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R-parity violating two-loop level rainbowlike contribution to the fermion
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We analyze the two-loop level R-parity violating supersymmetric contribution to the electric and
chromoelectric dipole moments of fermions with a lepton and a gaugino in the intermediate state. It is found
that this contribution can be sufficiently enhanced with large tan  and that it can have comparable size with
the currently known R-parity violating Barr-Zee type process within TeV scale supersymmetry breaking.
We also give new upper limits on R-parity violating couplings given by the atomic electric dipole moment

and molecular beam experiments.
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I. INTRODUCTION

The standard model of particle physics is known to have
many problems with observations, such as the matter
abundance of our Universe, and many candidates of new
physics have been invented so far. Among them, the
supersymmetry [1-4] is widely noticed, thanks to the
possibility to resolve many phenomenological problems
encountered in the standard model.

Recently, it has been suggested from the survey of metal-
poor galaxies that the lepton-to-photon ratio is actually
larger than the baryon one by six orders of magnitude [5].
On the theoretical side, a consistent argument has been
stated, that the sphaleron process which violates the baryon
and lepton numbers B + L is actually unphysical [6,7], so
that B and L are indeed protected. To realize the current
Universe with the observed baryons and leptons, it is
therefore required to conceive particle physics models with
separate baryon and lepton number violations with local
interactions. Supersymmetric models with R-parity viola-
tion (RPV) [8-13] are indeed such good candidates. The
conservation of the R-parity is often assumed for keeping
the lightest supersymmetric particle stable, but this is only
an ad hoc assumption. In the present case, RPV is rather
welcome since it can fulfill all criteria of Sakharov,
necessary for baryogenesis [14].
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To test the RPV, the electric dipole moment (EDM)
[15-27] is a very suitable observable, since it is sensitive to
the CP violation of new physics, while being extremely
small in the standard model [28-36]. Here the advantage is
that it can simultaneously probe the baryon or lepton
number violating interactions and their CP phases, which
are two important necessary conditions for baryogenesis
according to Sakharov. Due to the stringent experimental
limits on the EDM measured in many systems [37-40],
many CP phases of new physics candidates, especially
supersymmetric models [41-109], were constrained so far.

The RPV is also strongly constrained by EDM experi-
ments, according to previous analyses up to two-loop
level [23,102,110-124]. It is currently known that the
leading contribution is given by the Barr-Zee type dia-
grams [125] generated by trilinear RPV interactions (see
Fig. 1) [23,120,122], under the assumption of the absence
of soft supersymmetry breaking in the RPV sector. The

(a) (b)

FIG. 1. Examples of Barr-Zee type diagrams within RPV.
Thick, dashed, and wavy lines denote fermions, sfermions, and
gauge bosons, respectively. Figures (a) and (b) have fermion and
sfermion inner loops, respectively. The inner gauge bosons may be
a photon, W or Z bosons for the EDM (with an external photon),
and a gluon for the chromo-EDM (with an external gluon).

Published by the American Physical Society


https://orcid.org/0000-0002-0602-8288
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.095004&domain=pdf&date_stamp=2023-11-03
https://doi.org/10.1103/PhysRevD.108.095004
https://doi.org/10.1103/PhysRevD.108.095004
https://doi.org/10.1103/PhysRevD.108.095004
https://doi.org/10.1103/PhysRevD.108.095004
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

NODOKA YAMANAKA

PHYS. REV. D 108, 095004 (2023)

79
Vi fJ X05 g
F k T T f vAvAvAvAvA\' F k

1 \ U 1
\ \\ ,'~ 1
A ~ . . 7

\ S —-- fi ’

Y ’

. s

~ PN
~ ’

~ -
Sep ="

FIG. 2. Example of a rainbow diagram contributing to the
fermion EDM within RPV. The neutralino is denoted by y, and
the gluino by §.

Barr-Zee type process is also relevant in the R-parity
conserving sector, and it often provides a large contribu-
tion, but it was pointed that the two-loop level rainbowlike
contribution may have a comparable size as regard the
fermion EDM [76,95] and the muon anomalous magnetic
moment [126,127]. This contribution has a fermion-
sfermion inner loop, connected to the fermion external
line with a Higgsino and a gaugino, and the flavor structure
as well as the coupling constants involved are exactly the
same as for the Barr-Zee type diagrams. In the RPV sector,
similar rainbowlike diagrams can also be drawn by
replacing the Higgsino by a neutrino (see Fig. 2), and it
is therefore of necessity to evaluate and analyze this
potentially sizable contribution. In this paper, we therefore
quantify the rainbowlike diagrams in RPV, and update the
constraints on it using the latest results of molecular beam
and atomic EDM experiments.

This paper is organized as follows. We first introduce
the supersymmetric and RPV interactions relevant in this
discussion in the next section. In Sec. III, we review the
Barr-Zee type diagrams within RPV and calculate the RPV
rainbowlike contribution to the fermion EDM and to the
chromo-EDM. In Sec. IV, we provide formulas which
relate the elementary level CP-violating processes to
observables of molecular beam and atomic EDM experi-
ments. We then analyze in Sec. V the effect of the RPV
supersymmetric rainbow diagrams by comparing with the
EDM and the chromo-EDM generated by the RPV Barr-
Zee type diagrams, and set upper limits on RPV couplings
from experimental data. The last section is devoted to the
summary. We have also collected the detailed derivation of
important formulas in the Appendices.

II. RPV SUPERSYMMETRIC INTERACTIONS

Let us first give the Lagrangian of the particles relevant
in this discussion. The RPV interactions relevant in this
discussion are given by the following superpotential:

1
Wy= E’lijkeabL?L?(Ec)k + Aj€anli QF (D),

22U (D) (D), S

with i, j, k = 1, 2, 3 indicating the generation, a, b = 1, 2
the SU(2), indices. The SU(3).. indices have been omitted.
Here L, E°, Q, U°, and D¢ denote the lepton doublet,
charged lepton singlet, quark doublet, up-type quark
singlet, and down-type quark singlet left-chiral superfields,
respectively. The bilinear term has been omitted in our
discussion.

We will from now only consider the lepton number
violating RPV interactions since, as mentioned in the
previous section, the observation currently suggests that
the lepton number asymmetry is very large [5]. Moreover,
baryon number violating RPV interactions (often denoted
as A7) lead to rapid proton and nuclear decays, which are
constrained by experiments. This RPV superpotential
yields the following lepton number violating Yukawa
interactions:

ﬁﬂ: _%/1’7" [DiékPLef+éLiékPL”i+é£k’7§PLej_ (iej)}
= iji [ﬂi;lkPLdj+;leZikPLI/;+El£kD§PLdj
~euidi Pty =iy g Pre;— Ay Puiu| + (He)
(2)

The soft breaking terms of the RPV sector will not be
considered in this discussion.

We should also give the supersymmetric interactions of
the R-parity conserving sector. The neutralino mass matrix
is given as follows:

l_
L, = —EZORMNZOL +H.c., (3)
with
ié),, —evy, ey
0 ne V2sin Ow V2 cos Ow
i0, evy —evy
ne 0 V2 sin Ow V2 cos Oy
MN = —ev ev, i0 ’ (4)
u d m el 1 0
\/Esinﬁw \/Esiné’w A
ey —evly i.‘)z
V2 cos Oy V2 cos Oy 0 m/lz ¢

where the corresponding neutralino field vector y, has as
the first two components the up- and down-type Higgsinos,
and the last two components refer to the U(1), and the

SU(2), gauginos. Here @y, is the Weinberg angle, v, =

v/y/1+cot? and v, =v/y/1+tan’ where vw

246 GeV is the vacuum expectation value of the Higgs
field. Similarly, the chargino Lagrangian is given by

L, =-YrMcx1L —)_(LMTCZR» (5)

with
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—He i
w
MC_( —evy i0, |’ (6)

V/2sin Ow m’12 ¢

where the upper (lower) component denotes the charged
Higgsino (SU(2),; gaugino). In this work, we assume that
the supersymmetry breaking scale is beyond TeV, which is
strongly suggested by the recent results of LHC experi-
ments [128-131], so we neglect the mixing between
gauginos and Higgsinos which always take a factor of
Higgs vacuum expectation value (v, or v,). The transition
to down-type Higgsinos involves an additional suppression
by 1/ tan f, which is actually the case of the present work
with RPV interactions. In our discussion, the Higgsinos are
thus irrelevant. The components of the mass matrix have
CP phases in the general case, and they can manifest
themselves as observable effects when mass insertions
occur in the process. For the gluino, we remove its CP
phase as usual.
The sfermion mass matrix is given by

. e
7 R// _9 2 9
! my(Ap — Rppe™") ms

where R; = cotf for up-type squarks, and R; = tan 8 for
down-type squarks and charged sleptons. The trilinear soft
supersymmetry breaking couplings A, are assumed to be
proportional to the quark or lepton mass matrices and they
may have CP phases. Note that in this discussion, only the
down-type squarks and the charged sleptons are relevant so
enhancements due to tanf may occur. To obtain the
sfermion mass eigenbasis, we introduce the following
unitary matrix with the sfermion mixing angle ¢, and

the CP phase 6;:
sind \ [ f, (8)
cosfy )\ f, )’

fry (1 O cos Oy
Fe)  \0 e )\ —sing,

with cosOy ~— _liﬁf and sinfy~1 for mylAs| <
L Tr
meRpu < m? 5~ m~ . In this approximation, the two mass

eigenvalues are ]ust mf. ~ my, and my ~ mj . The above
inequality fails when mjy and mj are degenerate, but a
mass splitting of 10% is enough to marginally fulfill it.
In this discussion, we use the overall CP phase
8 = arg(A; — Rype™%).

We should also define the gaugino-sfermion-fermion
interactions. They are given by

ngfll fL/R/1 PL/Rf+ Z

e
+ Zf: sin Oy

de 2Pqu

i 5P, fq+ (He.). 9)

The convention for the sign of the gauge coupling is D¥ =
0" — igAht, where t, is the generator of the gauge group.
The index n denotes the gauge group of the gaugino 4,,. We
define A; as the U(1), gaugino, 4, as the neutral SU(2),
gaugino, 43 = g as the gluino, and 4} is the charged SU(2),
gaugino (= chargino). The fermion-sfermion-gaugino cou-
pling constants are given as follows. for the gluino

couplings, we have gg? = %gs and 95‘13;3 = —%gs with the

QCD coupling g, = v/4nay. For the couplings of 4;, we
(M _1 (M _1 M _ _1
have qu 600:0W dp _gcoseﬁw I _500:0 ’
(1)
9o, = 0050

_1
2 sm@

and

. We have finally for the 4, couplings g(~ ) =

2 _ _1_e
I, T 25infy”

and ¢,

III. R-PARITY VIOLATING CONTRIBUTION
TO THE EDM

A. Barr-Zee type diagrams and four-quark interaction

The leading order RPV contribution to the EDM
of electrons and atoms is given by the fermion EDM
interaction

i _
Lgpm = — 3 ;dFFG;wF” sk, (10)

where F is a down-type quark or charged lepton, by the
chromo-EDM of the down-type quark D

i _
‘CCEDM == E chDgSDoﬂl/
D

and by the CP-odd four-fermion interactions between two
fermions f and F

GZD[LZVSD’ (11)

Ly = ZCfFffFi75F- (12)
IF

We emphasize that the fermions are either charged leptons
or down-type quarks in this RPV analysis.

The four-fermion interaction is generated at the tree level
in RPV supersymmetry [102,112,117,118,124]. Tts
Lagrangian is just

m(4;
£4f* ( ijj lkk)|:

fifj FrivsFy—fjirsf;- Fka] (13)

Dl

where 4 and 1 are equal to A or 4, depending on whether f
and F are a lepton or a quark, respectively.

095004-3



NODOKA YAMANAKA

PHYS. REV. D 108, 095004 (2023)

Regarding the EDM and the chromo-EDM, the leading
order contribution is generated by the trilinear RPV inter-
action and arises at the two-loop level [23,110,111,113]. At
this order, the Barr-Zee type diagram (see Fig. 1) is known
to be large. They are approximately given by

dpf = dy +di +dy, (14)
where the inner photon + fermion loop diagram is
expressed as [23,120]

cQJ%QFeaemmf mf
— 2+ In—L). 15
1677.'31711%[ < + m? ) (15)

d};’ "’Im(ﬂlu zkk)

Vi

This approximation holds for m; > m;. The inner Z
boson + fermion loop diagram is given by

Qfafafea my. m2
C em Z
/1 2 s (16)

16723 m~ m;

dIZT NIm(lu/ zkk)

where a; = a; = 75 (tan Oy — 3cotOy) & —0.42(ay = a;=
1(3tan@y — cotfy) ~ —0.065) when f is a down-type
quark (charged lepton). This contribution is smaller than
10% of dyFk, and it is thus not important. Finally, the

contribution of the inner W boson + fermion loop diagrams
[123] is

A~ sfeaemVaijkmf
dp = Im(AigiAip) -

34in2 2
1287 sin"Oym3

(17)

where f is an up-type quark (neutrino), s, = +1 (-1), and
V is the Cabibbo-Kobayashi-Maskawa matrix (unit matrix)
element if f of the inner loop is a down-type quark (charged
lepton). This approximation assumes mg > mi,m2 . In
this work, we only consider the flavor dlagonal case, 1e.,
i = a and b = k. The W boson contribution is not small, so
we have to take it into account.

FIG. 3.

The quark chromo-EDM has an expression similar to the
inner photon diagram contribution:

c;BZ 1% asm m2
d ~ Im(llj])“ zkk) T (18)

Vi

Here the fermions D and d are down-type quarks.

So far, we have only seen the inner fermion loop
contribution [diagram of Fig. 1(a)]. We have actually
neglected the inner sfermion loop diagrams [an example
is shown in Fig. 1(b)] since they are small in TeV scale
supersymmetry breaking [122].

B. Rainbowlike diagrams

Let us now calculate the RPV rainbow diagrams. We can
split the rainbow diagrams contributing to the EDM into
two parts, one having a neutralino and a neutrino in the
intermediate state, and another one having a chargino and a
charged lepton, as

dR = df + di: . (19)
The rainbow contribution with a neutralino and a neutrino,
d??, comprises two types of diagrams. The first type is the
insertion of the effective one-loop level neutrino-gaugino-
gauge boson vertex [Fig. 3(a)]. The second one is the
insertion of the effective one-loop level neutrino-gaugino
transition [Fig. 3(b)]. The calculation of these RPV
rainbow diagrams is very similar to that in the minimal
supersymmetric standard model with R-parity conserva-
tion [95]. The rainbow contribution with a chargino and a
charged lepton, ¢, involves additional types of diagrams
where the external photon is attached to these charge-one
particles [Figs. 3(c) and 3(d)].

The final EDM is obtained by calculating the rainbow
diagrams up to the first order in the external momentum
carried by the gauge boson (recall that the EDM is the
first order coefficient of the multipolar expansion of the
CP-odd form factor). In this work, we neglect the fermion
mass insertions which are much smaller than those of
sparticles. The neutralino contribution to the EDM of a
fermion F (k is the generation number) is given by

Possible insertions of one-loop effective vertices (gray blobs) for the rainbow diagrams in RPV supersymmetry. The dashed,

solid and solid-wavy lines denote the sfermions, leptons and gauginos, respectively. The external wavy line is a photon for the EDM, and
a gluon for the chromo-EDM. The diagrams (c) and (d) only receive contribution from the intermediate chargino and charged lepton.
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_ i(0,~5,)) "€ )
dj@k N n=Zl.2 F:FZﬁ " (/Il”/llkke ’ ) 2567* 5 C0s 0,9
X [Qf(Qj(;"L) _ ;Z)>SFG/<I’}’£/1 ,0, m ,m2 ) QF< _|_gj(£)>m Gu(m/1 0. m mf] )}
2 2
(7, =) (20)

where the first and second terms of the square brackets correspond to the diagrams of Figs. 3(a) and 3(b), respectively. We
note that in the leading order RPV, the fermions (sfermions) F and f (F and f) are down-type quarks or charged leptons
(squarks or charged sleptons). Here i and j are the flavor indices of the intermediate neutrino and the fermion-sfermion pair
of the inner loop, respectively, and n, = 3 (= 1) with an inner quark-squark (lepton-slepton) loop. The RPV couplings are
given by A=A (=4 for the charged lepton-slepton (quark-squark) inner loop, and 4 = A (= 1) for the external lepton
(quark), in the same way as defined below Eq. (13). The constant s is -1 for the left-handed sfermion F;; and —1 for the
right-handed sfermion Fg,. The electric charges of the inner loop fermion (sfermion) and the external fermion in the unit
of e are Q; and Qp, respectively. The functions G’ and G” are defined by

alna—dLiy(1-9) blnb—dLi(1-2) clnc—dLiy(1-5)
(a=b)(a—c) (b-a)(b-c) (c—a)(c=b) ~

e i MU S e e L RN (D)

2] 2] 1 1
a”Ind + ad a b Ind + bd lnb d - | 1—|—lnc—l, (22)
(a=c)* (b=c) c

(a=b)(a-c) nc_*_(a—b)(b—c)3 cTash
with Li, (x) denoting the dilogarithm function. In Ref. [95], the notations used to define the functions G’ and G” were F’
and F”, but we changed them to G” and G” so as to avoid confusion with fermions used in this work. The zero arguments of
Eq. (20) are due to massless neutrinos. The detail of the computation of the contributions of diagrams (a) and (b) of Fig. 3
to d% is presented in Appendices A and B, respectively.
The EDM of the down-type quark or of the charged lepton generated by the rainbow diagrams with chargino and charged
lepton is given by

G'(a,b,c,d) =

(1)

edemn ViV ik

& = Im[; e )
ml e e nta,

ijj sintj cos@f/_m/l2
{Qf/G’ (m/12 m% , mlzp, ’m%,-) QF/m G” (m/12 mg ,mlzr, , j} ) + m G‘l (m%2 mg ,mlzr, i m}% )
- G© <m2i,m%2k,mi,m§”> —m%,L [3GC3 (m/1 ,m2 m%., , sz ) —|—2m/1 G (m/1 ,m2 mlzr, ,mj%lj)]}
(mj%lj < m}%zj) (23)
where we neglected higher order terms in the charged lepton mass m, . Here f, F’ (f', ') are up-type quarks (squarks) or

neutrinos (sneutrinos) respecting the definition of Jand ] as given above. Their electric charges Q , and Q are also defined

accordingly (42/3 for the up-type quarks/squarks and zero for the neutrinos/sneutrinos). The functions G’s used in the
formula above are defined as

ctonen=g g (0-5) -9 2 -2 w0

+mlﬂd1ﬂ;+mlndlnz, (24)
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(a—d)? , a , c (b—d)? , b ) c
Goabed) =———2 i (1-2) —Liy(1-2) | === i, (1-2) —Lip(1-5
(@.b.e.d) == o M2\ 7a) "B 73) | "2 —am oo Mo ma) “HeU
(c—=d)Inc+d(1+1nd) ad+a*lnd ¢ bd+b*Ind _ ¢
- 5In—— 5In—, (25)
2(c—a)(c—b) 2(a=b)(a—c)* a 2(b—a)b-c)* b
2a*(a® — bc) — a*(a—b)(a - c) ad a
G%(a,b,c,d) = Inalnd In(—] -1
abeed) e e+ g () |
ad(a* — bc) 2(d —a)*(a*> = be) + (d® —a*)(a=b)(a—c) . . a
3 sIna — 3 3 Li | 1——
(a=Db)*(a—c) 2(a—=b)*(a—-c) d
+ (even permutations of a, b, ¢), (26)
(a—d)(a*> —bc—2ad+ bd+ cd) _ . a a(a* - be) d(1+1Ind)
G%“(a,b,c,d) = Lip( 1 —— ——l Ind
(a,¢,d) ([a—bPa—cy 2N Ta) Tas = M G ) a- o
ad(-2 b
= a3+ +¢) Ina + (even permutations of a, b, ¢). (27)
(a—b)(a-c)
The derivation of this formula is given in Appendix C.
Finally, the RPV rainbow contribution to the chromo-EDM of a down-type quark D is given by
citb w =104, 2 2 2
dp, Im(ﬂfuﬂ’lkk 4 ) 256 3 Z G’ (m 0,m% oG ) (md” <~ mdzj)
D=D, Dy
(611_5 /-) n ( ) ( ) ( ) 2
- Z ) Z Im(/lw/l’lkke /. >256 7, sin€y cos Oy gy (gf + g R)m G”(m/1 ,0,m3 g }“]j)
n=1.2 p=D, Dy
2 2
(mf], < mf2,> (28)

where the inner loop fermion-sfermion pair (f and f) of the
second term may either be a down-type quark-squark loop
or a charged lepton-slepton loop in RPV. Here it is important
to note that the inner lepton-slepton loop contribution has no
analogue of Barr-Zee type diagrams [see Eq. (18)], and it is
thus a new characteristic process for the rainbow diagrams.
The phase of m; has already been fixed so as to make it real
and positive. We see that the formulas (20) and (28) are very
similar to the supersymmetric rainbow contribution with
R-parity conservation [95] (this is just a replacement of the
matter-Higgs Yukawa couplings by the RPV couplings, and
the Higgsino mass by the negligible mass of the neutrino).
The RPV rainbow diagrams vanish if the mass eigenvalues
of the inner loop sfermions my and my, are degenerate.

This property could also be seen for the supersymmetric
rainbow process with R-parity conservation.

IV. FROM ELEMENTARY LEVEL
TO OBSERVABLES

The elementary level processes calculated in the pre-
vious section generates CP-odd operators renormalized at

the scale of supersymmetric particles pgysy ~ O(TeV).
Since most of the CP-odd hadron matrix elements are
given at the renormalization point pp,g = 1 GeV, we
have to calculate the evolution down to this scale. After
the running of the energy scale, QCD operators change
their Wilson coefficients in general. While running the
scale from 1 TeV to 1 GeV, the quark EDM evolves
as [25,67]

d,(ptnaa) = 0.8, (TeV). (29)

The scale of supersymmetry breaking may be much higher
than 1 TeV, but the change from the above value is not
important thanks to the asymptotic freedom (e.g., the
running from 10 TeV to 1 TeV changes the coefficient by
less than 5%). For the case of the quark chromo-EDM, we
have to consider the mixing between operators since it
also generates the quark EDM after evolution. By defining
the electric and chromoelectric dipole operators as
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N,

igydy
2

Z Z]a,,,,G’,ﬁ”taysq
q
N'] N‘i
= 04ed,0,+ Y g,d505, (30)
q q

the evolution down to the hadron scale reads
05(TeV) % ~0.80, (nag) + 090 (tpaa). (31

Here again the running from 10 TeV to 1 TeV changes the
above coefficients by less than 5% [67].

Now let us move to the conversion of quark level CP
violation to the hadron level effective interactions. The
quark EDM only contributes to the nucleon EDM in the
leading order of electromagnetic interaction. From recent
lattice QCD calculations [132-136], we have

dn ~ 0-8dd(ﬂhad) - O‘Zdu (/"had)
~ 0.63d,(TeV) — 0.16d, (TeV), (32)

dp ~ 0.8d,(knaa) — 0.2d4(Hnaa)
~ 0.63d,,(TeV) — 0.16d,(TeV), (33)

with about 10% of uncertainty. The last equalities for
each nucleon take into account the running from TeV scale.
The coefficients are called nucleon tensor charges, and their
values show that the quark EDM is not enhanced at the
hadronic level [137-139]. Their extractions from experi-
mental data pointed to smaller values [140-142], but recent
analysis shows consistency [143,144].

The quark chromo-EDM contributes to the nucleon
EDM and also to the CP-odd pion-nucleon interaction
[145,146]

Lot = TainmoNN. (34)
in the leading order of chiral effective field theory. The

NLO analysis of the isovector CP-odd pion-nucleon
interaction yields [24,147-151]

2.3 27 ¢ c
—(1) I~ 5gam; mo[dd(ﬂhad)—du(ﬂhad)]
o () ["”“64#% 2f w(my +my)

= (125 £ 75)[d5(TeV) — dS(TeV)] fm™!,  (35)

where m, = 138 MeV, f, =93 MeV, and g4, = 1.27. At
the scale pp,q =1 GeV, the quark masses are m, =
2.9 MeV and m; = 6.0 MeV [31]. The last equality takes
into account the running of the chromo-EDM [see Eq. (31)].
Here we only considered contributions generated by the

dynamics of pions, since it is particularly enhanced by
the pion-nucleon sigma-term o,y = (m, + my)(N|au +
dd|N)/2 [152-154], and we neglected the bare term
(counterterm) which is estimated to be small [155,156].
We adopt the value o,y = (45 £ 15) MeV for which
the systematic error is due to the difference between
lattice results [132,136,157,158] and phenomenological

extractions [159,160]. The mixed condensate m% =

(0|g9,0,,G4"1,410)/(0|gq|0) = (0.8 £ 0.2) GeV?  was
determined from QCD sum rules [161-163]. To be
conservative, we attribute an overall errorbar of 60%. We
do not consider the quark EDM generated by the renorm-
alization of the chromo-EDM because it has a small
contribution compared to the chromo-EDM effect which
is enhanced at the hadronic level.

The isovector CP-odd pion-nucleon interaction is also
generated by the CP-odd four-quark interaction (12). Using
the factorization approximation, we have [164]

Sz B}
motm, my (N[55|N)Cyq(phaa)
u

= —0.35 GeV2Cyy(TeV). (36)

—(1
G (Co) ~ =

The strange content of the nucleon is obtained from lattice
QCD calculations [165], o, = my(N|5s|N) =~ 50 MeV
(my = 120 MeV at py,g = 1 GeV [31]). Here we neglect
the effect of the bottom quark because the contribution
from the Barr-Zee type diagrams is much more important.

The strongest constraint on hadronic CP violation is
currently given by the EDM of ""’Hg atom (|dy,| < 7.4 X
1073% cm) [38]. The nucleon EDM and the CP violating
pion-nucleon interaction contribute to the nuclear Schiff
moment [166—-168]

St = 2.65d,, fm? — 0.075g,yyGowye fm®,  (37)

where g,ny = gamy/fr =~ 12.8. The nuclear level uncer-
tainty is estimated to be around 30%. Finally, after the
atomic level calculation, we obtain the EDM of '"’Hg
atom [169,170]:

s
dyg = =24 x 10717 % cm. (38)

Combining all hadronic contributions, we have
dyy = 1.1 X 1074d, — 4.2 x 107%d,

~2.9 % 102e(d5, — d<)
+8 x 10718C,,GeV2e cm, (39)

where all Wilson coefficients are renormalized at

p=1TeV.
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In this analysis, the CP-odd electron-nucleon (e-N)
interaction

G —
Loy = _7‘% Z C3’ NNeiyse, (40)

N=p.n

where G is the Fermi constant, is also important. The

relation between C3 and the four-fermion coupling of
Eq. (12) is

== V2Cy

q=d.s.b F

(Nlgq|N). (41)

where we again need the nucleon scalar matrix elements
(N|gq|N). The down- and strange quark contributions were
already given above using o,y and o,. Here the bottom
content (N|bb|N) ~0.014 (at the renormalization scale
u = my) is also relevant.

The molecular beam experiment measures the frequency
shift due to the electron EDM or the CP-odd e-N
interaction. For the HfF' ion, we have [171,172]

d
Afurr = (3.5 X 1025ﬁ+3.2 X 105CIS\,P) rad/s. (42)

The current experimental bound on the electron EDM is
|d,| <4.1 x 107 cm [40], and equivalently |C’| <
4.5 x 107'° under the assumption of the single coupling
dominance.

V. ANALYSIS

A. Comparison of rainbow and Barr-Zee type diagrams

We now analyze the contribution of the RPV rainbow
diagrams to the EDM and to the chromo-EDM of fermions.
We choose the following values for the sparticle masses in
the function of the supersymmetry breaking scale Agygy:
my Rmy = 2.8 X Asusy, my, ®my ~my =2.9 X Asysy,
m;/ =3.0x ASUSY’ méR ~ mg] =09 x ASUSY’ and my =
m;, & mg, = 1.0 X Agygsy. We assume that sparticle
masses are generation independent. The U(1), and
SU(2), gaugino masses are given by m, = 1.0x
Agusy. In our discussion, we fix the p-parameter to
u=1TeV. For tanp, we assign tanf = 40. The large
value of tanf is important, since the rainbow diagrams
will be enhanced for large tan /3, due to the factor of cos 6.
The rainbow contribution will be compared with the
RPV Barr-Zee type diagram (14) [or with Eq. (18) for
the chromo-EDM].

In Figs. 4-7, we plot the Agygy-dependence of the
rainbow diagram contribution to the electron EDM gen-
erated by r3343,,, Ai3345;; (i = 2, 3), the down-quark EDM
by A;334";, (i = 1, 2), and the chromo-EDM of down-quark
due to A}534'%, (i = 1, 2, 3), respectively, together with the

1028

Barr-Zee — —
Rainbow

1 0-24 L

1025}

|de|(e cm)

1 0-26 L

1 0—27 L

1 0-28 .
1000 5000
Agusy (GeV)

10000

FIG. 4. Contribution of the RPV rainbowlike diagram (absolute
value) to the electron EDM with third generation lepton-slepton
inner loop plotted in the function of the supersymmetry breaking
scale. The Barr-Zee type contribution (absolute value) is also
plotted for comparison. We have set Im(4y334%,,e/@%)) =
Im(Ap3343,,) = 1.

Barr-Zee type one. Regarding A)5;4';,, we focused on the
chromo-EDM since this is the most important process
through which the EDM of '"Hg sets the strongest
constraint on RPV couplings. As a general observation,
we see that the rainbowlike diagrams are smaller than the
Barr-Zee type ones. However, at the supersymmetry break-
ing scale Agysy = 1 TeV, both effects are comparable, and
the rainbow contribution even represents the largest effect
as regards Ai;;4%, (see Fig. 5). Here we note that the
rainbow contribution is composed of d’;‘l and dﬁ‘k having
opposite sign, so there are other parameter setups which
generate an EDM larger than dEkZ in a wider region of
Asysy- The rainbow diagrams drop faster than the Barr-Zee

Barr-Zee — —
Rainbow

1028 ‘
1000 5000
Asusy (GeV)

10000

FIG. 5. Contribution of the RPV rainbowlike diagram
(absolute value) to the electron EDM with third generation
quark-squark inner loop to the electron EDM plotted in the
function of the supersymmetry breaking scale. The Barr-Zee type
contribution (absolute value) is also plotted for comparison. We
have set Im (23325, €/@=%)) = Im(A3,2%,) = 1.
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10723

Barr-Zee — —
Rainbow

1024 B

-28 )
101000 5000

Agysgy (GeV)

10000

FIG. 6. Contribution of the RPV rainbow diagram (absolute

value) to the down-quark EDM with third generation lepton-

slepton inner loop plotted in the function of the supersymmetry

breaking scale. The Barr-Zee type contribution (absolute value) is

also plotted for comparison. We have set Im(1;334};, e/ ~%))
= Im(4;33477,) = 1.

type ones as we increase Agysy. From Egs. (15)—(18), we
see that the RPV Barr-Zee type diagrams scale as Agdqy-
The RPV rainbow diagrams however scale as Agj gy, due to

cos Oy o 72, where we have fixed the u-parameter. If
IL fR
has a supersymmetric dynamical origin [173] so that it
scales as Agysy, the rainbow diagram contribution will
scale as Agdgy like the Barr-Zee type diagram, and it might
be possible that they will stay comparable at high Agygy-
Another remarkable point is that in RPV, the rainbow
contribution is enhanced by tan f while the Barr-Zee type
diagrams are not. The relative magnitude between them
will therefore strongly depend on tan . We must finally
note that the rainbow diagrams depend on additional CP

Barr-Zee — —
Rainbow

1 0-28 .
1000 5000
Agysy (GeV)

10000

FIG. 7. Contribution of the RPV rainbowlike diagram (abso-
lute value) to the chromo-EDM of down-quark with third
generation quark-squark inner loop plotted in the function of
the supersymmetry breaking scale. The Barr-Zee type contri-
bution (absolute value) is also plotted for comparison. We have
set Im(2}3;277, €/ )) = Im(23327;, 67 ) = Im(Z33477,) = 1.

phases ¢®=%) ¢~ so we cannot know in advance
whether they w111 interfere constructively or destructively
with the Barr-Zee type diagrams. Therefore, to set
conservative upper limits on the combination of RPV

couplings, we have to consider the destructive interference.

B. Constraints on RPV couplings

We now discuss the constraints on RPV couplings. The
combinations A3,43,; and Ay3343,, (called zype I in
Refs. [23,124]) can only be probed by the electron
EDM, so the experimental data of HfF" ion |d,| < 4.1 x
1073% c¢m [40] directly constrain them. The final upper
limits are shown in Table L.

The second class of RPV couplings to be inspected is the
type 2, composed of 1;114},, 422471, and 43347, (i = 2, 3).
These also contribute to the electron EDM, but it is actually
known that the CP-odd e-N interaction [Eq. (40)] has a
larger effect on the frequency shift measured in HfF" ion
experiment. The latter has a larger contribution even by
taking into account the theoretical uncertainty of 40% in the
evaluation of the hadron level coefficients (41). The upper
limits on RPV couplings are thus given by the CP-odd e-N
interaction, as shown in Table 1.

The third case, type 3, involving the RPV couplings
A j22)~711 (j =1, 3) and 44334}, (k =1, 2), needs detailed
discussion. This class of RPV couplings actually contributes
to the down-quark EDM, and also to the chromo-EDM via
the second term of Eq. (28). The latter is characteristic of the
rainbow diagram, so no interference with the Barr-Zee type
contribution exists. The effect of the chromo-EDM is
enhanced compared to the quark EDM, so the type 3
RPV couplings are likely to be constrained by the exper-
imental data of '"’Hg EDM (|dy,| < 7.4 x 107%¢ cm [38])
via this process. With Agysy = 1 TeV, this is indeed the

TABLEI. Upper limits on RPV couplings set from this analysis
for two selections of the supersymmetry breaking scale Agygy-
We assumed that the rainbow and Barr-Zee type diagrams add
with opposite sign. In this table, i = 2,3, j = 1,3, k=1, 2, and
[ =1, 2, 3. “None” means that the upper limit exceeds one and
that we could not set any constraints.

RPV couplings Agusy = 1 TeV Agysy = 10 TeV
|Im(/1322ﬂ§11)| 1.2 x 10_5 5.5 % 10_4
[Im(A23345,)] 1.4 x 1076 43 %1075
[Im (2}, 471;) | 5.0x 10710 4.4x1078
[Im (A 4,)| 9.1 x 107 8.1 x 1077
Im (435247, )] 23 %1077 2.1 %107
Tm (22247, 3.8 x 1072 None

[Tm (A33455,)| 22 %1073 7.3 % 107!
[Im(25, 271, ) 2.3 %107 1.8x 107

I (255275,)] 1.4 x 1075 9.8 x 107
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case (see Table I). For higher Agysy, however, the effect of
rainbow diagrams drops as explained in Sec. VA, and the
down-quark EDM, which involves Barr-Zee type diagrams,
becomes the leading contribution. There the type 3 RPV
couplings are constrained by the neutron EDM (|d,,| < 1.8 x
1072 ¢cm [37]) and by the 'Hg EDM experiments. It
happens that the two experiments are currently giving very
close upper limits, with the '’Hg EDM providing a slightly
stronger one, if we assume theoretical uncertainties of 10%
for the neutron and 40% for '’Hg (see Sec. IV). The upper
limits given by the '”Hg EDM experiment are shown in
Table I. We see that the constraints are not very strong.
Regarding the combination A;5,4}},, there are actually
tighter limits provided by other processes. From the analysis
of the universality of charged lepton decay, we have [11,174]

mg,R

A 0.3
|Ai22] < X [ TeV’

(43)

while we also have a strong constraint from the neutrinoless
double beta decay [175]

3
mi 2
2] < 8.9 %1072 x (1 TZ\/) . (44)

As we can see, these constraints yield lower upper limits on
RPV couplings than the EDM.

The final class is the fype 4 RPV, 1),,4};, and 13347,
(=1, 2, 3) which is probed by the '""Hg EDM. The
couplings 4),,47j; contribute via the CP-odd 4-quark
interaction, and 43347, through the quark chromo-EDM.
They also generate the quark EDM, but the effect is much
smaller than the above purely hadronic processes. We see
from the result displayed in Table I that, although affected
by large error bars due to nonperturbative effects of QCD,
the upper limits provided by the '°°Hg EDM experimental
data is quite strong.

VI. CONCLUSION

In this paper, we calculated new sizable RPV contribu-
tions to the fermion EDM, the rainbow diagrams. The
calculation was similar to that of the minimal supersym-
metric standard model with R-parity conservation, and we
have given explicit formulas in this paper. It was found that
the RPV rainbow diagrams are smaller than the RPV Barr-
Zee type ones in most of the cases, but comparable at the
supersymmetry breaking scale close to 1 TeV. They also
have many interesting properties, such as the large
enhancement due to tanf, the Aglgy scaling, etc. The
interference between the Barr-Zee type and rainbow dia-

grams is dependent on the phases " @=01)  ¢7%; and the
signs of cos ij sin ij. To analyze the constraints on RPV

couplings that can be imposed from EDM experiments, we
assumed that the two effects are maximally destructive, and
we could set conservative upper limits. We note that if the
u-parameter is generated by the dynamics of supersym-
metry breaking, the scaling of rainbow diagrams may
become Aglgy so that they will stay comparable with
the Barr-Zee type diagrams for any Agygy, but this is only a
naive estimation, and this needs an explicit investigation to
be confirmed.

The combinations of RPV couplings that were analyzed
in this work can be classified into four categories. The type
1 (430043, and Ap3345,) and type 2 [Aiy14]};, A4y, and
Aizsdiy (i=2, 3)] are constrained by the HfF™ ion
experimental data, each via the electron EDM and the
CP-odd e-N interaction. They may further be constrained
by improving the sensitivity of paramagnetic molecular
experiments, with several new ideas [176—181].

Regarding the type 3 RPV couplings [4 j22/1§.*1 L G=123)
and 43347, (k=1, 2)], we found that the rainbow
diagrams yield the largest contribution to the EDM of
%Hg atom via the chromo-EDM for Agysy = 1 TeV
thanks to the absence of the Barr-Zee type analogue, and
we could eventually set the strongest upper limits to 435,45},
and to Ay3347;; (k =1, 2), while 45,4, is bounded by
other experiments. For high scale supersymmetry breaking,
the down-quark EDM becomes important. The improve-
ment of the sensitivity of the neutron EDM experiment will
therefore further constrain the type 3 RPV couplings.
Another attractive approach is to measure the EDM of
the proton using storage rings [182—185] for which the
prospect is to reach the sensitivity of O(1072%)e cm.

The purely hadronic RPV, type 4, [|Im(4),,4];,)| and
[Im(A35475,)| (k =1, 2, 3)] is strongly constrained by the
19Hg EDM experiment thanks to the enhancement of
the chromo-EDM and CP-odd 4-quark interaction at the
hadronic and nuclear levels. To further constrain the type 4
RPV, nuclear systems are therefore well suited. In this
regard, there are also many on-going projects and new
ideas of future experiments [186—197].

The main importance of this paper is the quantification
of the RPV CP violation. Since the EDM is a baryon and
lepton number conserving quantity, it impossible to dis-
criminate the RPV and R-parity conserving sectors using a
single EDM experiment. Fortunately, the dependences of
EDMs of various systems on CP phases of R-parity
conservation and violation are different, so it is in principle
possible to separate their sources of CP violation by
knowing all coefficients relating the elementary level CP
phases to observable EDMs, and measuring the EDMs of
an equal amount of different systems as the number of
unknown CP phases. The calculation and the quantification
of elementary level diagrams were needed for this reason.
We also note that constraints on RPV couplings obtained in
previous works [123,124] were not accurate partly because
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the hadron level CP-odd low energy constants and nuclear
level coefficients were almost unknown until recently. The
improvement of the analysis of hadronic RPV couplings
was mainly due to the quantifications of the chromo-EDM
[Eq. (35)] and the nuclear Schiff moment [Eq. (37)]
[166-168].
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APPENDIX A: CALCULATION OF RAINBOW
DIAGRAMS WITH A NEUTRALINO OR A
GLUINO WITH AN EFFECTIVE GAUGE
BOSON-NEUTRINO-GAUGINO VERTEX

We give the detail of the calculation of the rainbow
diagrams with the insertion of the one-loop effective
neutrino-gaugino-gauge boson vertex [Fig. 3(a)]. This
contribution can generate both the EDM and the
chromo-EDM. The amplitude of the effective neutrino-
gaugino-gauge boson vertex is the sum of diagrams shown
in Fig. 8:

+ MU){G + Mu){G (A])

The explicit expressions of the off-shell amplitudes M G and /\/l /G are:

ch (a N . d*k
ZM,(/;()G :ﬂijj\/igflnq,(%)/(z—)é;(_

7
2 2 2 _ 2 2 2
x [d(mfzf"mfz/"mff) d<mf1f’mf1.f’mff>}

4 * . i
~=V21,011979}" €i(a1) sin 0y cos 0 e

In(K+ )Py - K sin @y, cos 0, e

zﬁf/

(47)?
2(1=2)(q1 - g2)r"

[
X / dzl, l—y"(l —2)In(zq3 - m}% ) —
0 2i

Z(l - Z)‘]z(ﬂl + 24) Py

g3 —m

Zz(l - 2)(q - 612)‘]%2

2
fai

[zq5 — m?

_Zq2 + m fai

A d*k
. b *
lMl(/)(>G = lijj\/zgftneﬂ(ql)/w<

)=l )]
W(41) 3

(mf 7mf ’

~ 0,
Aijjtngfgj(;r:) Ccos gfj sin ije’Z ffe

(

2]2

_ (2
Py (mhl < mf“> (A2)

_ . On_is.
0" )3 (B (K = o) + 2 ) Pruscos Oy sin 6y e

- q)r* = dhdhi] + 2(1 = 2) (245> — 457*)

~—V2
« / 1

0

22(1 -2)(q - 112)(2‘1’2%2

2 _ 2
[Zq2 mfz:’]

dzl, ly”z In (zq% - mj%z‘

79

Ji

BoPAY X0, Vi
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FIG. 8.
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One-loop level contribution to the effective neutrino-gaugino-gauge boson vertex.
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where g, = Qe is the electromagnetic gauge coupling of

the fermion f or of the sfermion f of the inner loop (the

QCD coupling gy = g for the chromo-EDM), and 9F o e
the gaugino-fermion-sfermion coupling [see Eq. (9) for the
Lagrangian]. Here 7 is the RPV coupling, with A=A =41
when a charged lepton-slepton (down-type quark-squark)
pair runs in the loop. The factor ¢, is defined by 7, = Qn,
for the contribution with an external photon (EDM) and
t, = % with an external gluon (chromo-EDM). The
momenta carried by the exiting gauge boson and gaugino
are denoted by ¢, and g,, respectively. The gaugino and

the neutrino spinors are given by 4, and v;, respectively.

The polarization vector of the external gauge boson is €},
We have used the following notation to simplify the above

equations:

1

d3.8) =

(A4)

In Eqgs. (A2) and (A3), we omitted terms proportional to
cos® 6§, and sin’ @ since they do not contribute to the

EDM. We have also neglected the quark and lepton
masses. The sum of Eqgs. (A2) and (A3) becomes

iv2 » () . sy .o N3 ! 2
(a0, €0503, 570650 ot P | g = ().
1

M+ IMY (AS)

where we have further omitted several Dirac bilinears with Lorentz structures such as q’z‘/_inqlPLu,- and (q; - @) A, 7"PLy;
since these terms do not contribute to the EDM operator e,’jl_? 0" q,ysF after insertion into the second loop (they cancel

with their complex conjugates). The logarithmic terms and that with a factor of z(1 — z)q%/ zq% - mj%lz of Egs. (A2)

and (A3) cancel thanks to the following formula:

(A6)

/Oldx[(Zx—l)ln(xa—b)—M} 0.

xa—>b

The amplitudes iM g(); and iM gj(); can be calculated in a similar manner. Summing them, we finally obtain the following
one-loop level effective neutrino-gaugino-gauge boson vertex (expanded up to the first order in the external momentum
carried by the gauge boson):

. l\/z a 7 . i, * 3 ! <
iM,,c~ W/lijjgfln (g(fz) —g;?) sinfy, COSHfje’2 ! ffe”(ql)/lnqujzy”PLu,-A sz (mjzflj < mle) (A7)

and the effective antineutrino-gaugino-gauge boson vertex

iv2 .

Mo (oo

;2 (m < m? ) (A8)

is 1
Byorta (65, = 95 ) sin6y, 0772 (q g o P d
ijj9ftn gf gf sin fj cos fle ! (QI) ﬂ éZy Rl/ qu%_m]‘u & &

This amplitude is given by the complex conjugated RPV coupling /11 i
generated by the transposed fermion interactions. They are given by

Note that we also have to consider the amplitudes

. iv2 4, ) . i85~ .0 - u ! 4 ) )
lM)(vG ~ (4”)2/1ijjgftn (gh - g}-k ) Slngfj COSije v eﬂ(Ql)”idley PLln 0 dZZC]% _ m%f[j (mfu g mfz;) ’ (A9)
. V2, () _ () ity o Noed g ! z 2
iMyg ® wﬂijjgftn (Q;R 9 ) sinfy cosOy e 1€,(q V)V drdhar" PrAn A dzw (mf]] < m; 2/). (A10)

fij

Here the momentum g, is carried by the exiting neutrino or antineutrino. We should note that the one-loop level effective
vertices (A7)—(A10) are all of first order in ¢;.

We now insert the above effective vertices (A7)—(A10) into the second loop, as shown in Fig. 3(a). We then obtain the
following contribution (expanded up to the first order in g,):
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7 i . n n . *
lM}((g) ~ 7Im [/ll],/llkke o %)} R (g; = g;; )) st ij cos efjm/lneu(%)

(4n)?
—k* - Fyghr*ysFx ! z 5
X SE g / / dz———— (m < m? )
P FZF FIR 2r 4k2 k2 /1,,“’{2 _ m%] 0 k% — m}%lj 7 oy
256 SegA1m [ﬂw%kke o 6f'/')]mgntngf (g(f'z) - gf{?) sin@y, cos Oy,
« ridr I xdx
€u(q1)Fro™(q1),15F s#9) / / - (mg < m? )
F;FR FIE- |, [r+mi]r[r+mzﬁk] 0 xr—i—m%” Fii T
5 .
= 556 ——1Im [lwlzkke( )}mﬂn 297 (g( n) —g; ) sin 05, cos 0y,
e int, X o o )oamm ) o

F=F, Fpg

where we have omitted terms which do not contribute to the EDM operator ¢, F0*(q1),7sF« The RPV coupling Lisd =2
(= A) for the EDM of charged lepton (down-type quark). The constant s is +1 for left-handed sfermion F; and —1 for

right-handed sfermion F'. The function G is defined in Eq. (21). From the above equation, we obtain the first term of the
formula of the EDM (20) and the chromo-EDM (28).

APPENDIX B: CALCULATION OF RAINBOW DIAGRAMS WITH A NEUTRALINO OR A GLUINO
WITH AN EFFECTIVE NEUTRINO-GAUGINO TRANSITION

We calculate the rainbow diagrams with the insertion of the one-loop effective lepton-gaugino transition [Fig. 3(b)]. The
contributing inner one-loop diagrams are shown in Fig. 9. The one-loop level effective neutrino-gaugino transition within
RPV is given by

4 1 .
B ) [ A )

where ¢, is the momentum carried by the incident fermion. The other notations are the same as for Appendix A. This
contribution does not give the same effective interaction as the renormalizable bilinear RPV interaction due to the Lorentz
structure ¢, of the effective operator, so it cannot be renormalized away. It is only generated at the loop level through the
trilinear RPV interactions. After momentum integration, we obtain

) ivV2 4 (n) )\ is; 5 ! xq3 - mf_‘f
My~ =5 diji c( 9 )Slnef_c()saf_e P Ao Pry; | dx(1 - x)In m: |’ (B2)
(4r) Ir i / 0 xq3 = mz.
J
. ~ iv2 4, (n) ()Y o io; —iles c ! xiqz - mj.lj
lMyt‘)( ~ _W ljj c< }L + gfk> s gf/ COS Hf/_e J ZﬂanPRyi 0 d'x(l - 'x) 1n xq% _ mfg'zj ’ (B3)
. iv2 s, () Y iy —ifn_ /1 x4a mf‘
M, ~— ( ) 0. Ore™i 20, P12 dx(1 —x)In 71, B4
M= B (] + ) sndy costy 5 2noria, [[axti - ).
_}E] .- - < N f‘] P >~ ~
' fi Y / Ji \
Vi ! AP X0 iz 1 B X0

FIG. 9. One-loop level contribution to the RPV neutrino-gaugino transition.
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xq3 —m?2

()+() ind 0 %oy, o Pol ld 1—x)In 4f1] B5
g;, ) sin0y cosOp e "itifr Pri, A x(1=x)In 2 |’ (BS)

l.M)ﬂ,c ~N—_ /1
xq3 - "%,

iv2 s

(47) ijj" C(
where we have also written the off-shell amplitudes given by the transposed diagrams and the contributions from hermitian
conjugated interactions. Here again we have neglected the quark and lepton masses. By inserting the above effective

vertices to the second loop as shown in Fig. 3(b), we obtain the following expression (expanded up to the first order in the
momentum ¢ carried by the external gauge boson):

. 2i n n . *
1/\/1)(%) ~ [/lw/llkke (6,5 )} n.Qre (g(h) + gj?k)) sin®y, cos Oy m, €,(q)

(4r)?
d4k g}")F wrsFr - k2 (2K + 2p* — g) S X2 =
X Z —m2 |[(k+q—p)2—m? |[(k—p) —m? x(1 =x)1In e
A q—p) —mg][(k=p)*—mz]Jo =
2i L *
~ (—4”) [%u’lzkke 1 q n.Qre (g;L) + g%f) sin Hf/_ cos ijmﬂneﬂ(q)

2 2
d*k —29F mi FiysFiph o xk®—mz
X Z / 3/0 dx(l—x)ln(m)

] [k2 - | P
L i(8, (n) m\ . e
I~ —(4”) [ﬂzu/llkke } n.Qre (gh + 95, ) sin Hfj cos ef,-mﬂn eﬂ(q)Fkgu a.75F
2r%d 1 Xr-+m
. Z gF F / = 3/ dx(l—x)ln(f‘f>
P=F, Fp k [r + mﬁn} r [r + m%k] 0 xr + mf‘z,

——1Im [/I,H/kae (6,9, q n.Qre <gj(~::) + g;'?) sin@, cos 0y my, €;,(q)Fro q,rsF

(4 )*
X Z gF [G”(m/1 ,0,m% mj% ) G”(ml1 .0, m% mh,ﬂ (B6)

F=F; Fp

where the function G” is defined in Eq. (22), and p is the external momentum brought by the fermion F,. Here we only
derived the second term of the formula for the EDM (20), but the second term of the chargino contribution (23) as well as
that of the chromo-EDM (28) may also be obtained in a similar manner.

APPENDIX C: CALCULATION OF RAINBOW DIAGRAMS WITH A CHARGINO

We calculate the rainbow diagrams of Fig. 3 with a chargino in the loop. The off-shell amplitude of the one-loop effective
charged lepton-chargino-photon vertex is

lMe)(y lMe)(;/ + lMe)(ya (Cl)
where
2
g 1Qen Vi —i(8;,~02/2) e !
Mt = D G Tsin gy, S0 008 Op,e T e ) | <A (qa)r Preian + @) | dz(1 - 2)n (Zﬁ—m%-zj)
e u [! z(1-2) 2 2
=20(q2)d2Prei(qr + q2)qs | di—5—5—| — (m < m3 ) (C2)
0 Zqz—]’}’[}(7 fZ/ flj
and
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. L B AA
€

FIG. 10. One-loop level diagram contribution to the RPV charged lepton-chargino-photon vertex. There are less relevant diagrams
than Fig. 8 due to the projection of chirality by the chargino-fermion-sfermion interaction (9).

(Y ~ 10 e? n.vV —i(6,,— o !
’ng)rﬁflmwsm% cos Oy e % er(g ){/1’ (q2)7"Prei(q1 + q2) /0 dzzn (zq%—mj%zj)
e U =zt + 2(1 = 2) 25 — 937"
+ 2 (612)/ dZ{ 22 (2 )g o> = 4a1") Preiqi +q2)| — (mf < mf ) (C3)
0 zqz - mfzf 2j 1j

Here we only kept terms contributing to the EDM and neglected quark and lepton masses. The above amplitudes, i./\/lggy
and i/\/lg})},, correspond to the diagrams of Figs. 10(a) and 1 0(13), respectively. We note that f, F (f, F) are down-type quarks
(squarks) or charged leptons (sleptons), while f’, F' (f’, F') are up-type quarks (squarks) or neutrinos (sneutrinos),

respecting the definition of 4 and 7 as defined below Eq. (13). The matrix V is the Cabibbo-Kobayashi-Maskawa matrix for
quark-squark loops, otherwise it is a unit matrix. The sum of Eqgs. (C2) and (C3) then yields

o ie*n, V.. . 1 _
. - c . —i(67,—02/2) « c
iM,y, = Aijj 7(4@2 sinjéw sin@y cos Oy e i eﬁ(ql)/o dz(Qr — Q)45 (q2)
2
x [(1 —2) ln<zq% - m3 )y" + w} Prei(q) +qz) = (mg < m; ) (C4)
1j zq2 flj fij a2

In this derivation, we used the formula (A6). As for Eq. (AS), we have omitted Lorentz structures such as q’%l and
(g1 - g2)y* since they do not contribute to the final EDM. The above expression is consistent with Eq. (A5) if we take
Qf = Qp which is the case for the diagrams with neutralino and neutrino (see Appendix A). Similarly, the transposed
diagrams yield

R ie*n,V,;

Vi i(57,-0/2) o '
Wmsmef cosfye ? (%)/0 dze;(q>)

2:(1 - 2)¢ 2
x {(Qf - Q) [(1 —z)In (zq% - mj%lj)y” +z(2_z,31qzﬂ12] + Qf/zgz%}PL/l’z"(ql +q)
f1j

iM,,, =~

fij
(mfl, g mn,) (C5)

2q; q; —

We now insert the effective vertices iM,,, and iM,,, into the second loop [Fig. 3(a)] and obtain the following
expression:

: -~ —i(5;,-0,) € nCV]]ka "
z/\/l’((a) o~ ke msmeﬁ cos Oy my,€,(q)

§ / d*k 1
(2x)* [kz _ mi} [(k +q)? - me] [(k +q—p)*—m }

X {(Qf - Qp)Fi(p — @)y (K + d)PrF(p) /)] dx(1 —x)In (xk2 - m%j)
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- 1 x(1—x

+2(05 = Qp)Fi(p = q) (K + Kf)k* PrFy(p) / dx—g 2) }
0 xk —ms

ﬂ ﬂ i(6f —62) e ch]]ka

ifj*ikk® (47)?sin0y,
d*k 1
(2n)* [(k +q)* - } [kz —mg, } [(k +q-p)P- fw }

sin 6y, cos O m;, €,(q)

X {(Qf —0p)Fi(p = Qfr*PLF(p) /) dx(1 = x)In (xk2 —m2 )

fij
21uT ! (l_x)
+2(Qf = Qp)k*K'Fr(p — q)PLF(p) dxﬁ
0 xk —my
_ 1 X
2 _ S G
+ QR Fp = My PLFp) [ dxxkz_m%} (m2, < ). (C6)

Let us now calculate the rainbow diagrams with the external photon attached to the charged lepton of the second loop
[see Fig. 3(c)]. For that we need the one-loop level effective charged lepton-chargino transition

2 2
N ien.V; ; — 1 Xqy —ms
. —i(8;,-6,/2)77 ¢ S
iM,, =i 7(4@ s1r;]9W sin@y cosOy e i e (QZ)¢2PLei(Q2)A dx(1—x)In (xiqg — m}%i) (C7)
N ien.V; 1 Xq; —m
( 9/ fl/
lM)(e ~ /Iljj WTHHGVVSIH Qf COS gf e 2 (Q2)ﬂ2PL/12 (qz) A dx(l — x)l (W) . (C8)

These can be derived in the same way as Egs. (B2) and (B4) (see Appendix B), by just replacing coupling constants and
mass parameters. After inserting them into the second loop, we obtain

. 2 « e n V‘-ka . —i(5,.—0 *
’M)(( ’lezkkm51n9fjcos9fie 27 2>mlzeﬂ(q)
- 2 2
d*k Folp — q)k*p PRF I xk™ —mz
X/ i (P — QR (K + 4)PrFi(p) / dx(l—x)1n<27§f
@ o= ][ - [ a = o
PN e3nCV»-ka . i(67.—0,
= Aijj ikk—(4”)zsijrjlz€WSH19fjCOSHfje(f/ Z)miZGZ(CI)

x / d'k Filp = @)fr*(k + q)*PLF(p)
e | Caaoes | | (e

1 x(k+q)2—m%_
x/ dx(1=x)In| ——5—5*
0

x(k+q)* - mj%zj
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s s en ViV —i(5,.-0
z—ﬂijj/likk7<4ﬂ) Jrjlzﬁw sin@y, cos by e (@, 2)"%622(‘])
_ 2_ 0
/ d'k Fulp = )" (K + d)PrFi(p) /1 dx(l %) Tn = my,
4 2 2
(27) {k —m? } [(k +q)* - %} [(k +q-p)P- m%,LJ 0 xk* = "y,
e % e3nCV--ka . i(67.—0.
= Aijjhikk 7(4”)255129W sinfy, cos by e s Z)WMZGZ(‘])
i} 2_ 0
d*k Fi(p— k" PLF ! =
X/ i (P — @)fr*PLF(p) / dx(1=x)In | ——1u
(27) [(k +q)* - mi} [k2 - mg} [(k +q-p)P- m%, } 0 xk s
Lk )
. 7 en ViV i(57.—6
/111;'11kk(4”)27]r’129wsm Oy costy e (©; 2>m/12€;(q)

X/ d'k Fi(p—q)ky"PLF(p) /1dx 2X(1—X)k q 2X(1—X)k q
( } 0

2m)* {kz — mi} {kz — mgl} [kz — m%, xk? —m? xk? — m2
Lk

fij faj
The last term of the second equality comes from the first order expansion of the logarithm in ¢g. We see that the two
logarithmic terms of the last equality cancel with those of Eq. (C6).
We also give the expression for the rainbow diagrams with the external photon attached to the chargino of the second loop
[see Fig. 3(d)]:

A ~ 63}’1 V. 'ka
MX‘ F) c ]J
Ji’tikk (4ﬂ) 29W

/ d*k Filp—q) [7"(% +¢) + W} PrF(p)(k+ q)?
(27)° [(k +q)° —m; } [kz -m, } [(k +4q)* - 5,} [(k +q-p)- m%,“]

1 x(k+q)* —m2 A < €n ViV ;
x/ dx(l—x)ln(—?’) — i Msmt% cosHfjel(‘sff‘ez)m,be;(q)
0

sin @y, cos ije_mf-/'_%)m,lzeﬁ (9)

x(k+q)* - m;, UK (47)2sin26y,
St ey
(2m)* [(k—i—q)z—m } [kz—m } [kz—m } [(k—i—q p)? —m%, } 0 sz_m/g‘z_,
~ =i % sinfy, cos in/_e_i(‘sff_%)mhejj (q)
4 2 1 xk? — m2
| G [kz_mﬂz[sz ][ ]/o o <k2 f’)
2 € oy %

Fi(p — q)r"dPrFi(p) +

Fi(p — q)p"PrFy(p) - k*
K — m2
F/

3
ae xoen ViV i(87,-0,) *
= K g asin,, S0 08 0, a6 4)
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4 2 xk% — m2 _
S )

faj
Lk /

Folp — )" dPLF,(p) + Fi(p - ZQP”PLsz(p) .kzl

—m2
Fl

w [ g1 00] ViV

2(4r)?sin®0y,

2 2
d'k k? l ms, 1 xk —m;
x/ : 1-%}/ dx(l—x)1n<2—“ . (C10)
(27) [kz—mi}z[kz—mz} [kz_m%’“] k* —mz, 0 xk? —

e sin@y, cos 0 m,,e;(q)Fic' q,ysF

e; f 2j
where ~ means that we only kept Lorentz structures contributing to the EDM operator. In this derivation we have used

FytgysF ~—iFo"q,ysF, (C11)

Fp”yst%Faf‘”q,,ﬁF. (C12)

Finally, the diagram of Fig. 3(b) can be obtained in the same way as that of z/\/l“ derived in Appendix B. By just
replacing coupling constants and mass parameters, we have

'./\/l’(‘ mli G oi0dr) nQpe’V; Vi . 9 9 (oot a veF
M, m |4 A e j 2(471)4W9Wsm £, cos fjmizeﬂ(q) o' qysFy
2 n(. 2 2 2 2 1 2 2 2
x my, [G (mﬂz,mei,mpzk,m}]j) G (m/12 me,, M, ,m}z)]. (C13)
The overall sum is
3
iMy, ~ Im[z Akkei”z-%)} eneV Vi
1

v 25in20y (47)°* sin0y, cos 0, my, €,(q) Frio™ q,7sFi

r? 1 X
/ / dx 5
r+m? Hr—i—mg,Hr—i—m%} 0 Xrmy
Lk

Jij

—

~qu

+[r+m/21Hr+m§iHr+m }Adx(Zx—l)ln(xr—i—mfu)

r? 1
- > / dx(l—x)ln(xr—l—m% )
[r + mﬂ [r + m?] [r + m3, } 0 Y
Lk
m2~, r2 1
- 5 i 2/ dx(l—x)ln(xr—l—mg )}—(m%. < m2 )+1M"*
2 2 f1j S faj
[r—l—md [r—l—mel] [r—l—mp, } 0
Lk
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3
5 5 i0-8,)] €NViiVik . BN
~ —Im [/Iijjllikkel( : f’)} WMSIH Hfj COoS gfjm12€ﬂ(q)Fkldm’qy}/5Fk

oo 2 1
X/ dr{Qf/ " / dﬁCL2
0 r+mi} [r—l—m%‘} [r—l—m%, } 0 xr+m}.j

Lk

1
2
}2 A dx ln<xr + m}.lj)
2

r ] Aldx(l—x)ln<xr+m]%u)

[r + mﬂ : [r + m%l} [r + m%,
Lk

m r

2
!
FLk

[r + mﬁz} [r -+ m%} [r + mzﬁ,

Lk

+

m%, (3r + 2m% )
Lk 2

[r + mﬂ : [r + m%l} : [r + m%/

Lk

}2 /01 dx(1—x)In (xr + mzf”)} - (mj%,]j < m]%zj) +iMG,.  (Cl4)

Let us show the analytic forms of the relevant integrals. The first term in the curly bracket has the same form as that of

i/\/l){g), derived in Appendix A. The integral of the first term is

% ridr I xdx
—(d d,) =G'(a,b,c,d|)—G'(a,b,c,d,).
[) (r+a)(r+b)(r+c)£ xr+d, (1 o ) (a,b,¢,dy) (a.b,¢,dy)

The function G’ is defined in Eq. (21).
To calculate the other terms, we need to evaluate the following integrals:

/Ood r /ld ln<xr+d1)
r X ,
0 (r+a)(r+b)(r+c)?Jo xr+d,
0o r2 1 xr—l—dl
d dx(1—x)1 ,
[) r(r—l—a)(r—l—b)(r—l—c)Z[) x(1 = x) n(xr—l—d)
0 3 1 xr—l—dl
d dx(1—x)1 ,
A ’”<r+a>2<r+b>2<r+c>21 H1=%) “(xr+d2>

oo r? 1 xr+d,;
d dx(1—x)1 .
/) r<r+a>2<r+b>2<r+c>2[) x( x>“<xr+d2>

The integral of Eq. (C16) is

/md 4 /ldln<xr+d1>
r X ,
0 (r+a)(r+b)(r+c)?Jo xr+d,

~mia—er (i) (8] e [0 -3) - (-3

(a—b)a-cp p mlnd, lnz—(d] < d,)

= GC] (av bv c, dl) - GCI (Cl, b’ C, d2)

_|_

The function G°! is defined in Eq. (24).
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The next integral [Eq. (C17)] can be transformed as

e

st )-8 s (-0 -5)

(c—d))Inc+di(1 +Ind)) ad, + a*Ind, ¢ bd +b*Ind, c

2070 MO 10 (4, < d
2(c—a)(c-b) a-ba—cP e Ap-ap-cp "p @D
=G%(a,b,c,dy) — G(a,b,c,d,). (C21)
The function G* is defined in Eq. (25).
The third integral [Eq. (C18)] can be transformed as
o r 1 xr+d,
d dx(1 —x)1
/ "+ a(rP(r >/ = <+ d2>
2a*(a® — be) —a*(a—b)(a—c) ad, a
ey e+ () -]
ad,(a* - bc) 2(d, —a)*(a®> = bc) + (d* —a®)(a—Db)(a—c) . . a
Ina - Lip( 1 ——
(a—b)(a=c)’ 2(a=b)(a—c)’ i
+ (even permutations of a, b, c) — (d; <> d,)
=G“(a,b,c,d)) — G (a,b,c,d,). (C22)

The function G is defined in Eq. (26).
The final integral [Eq. (C19)] can be transformed as

00 r? 1 xr+d,;
d dx(1—x)1

e “(xr+d2>

(a—d,)(a* — bc —2ad, + bd, + cd,) . . a a(a®> = bc) d,(1+Ind;)
= Li(l—-— | ——————=—"=Inalnd

(a—b)(a-c) 2 d, (a—b)(a-c)} paid Jr2(a—b)2(a—c)2

adi(-2a+b+c)
(a—b)(a—c)’
= G“(a,b,c,d\) —G“(a,b,c,d,). (C23)

Ina + (even permutations of a, b, c) — (d; <> d,)

The function G is defined in Eq. (27). Combining everything, we find Eq. (23).
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