RAUX.H(284)= Cep/my,
RAUX_H(285) = Cye/m., RAUX_H(286) = Co/my,
R.AUX_H(287) = Cdd/md, RAUX_H(288) = Csd/ms,
RAUX_H(289) = Ciq/my, RAUX_H(290) = Cygp/my,. (C.16)
— The Thallium EDM in units of ecm:
RAUX_H(300) = d; = dpy(d¥) + di(Cs) (C.17)

where the constituent contributions are
RAUX_H(301) = dpy(d”), RAUX_H(302) = dpy(Cs).

— The neutron EDM in units of e cm:

* Chiral quark model:
RAUX_H(310) = dy, = dy(dl 4) + dn(dS 4) + din(d) (C.18)
where the constituent contributions are

RAUX_H(311) = dy(dY ), RAUXH(312) = d,,(dS ;) . RAUX H(313) = d,,(d°) .

— 28 —



* Parton quark model:
RAUX_H(320) = d,, = d,,(d¥) + d,(d5) + d,(dF) (C.19)
where the constituent contributions are
RAUX_H(321) = d,,(d¥), RAUX_H(322) = d,,(d¥). RAUX_H(323) = d,,(d¥).
* QCD sum rule approach:
RAUXH(330) = dy, = dp(dl) g) + dn(dS g) + dn(d9) + dn(Chaap)  (C.20)
where the constituent contributions are

RAUX_H(331
RAUX _H(332)

) = dn(d?,), RAUXH(332) = dy(d,),
dn(dG) , R.AUX_H(334) = dn(de,bd) .

— The Mercury EDM in units of e cm:

RAUX H(340) = dig = diig(dZ) + dig(dS ) + dig(Cay) + dig(Cs) + dug (C)
(C.21)

where the constituent contributions are

RAUX_H(341) = dug(d), RAUXH(342) = dyyy(dS,),
RAUX_H(343) = dy(Ciy), RAUXH(344) = duy(Cs). RAUX_H(345) = du,(C)).

— The deuteron EDM in units of e cm:
RAUX_H(350) = dp = dp(df ;) + dp(dS 4) + dn(Cay) + dn(d) (C.22)
where the constituent contributions are

RAUX_H(351) = dp(dl,;), RAUXH(352) = dp(dS,),
RAUX H(353) = dp(Cyf), RAUXH(354) = dp(d®).

e IFLAG_H(18)=1 is used to print out the Thallium, neutron, Mercury and deuteron
EDMs. Using the run shell-script file distributed, the sample output obtained with
Dy, =Py, Py, = Py, = Py,, and &y, = 4, = P4,, and the hierarchy factor
P =Py =Pp=P;=ps=1Is

Thallium EDM in units of [e cm]: d°T1l/[e cm]

d"T1l/(e cm) [Totall= -.9371E-24
Each contribution to d"T1l from
[d"E_e]= -.9082E-24
[C.S ]= -.2890E-25
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(1) Chiral Quark Model

d°n/(e cm) [Totall= -.4196E-23

Each contribution to d"n from
[d"Eu & d"E_d]= -.3994E-23
[d"Cu & d4°C_d]= -.2066E-23
[ Weinberg-6D ]= 0.1863E-23

(2) Parton Quark Model
d"n/(e cm) [Totall= 0.1278E-22
Each contribution to d"n from

[d"E_u 1= -.6868E-25
[d"E_d ]= -.2209E-23
[d"E_s ]= 0.1506E-22

(3) QCD sum rule technique

d"n/(e cm) [Totall= -.7240E-23

Each contribution to d"n from
[d"Eu & d"Ed]= -.2741E-23
[d°Cu & 4°C_d]= -.5483E-23
[ Weinberg-6D ]= 0.9836E-24
[ C.bd & Cdb ]= 0.1749E-28

d"Hg/(e cm) [Totall= 0.3383E-25
Each contribution to d"Hg from

[d"E_e ]= 0.1553E-28
[d"Cu & d°C_d]= 0.3381E-25
[C_4f ]= -.1094E-29
[CS ]= 0.2348E-29

[CP & CP pr ]= 0.2229E-29

d°D/(e cm) [Totall= -.2598E-22
Each contribution to d°D from
[d"Eu & d"E_d]= -.9236E-24
[d°Cu & 4°C_d]l= -.2604E-22
[C_4f 1= 0.7811E-27
[ Weinberg-6D ]= 0.9836E-24

— 30 —



e IFLAG_H(18)=2 is used to print out the EDMs of the electron and the up, down, and
strange quarks, the CEDMSs of the up, down, and strange quarks, etc.

d"E_e/e[Total]l: 0.1553E-26

d"E_u/e[Total]l: 0.8836E-25

d"E_d/e[Total]l: -.1936E-23

d"E_s/e[Total]: -.4355E-22
d"E_e/e[C,N,G1,H]: 0.0000E+00 -.2833E-26 0.0000E+00 .4386E-26
d"Eu/el[C,N,G1,H]: 0.4467E-28 0.1755E-26 0.8717E-25 .6116E-27
d"E_d/e[C,N,Gl,H]: 0.9825E-25 -.3481E-26 -.2042E-23 .1170E-25
d"E_s/e[C,N,Gl,H]: 0.2211E-23 -.7832E-25 -.4595E-22 .2631E-24

d"Cu [Totall: -.1208E-24
d"C.d [Total]: -.5756E-23
d"Cu [C,N,Gl,H]: -.8956E-28 0.3073E-26 -.1180E-24 -.5825E-26

d~cd [C,N,Gl,H]: 0.1626E-25 0.1218E-25 -.5554E-23 -.2306E-24

d~G [Totall: 0.5786E-23
d"G[Higgs,Gluino]: 0.2046E-26 0.5784E-23

C4_de/m._d: -.2432E-26
C4_se/m_s: .2432E-26
C4_ed/m._d: .2432E-26
C4_es/m_s: .2432E-26
C4_eb/m_b: .1547E-25
C4_ec/m_c: .9727E-28
Cd_et/m_t: .3965E-27
C4_dd/m.d: .3565E-25
C4_sd/m_s: .3565E-25
C4_bd/m b: .1769E-24
C4_db/m b: .2269E-24

CS, CP, and CP prime in cm/GeV and in 1/GeV~2:
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Figure 7: The absolute value of the Thallium EDM divided by its current experimetal limit,
dEXP =9 x 1072 e cm, in the ®3-® 4 plane (left) and as a functon of ®3 taking ® 4 = 60° (right).
The trimixing scenario has been taken. In the left frame, the plane is divided into 4 regions:
|dr1/d®XP| < 1 (black), 1 < |d1/d®XF| < 10 (red), 10 < |d1/d®*XF| < 100 (green), and 100 <
|d1/d®¥T| (magenta). The unshaded region is not allowed theoretically. In the right frame, the
constituent contributions from d¥ and Cg are shown as the thin solid and dashed lines, respectively.
The thick solid line is for the total EDM.

CS : 0.6710E-27 0.3400E-13
C_P : 0.6602E-26 0.3346E-12
C_P prime: 0.5147E-26 0.2608E-12
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Figure 8: The absolute value of the neutron EDM in the CQM divided by its current experimetal
limit, d®*F = 3 x 10726 e cm, in the ®3-® 4 plane (left) and as a function of ®3 taking ®4 = 60°
(right). The trimixing scenario has been taken with the common hierachy factor p = 1 (upper) and
3 (lower). In the left frames, the shaded regions are the same as in figure ﬁ In the right frames,
the constituent contributions from d{i d> di 4 and d® are shown in the thin solid, dashed, dotted
lines, respectively. The thick solid line is for the total EDM.
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Figure 9: The same as in figure , but using the PQM for the calculation. In the right frames, the
constituent contributions from dZ, df , and d¥ are shown as the thin solid, dashed, dotted lines,

respectively. The thick solid line is for the total EDM.
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Figure 10: The same as in figure E but using the QCD sum rule approach for the calculation. In
the right frames, the constituent contributions from d{i d> dﬁ d» d%, and Chd,dp are shown as the thin
solid, dashed, dotted, dash-dotted lines, respectively. The thick solid line is for the total EDM.
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Figure 20: The neutron EDM calculated in the PQM. In the upper frames, among the lines in
the middle frames of figure L, the case with (®,®;) = (0°,270°) is shown together with the
constituent contributions: dZ (thin solid), d¥ (thin dashed), and the main contribution from dZ
(thin dotted). In the lower frames, the strange-quark EDM is shown as functions of the common
hierachy factor p. The thin solid, dashed, dotted lines, and horizontal dash-dotted lines are for the
contributions from the chargino-, neutralino-, gluino- and two-loop Higgs-mediated diagrams. The
thick solid lines are for the total EDM.

— 45 —



— 103 o — 10°%
o - tan=5 P, =0,=90 | o g
> - tanB A3 > F
L C w "
T 0% T 10°-
-~ & -~ &
(@) r (@] r
T i T i
© 10 = T 10 =
1 E 1 E 0
B B tanB:50 CDA = CD3: 90
1| | Al |
10 L | 10 L L1
1 10 1 10
— 23
= 10
O  uf C
|_|10 E E
o asE e e T i
"L .
o -26E X -
10 L
-27E xo\\ -27E
10 107 L@, =D, =90
g g — & — on°
-28[ o 28] ®,=®,=90 ‘
10 | [ | 10 | | | | I
1 10 1 10

P

P

Figure 21: In the upper frames, we show the Mercury EDM in the CPX scenario with &4 = &3 =
90° as a function of the common hierarchy factor p for tan 8 =5 (left) and tan 8 = 50 (right). It is
hardly affected by (@1, ®3), because of the dominance of the contribution from d¢ ;, see figure @
In the lower frames, we show the dominant CEDM of the down quark, dg, as a function of p. The
lines are the same as in the lower frames of figure @

— 46 —



tanB=5 P, =P, =90°

o -
S S
~ - — 1030
E = E 107
= 0 -
tE ' “tanp=50 @, = d,=90°
10_1: L ]_0_1: ! Lo
1 10 1 10
P P
ul g - g )
o . tanB=5 ®, = d, = 90° o jé (P, P,)=(0%90%
10 = 10 E
WS T (0, ®,)=(0°90) Wy — -
=~ 103;* ~ dg,d ~ 103;
[ IR TE T N IR . o) E e
= 10° d 102
0 - 0
1 ;* 1 ;* 0
E - tanf3=50 ®,=d,=90
10 _l:“ ....................................... 10 -1: | | | | N ‘
1 10 1 10

Figure 22: The deuteron EDM in the CPX scenario with ®4 = ®3 = 90° as a function of the
common hierarchy factor p for tan3 = 5 (left) and tan 3 = 50 (right). We have taken d5XF =
3x107?"ecm. It is hardly affected by (®1, ®2), see the upper frames. In the lower frames, the case
with (@1, ®2) = (0°,90°) is shown together with the constituent contributions: dZ, (thin solid),
did (thin dashed), Cay = Cqq,sd,pa (thin lower horizontal dotted), and d® (thin upper horizontal
dash-dotted). The thick lines are for the total EDM.

— 47 —



-23

- — I—]'O E
& 103 c g tanB=40 (o, , d,)=(0" 90°)
L & O  ut
© L . (b} 10 E
~ 10%- . B
= g - —_— g
B L -25
o N 0 oy i V! 0 O Lycmlo E
— 10 = (90,0) (2707, 0°) — g
E “ —26:‘\ "\\‘\ : e
1L 10 - j -
g (0°, 90 - i
_1:tan[3=40 (P, P,)=(0%0% ot N
10 \\\\‘\\\\\\\\‘\\\\ 10 \\\\‘\\\\“1\‘\\‘\\\\
-20 -10 0 10 20 -20 -10 0 10 20
®,[° ®,[°
23 2 [ ] - 2 [ ]
|—|10 E |—|10 E
E ;tanB:40 (®,, D,)=(90%0°) E ;tanB:4O (®,, D,) =(270° 0°)
(@] 24 |- o 24 =
Q@ 10 - QO 0 =
25| U a 25|
LuUmlo E LuUmlO =
26 .. X - 26[ -
10 = h 7 i 10 E
g , RO g \
27| | DI 2] L |
10 I I Y Sy IS | 10 I I I O N N /2 I I Y |
-20 -10 0 10 20 -20 -10 0 10 20
o] o
D,[ "] D,[ "]

Figure 23: In the upper-left frame, we show the Thallim EDM in the MCPMFYV scenario with
tan S = 40 as a function of ®, for several values of the CP-violating phases (®1,®3): (0°,0°)
(solid), (0°,90°) (dashed), (90°,0°) (dotted), and (270°,0°) (dash-dotted). The cases with (0°,0°)
and (0°,90°) are hardly distinguishable from each other due to the dominance of the electron EDM,
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of &5 when (P41, P3) = (0°,90°), (90°,0°), and (270°,90°), respectively. The lines are the same as
in figure [L7
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Figure 24: In the upper-left frame, we show the neutron EDM calculated in the chial quark
model in the MCPMFV scenario with tan 3 = 40 as a function of ®5 for several values of the
CP-violating phases (®1,®3): (0°,0°) (solid), (180°,90°) (dashed), and (180°,270°) (dotted). In
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when (1, ®3) = (0°,0°), (180°,90°), and (180°,270°), respectively, together with its constituent
contributions from df ; (thin solid), dg) ; (thin dashed), and d“ (thin dotted). The thick solid lines
are for the total EDM.
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Figure 25: In the upper-left frame, we show the neutron EDM calculated in the PQM in the
MCPMFYV scenario with tan 8 = 40 as a function of ®5 for several values of the CP-violating phases
(®1, P3): (0°,0°) (solid), (0°,10°) (dashed), and (0°,90°) (dotted). All cases are not distinguishable.
In this model, the neutron EDM is dominated by the strange-quark EDM, d¥. In the upper-
right, lower-left, and lower-right frames, we show the strange-quark EDM as a function of &, when
(P, P3) = (0°,0°), (0°,10°), and (0°,90°), respectively. The thin lines are for the chargino- (solid),
neutralino- (dashed), gluino- (dotted), and Higgs-mediated (dash-dotted) diagrams, respectively.
The thick solid lines are for the total EDM.
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Figure 26: In the upper-left frame, we show the neutron EDM calculated using the QCD sum
rule approach in the MCPMFV scenario with tan 8 = 40 as a function of ®5 for several values of
the CP-violating phases (®1, ®3): (0°,0°) (solid), (0°,20°) (dashed), (0°,340°) (dotted), (0°,270°)
(dotted), and (0°,90°) (dash-dotted). In the upper-right, lower-left, and lower-right frames, we
show the neutron EDM as a function of ®; when (®1,®3) = (0°,0°), (0°,20°), and (0°,90°),
respectively. The lines are the same as in the lower frames of figure @
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Figure 27: In the upper-left frame, we show the Mercury EDM calculated using the QCD sum
rule approach in the MCPMFYV scenario with tan 8 = 40 as a function of ®5 for several values of
the CP-violating phases (@1, ®3): (0°,0°) (solid), (90°,0°) (solid), (270°,340°) (dashed), (90°,10°)
(dash-dotted), (270°,350°) (dash-dotted), and (0°,90°) (solid). In the upper-right, lower-left, and
lower-right frames, we show the Mercury EDM as a function of ®3 when (®1,®P3) = (0°,0°),
(90°,0°), and (90°, 10°), respectively. The lines are the same as in the lower-right frame of figure E
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Figure 28: In the upper-left frame, we show the deuteron EDM calculated using the QCD sum rule
techniques in the MCPMFYV scenario with tan 8 = 40 as a function of ®5 for several values of the
CP-violating phases (®1, ®3): (0°,0°) (solid), (90°,0°) (solid), (270°,0°) (dashed), (0°,10°) (dash-
dotted), (0°,350°) (dash-dotted), and (0°,90°) (solid). d¥*P =3 x 10727 is taken. The dominant
contribution comes from the CEDM of the down quark, dg. In the upper-right, lower-left, and lower-
right frames, we show the CEDM of the down quark as functions of ®3 when (®1, ®3) = (0°,0°),
(90°,0°), and (90°,10°), respectively. The lines are the same as in figure @
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