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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 β 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 Bþ 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].

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

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).
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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 RPVand 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:

W=R ¼ 1

2
λijkϵabLa

i L
b
j ðEcÞk þ λ0ijkϵabL

a
i Q

b
j ðDcÞk

þ 1

2
λ00ijkðUcÞiðDcÞjðDcÞk; ð1Þ

with i, j, k ¼ 1, 2, 3 indicating the generation, a, b ¼ 1, 2
the SUð2ÞL indices. The SUð3Þc indices have been omitted.
Here L, Ec, Q, Uc, and Dc 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 λ00ijk) lead to rapid proton and nuclear decays, which are
constrained by experiments. This RPV superpotential
yields the following lepton number violating Yukawa
interactions:

L=R¼−
1

2
λijk
h
ν̃iēkPLejþ ẽLjēkPLνiþ ẽ†Rkν̄

c
i PLej−ði↔ jÞ

i
−λ0ijk

h
ν̃id̄kPLdjþ d̃Ljd̄kPLνiþ d̃†Rkν̄

c
i PLdj

−ẽLid̄kPLuj− ũLjd̄kPLei− d̃†Rkē
c
i PLuj

i
þðH:c:Þ:

ð2Þ

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:

Lχ0 ¼ −
1

2
χ̄0RMNχ0L þ H:c:; ð3Þ

with

MN ¼

0
BBBBBB@

0 μeiθμ −evuffiffi
2

p
sin θW

evuffiffi
2

p
cos θW

μeiθμ 0 evdffiffi
2

p
sin θW

−evdffiffi
2

p
cos θW

−evuffiffi
2

p
sin θW

evdffiffi
2

p
sin θW

mλ1e
iθ1 0

evuffiffi
2

p
cos θW

−evdffiffi
2

p
cos θW

0 mλ2e
iθ2

1
CCCCCCA
; ð4Þ

where the corresponding neutralino field vector χ0 has as
the first two components the up- and down-type Higgsinos,
and the last two components refer to the Uð1ÞY and the
SUð2ÞL gauginos. Here θW is the Weinberg angle, vu ¼
v=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ cot2 β

p
and vd ¼ v=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 β

p
where v ≈

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

Lχ� ¼ −χ̄RMCχL − χ̄LM
†
CχR; ð5Þ

with

FIG. 2. Example of a rainbow diagram contributing to the
fermion EDM within RPV. The neutralino is denoted by χ0 and
the gluino by g̃.
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MC ¼
 −μeiθμ −evuffiffi

2
p

sin θW
−evdffiffi
2

p
sin θW

mλ2e
iθ2

!
; ð6Þ

where the upper (lower) component denotes the charged
Higgsino (SUð2ÞL 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 (vu or vd). The transition
to down-type Higgsinos involves an additional suppression
by 1= tan β, 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

M2
f̃
≈

0
@ m2

f̃L
mfðA�

f − RfμeiθμÞ
mfðAf − Rfμe−iθμÞ m2

f̃R

1
A; ð7Þ

where Rf ¼ cot β for up-type squarks, and Rf ¼ tan β for
down-type squarks and charged sleptons. The trilinear soft
supersymmetry breaking couplings Af 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 tan β may occur. To obtain the
sfermion mass eigenbasis, we introduce the following
unitary matrix with the sfermion mixing angle θf and
the CP phase δf:

 
f̃L
f̃R

!
¼
 
1 0

0 eiδf

! 
cos θf sin θf
− sin θf cos θf

! 
f̃1
f̃2

!
; ð8Þ

with cos θf ≈
2mfRfμ

m2

f̃L
−m2

f̃R

and sin θf ≈ 1 for mfjAfj ≪
mfRfμ ≪ m2

f̃L
−m2

f̃R
. In this approximation, the two mass

eigenvalues are just mf̃1
≈mf̃R

and mf̃2
≈mf̃L

. The above
inequality fails when mf̃L

and mf̃R
are degenerate, but a

mass splitting of 10% is enough to marginally fulfill it.
In this discussion, we use the overall CP phase
δf ¼ argðAf − Rfμe−iθμÞ.
We should also define the gaugino-sfermion-fermion

interactions. They are given by

Lλ ¼
X
f̃

ffiffiffi
2

p
gðnÞ
f̃L=R

f̃†L=Rλ̄nPL=Rf þ
X
f̃

e
sin θW

f̃†dLλ̄
0
2PLfu

þ
X
f̃

e
sin θW

f̃†uLλ̄
0
2
cPLfd þ ðH:c:Þ: ð9Þ

The convention for the sign of the gauge coupling is Dμ ≡
∂
μ − igAμ

ata where ta is the generator of the gauge group.
The index n denotes the gauge group of the gaugino λn. We
define λ1 as the Uð1ÞY gaugino, λ2 as the neutral SUð2ÞL
gaugino, λ3 ¼ g̃ as the gluino, and λ02 is the charged SUð2ÞL
gaugino (¼ chargino). The fermion-sfermion-gaugino cou-
pling constants are given as follows. for the gluino

couplings, we have gð3Þq̃L
¼ 1

2
gs and gð3Þq̃R

¼ − 1
2
gs with the

QCD coupling gs ¼
ffiffiffiffiffiffiffiffiffiffi
4παs

p
. For the couplings of λ1, we

have gð1Þq̃L
¼ 1

6
e

cos θW
, gð1Þ

d̃R
¼ 1

3
e

cos θW
, gð1Þ

l̃L
¼ − 1

2
e

cos θW
, and

gð1ÞẽR
¼ e

cos θW
. We have finally for the λ2 couplings gð2Þ

d̃L
¼

− 1
2

e
sin θW

and gð2Þ
l̃L

¼ − 1
2

e
sin θW

.

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

LEDM ¼ −
i
2

X
F

dFF̄σμνFμνγ5F; ð10Þ

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

LcEDM ¼ −
i
2

X
D

dcDgsD̄σμνG
μν
a taγ5D; ð11Þ

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

L4f ¼
X
f;F

CfFf̄fF̄iγ5F: ð12Þ

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]. Its
Lagrangian is just

L4f ¼
Imðλ̂ijjλ̃�ikkÞ

m2
ν̃i

h
f̄jfj · F̄kiγ5Fk− f̄jiγ5fj · F̄kFk

i
; ð13Þ

where λ̂ and λ̃ are equal to λ or λ0, depending on whether f
and F are a lepton or a quark, respectively.
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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

dBZFk
≈ dγFk

þ dZFk
þ dWFk

; ð14Þ

where the inner photonþ fermion loop diagram is
expressed as [23,120]

dγFk
≈ Imðλ̂ijjλ̃�ikkÞ

ncQ2
fQFeαemmfj

16π3m2
ν̃i

�
2þ ln

m2
fj

m2
ν̃i

�
: ð15Þ

This approximation holds for mν̃i ≫ mf. The inner Z
bosonþ fermion loop diagram is given by

dZFk
≈ Imðλ̂ijjλ̃�ikkÞ

ncQfαfαFeαemmfj

16π3m2
ν̃i

ln
m2

Z

m2
ν̃i

; ð16Þ

where αf ¼ αd ≡ 1
12
ðtan θW − 3 cotθWÞ≈−0.42ðαf ¼ αl≡

1
4
ð3 tan θW − cotθWÞ≈−0.065Þ when f is a down-type
quark (charged lepton). This contribution is smaller than
10% of dγFk

, and it is thus not important. Finally, the
contribution of the inner W bosonþ fermion loop diagrams
[123] is

dWFk
≈ Imðλ̂iajλ̃�ibkÞ

sfeαemVajVbkmfj

128π3sin2θWm2
ẽLi

×

" 
3m4

f0a

m4
W

−
2m2

f0a

m2
W

!(
Li2

 
1 −

m2
W

m2
f0a

!
−
π2

6

)

þ 3m2
f0a

m2
W

 
1 − ln

m2
W

m2
f0a

!
þ 1

2
ln

m2
W

m2
ẽLi

#
; ð17Þ

where f0 is an up-type quark (neutrino), sf ¼ þ1 (−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 m2

ẽLi
≫ m2

W;m
2
ua . In

this work, we only consider the flavor diagonal case, i.e.,
i ¼ a and b ¼ k. The W boson contribution is not small, so
we have to take it into account.

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

dc;BZDk
≈ Imðλ0ijjλ0�ikkÞ

αsmdj

32π3m2
ν̃i

 
2þ ln

m2
dj

m2
ν̃i

!
: ð18Þ

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

drbF ¼ dχ0F þ dχ−F : ð19Þ

The rainbow contribution with a neutralino and a neutrino,
dχ0F , 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, dχ−F , 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 Fk (k is the generation number) is given by

FIG. 3. 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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dχ0Fk
¼
X
n¼1;2

X
F̃¼F̃L;F̃R

Im
�
λ̂ijjλ̃

�
ikke

iðθn−δfj Þ
� nce
256π4

mλn sin θfj cos θfjg
ðnÞ
F̃

×
h
Qf

�
gðnÞ
f̃L

− gðnÞ
f̃R

�
sF̃G

0
�
m2

λn
; 0; m2

F̃k
; m2

f̃1j

�
−QF

�
gðnÞ
f̃L

þ gðnÞ
f̃R

�
m2

F̃k
G00
�
m2

λn
; 0; m2

F̃k
; m2

f̃1j

�i
−
�
m2

f̃1j
↔ m2

f̃2j

�
; ð20Þ

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 (F̃ and f̃) 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 nc ¼ 3 (¼ 1) with an inner quark-squark (lepton-slepton) loop. The RPV couplings are
given by λ̂ ¼ λ (¼ λ0) for the charged lepton-slepton (quark-squark) inner loop, and λ̃ ¼ λ (¼ λ0) for the external lepton
(quark), in the same way as defined below Eq. (13). The constant sF̃ is þ1 for the left-handed sfermion F̃Lk and −1 for the
right-handed sfermion F̃Rk. The electric charges of the inner loop fermion (sfermion) and the external fermion in the unit
of e are Qf and QF, respectively. The functions G0 and G00 are defined by

G0ða; b; c; dÞ≡ a ln a − dLi2ð1 − a
dÞ

ða − bÞða − cÞ þ b ln b − dLi2ð1 − b
dÞ

ðb − aÞðb − cÞ þ c ln c − dLi2ð1 − c
dÞ

ðc − aÞðc − bÞ ; ð21Þ

G00ða; b; c; dÞ≡ ða − dÞ2
ða − bÞða − cÞ3

�
Li2

�
1 −

a
d

�
− Li2

�
1 −

c
d

��
−

ðb − dÞ2
ða − bÞðb − cÞ3

�
Li2

�
1 −

b
d

�
− Li2

�
1 −

c
d

��

−
a2 ln dþ ad

ða − bÞða − cÞ3 ln
a
c
þ b2 ln dþ bd
ða − bÞðb − cÞ3 ln

b
c
þ d
a − b

�
1

ða − cÞ2 −
1

ðb − cÞ2
�
·

�
1þ ln

d
c

�
; ð22Þ

with Li2ðxÞ denoting the dilogarithm function. In Ref. [95], the notations used to define the functions G0 and G00 were F0
and F00, but we changed them toG0 andG00 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 dχ0F 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

dχ−Fk
¼ Im½λ̂ijjλ̃�ikkeiðθ2−δfj Þ�

eαemncVjjVkk

128π3sin2θW
sin θfj cos θfjmλ2

×

	
Qf0G0

�
m2

λ2
; m2

ei ; m
2
F̃0
Lk
; m2

f̃1j

�
−QF0m2

F̃0
Lk
G00
�
m2

λ2
; m2

ei ; m
2
F̃0
Lk
; m2

f̃1j

�
þm2

F̃0
Lk
Gc1
�
m2

λ2
; m2

ei ; m
2
F̃0
Lk
; m2

f̃1j

�

− Gc2
�
m2

ei ; m
2
F̃0
Lk
; m2

λ2
; m2

f̃1j

�
−m2

F̃0
Lk

h
3Gc3

�
m2

λ2
; m2

ei ; m
2
F̃0
Lk
; m2

f̃1j

�
þ 2m2

λ2
Gc4
�
m2

λ2
; m2

ei ; m
2
F̃0
Lk
; m2

f̃1j

�i


−
�
m2

f̃1j
↔ m2

f̃2j

�
; ð23Þ

where we neglected higher order terms in the charged lepton mass mei . Here f
0; F0 (f̃0; F̃0) are up-type quarks (squarks) or

neutrinos (sneutrinos) respecting the definition of λ̂ and λ̃ as given above. Their electric chargesQf0 andQF0 are also defined
accordingly (þ2=3 for the up-type quarks/squarks and zero for the neutrinos/sneutrinos). The functions Gc’s used in the
formula above are defined as

Gc1ða; b; c; dÞ≡ a − d
ða − bÞða − cÞ2

�
Li2

�
1 −

a
d

�
− Li2

�
1 −

c
d

��
þ b − d
ðb − aÞðb − cÞ2

�
Li2

�
1 −

b
d

�
− Li2

�
1 −

c
d

��

þ a
ða − bÞða − cÞ2 ln d ln

c
a
þ b
ðb − aÞðb − cÞ2 ln d ln

c
b
; ð24Þ
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Gc2ða; b; c; dÞ≡ −
ða − dÞ2

2ða − bÞða − cÞ2
�
Li2

�
1 −

a
d

�
− Li2

�
1 −

c
d

��
−

ðb − dÞ2
2ðb − aÞðb − cÞ2

�
Li2

�
1 −

b
d

�
− Li2

�
1 −

c
d

��

þ ðc − dÞ ln cþ dð1þ ln dÞ
2ðc − aÞðc − bÞ −

adþ a2 ln d
2ða − bÞða − cÞ2 ln

c
a
−

bdþ b2 ln d
2ðb − aÞðb − cÞ2 ln

c
b
; ð25Þ

Gc3ða; b; c; dÞ≡ 2a2ða2 − bcÞ − a2ða − bÞða − cÞ
2ða − bÞ3ða − cÞ3 ln a ln dþ ad

2ða − bÞ2ða − cÞ2
�
ln

�
a
d

�
− 1

�

þ adða2 − bcÞ
ða − bÞ3ða − cÞ3 ln a −

2ðd − aÞ2ða2 − bcÞ þ ðd2 − a2Þða − bÞða − cÞ
2ða − bÞ3ða − cÞ3 Li2

�
1 −

a
d

�
þ ðeven permutations of a; b; cÞ; ð26Þ

Gc4ða; b; c; dÞ≡ ða − dÞða2 − bc − 2adþ bdþ cdÞ
ða − bÞ3ða − cÞ3 Li2

�
1 −

a
d

�
−

aða2 − bcÞ
ða − bÞ3ða − cÞ3 ln a ln dþ dð1þ ln dÞ

2ða − bÞ2ða − cÞ2

þ adð−2aþ bþ cÞ
ða − bÞ3ða − cÞ3 ln aþ ðeven permutations of a; b; cÞ: ð27Þ

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

dc;rbDk
¼ Im

�
λ0ijjλ

0�
ikke

−iδdj
� αs
256π3

mg̃ sin θdj cos θdj
X

D̃¼D̃L;D̃R

G0
�
m2

g̃ ; 0; m
2
D̃k
; m2

d̃1j

�
−
�
m2

d̃1j
↔ m2

d̃2j

�

−
X
n¼1;2

X
D̃¼D̃L;D̃R

Im
�
λ̂ijjλ

0�
ikke

iðθn−δfj Þ
� nc
256π4

mλn sin θfj cos θfjg
ðnÞ
D̃

�
gðnÞ
f̃L

þ gðnÞ
f̃R

�
m2

D̃k
G00
�
m2

λn
; 0; m2

D̃k
; m2

f̃1j

�

−
�
m2

f̃1j
↔ m2

f̃2j

�
; ð28Þ

where the inner loop fermion-sfermion pair (f and f̃) 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 ofmg̃ 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 mf̃1j

and mf̃2j
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 μSUSY ∼OðTeVÞ.
Since most of the CP-odd hadron matrix elements are
given at the renormalization point μhad ¼ 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]

dqðμhadÞ ¼ 0.8dqðTeVÞ: ð29Þ

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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Ld ¼ −
XNq

q

iQqedq
2

q̄σμνFμνγ5q

−
XNq

q

igsdcq
2

q̄σμνG
μν
a taγ5q

≡XNq

q

QqedqOq þ
XNq

q

gsdcqOc
q; ð30Þ

the evolution down to the hadron scale reads

Oc
qðTeVÞ ≈ −0.8OqðμhadÞ þ 0.9Oc

qðμhadÞ: ð31Þ

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 ≈ 0.8ddðμhadÞ − 0.2duðμhadÞ
≈ 0.63ddðTeVÞ − 0.16duðTeVÞ; ð32Þ

dp ≈ 0.8duðμhadÞ − 0.2ddðμhadÞ
≈ 0.63duðTeVÞ − 0.16ddðTeVÞ; ð33Þ

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]

Lð1Þ
πNN ¼ ḡð1ÞπNNπ0N̄N; ð34Þ

in the leading order of chiral effective field theory. The
NLO analysis of the isovector CP-odd pion-nucleon
interaction yields [24,147–151]

ḡð1ÞπNNðd̃qÞ≈
�
σπN þ 5g2Am

3
π

64πf2π

�
m2

0½dcdðμhadÞ− dcuðμhadÞ�
2fπðmu þmdÞ

¼ ð125� 75Þ½dcdðTeVÞ− dcuðTeVÞ� fm−1; ð35Þ

where mπ ¼ 138 MeV, fπ ¼ 93 MeV, and gA ¼ 1.27. At
the scale μhad ¼ 1 GeV, the quark masses are mu ¼
2.9 MeV and md ¼ 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 σπN ≡ ðmu þmdÞhNjūuþ
d̄djNi=2 [152–154], and we neglected the bare term
(counterterm) which is estimated to be small [155,156].
We adopt the value σπN ¼ ð45� 15Þ 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 m2

0 ≡
h0jq̄gsσμνGμν

a taqj0i=h0jq̄qj0i ¼ ð0.8 � 0.2Þ GeV2 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]

ḡð1ÞπNNðCsdÞ ≈ −
fπm2

π

mu þmd
hNjs̄sjNiCsdðμhadÞ

¼ −0.35 GeV2CsdðTeVÞ: ð36Þ

The strange content of the nucleon is obtained from lattice
QCD calculations [165], σs ≡mshNjs̄sjNi ≈ 50 MeV
(ms ¼ 120 MeV at μhad ¼ 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 199Hg atom (jdHgj < 7.4×
10−30e cm) [38]. The nucleon EDM and the CP violating
pion-nucleon interaction contribute to the nuclear Schiff
moment [166–168]

SHg ¼ 2.65dn fm2 − 0.075gπNNḡ
ð1Þ
πNNe fm3; ð37Þ

where gπNN ¼ gAmN=fπ ≈ 12.8. The nuclear level uncer-
tainty is estimated to be around 30%. Finally, after the
atomic level calculation, we obtain the EDM of 199Hg
atom [169,170]:

dHg ¼ −2.4 × 10−17
SHg
fm3

cm: ð38Þ

Combining all hadronic contributions, we have

dHg ¼ 1.1 × 10−4du − 4.2 × 10−4dd

− 2.9 × 10−2eðdcu − dcdÞ
þ 8 × 10−18CsdGeV2e cm; ð39Þ

where all Wilson coefficients are renormalized at
μ ¼ 1 TeV.
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In this analysis, the CP-odd electron-nucleon (e-N)
interaction

LeN ¼ −
GFffiffiffi
2

p
X
N¼p;n

CSP
N N̄Nēiγ5e; ð40Þ

where GF is the Fermi constant, is also important. The
relation between CSP

N and the four-fermion coupling of
Eq. (12) is

CSP
N ¼ −

X
q¼d;s;b

ffiffiffi
2

p
Cqe

GF
hNjq̄qjNi; ð41Þ

where we again need the nucleon scalar matrix elements
hNjq̄qjNi. The down- and strange quark contributions were
already given above using σπN and σs. Here the bottom
content hNjb̄bjNi ≈ 0.014 (at the renormalization scale
μ ¼ mb) 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 HfFþ ion, we have [171,172]

ΔfHfFþ ¼
�
3.5× 1025

de
e cm

þ 3.2× 105CSP
N

�
rad=s: ð42Þ

The current experimental bound on the electron EDM is
jdej < 4.1 × 10−30e cm [40], and equivalently jCSP

N j <
4.5 × 10−10 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 ΛSUSY:
md̃R

≈md̃1
¼ 2.8 × ΛSUSY, mũL ≈md̃L

≈md̃2
¼2.9×ΛSUSY,

mg̃ ¼ 3.0 × ΛSUSY, mẽR ≈mẽ1 ¼ 0.9 × ΛSUSY, and mν̃ ≈
mẽL ≈mẽ2 ¼ 1.0 × ΛSUSY. We assume that sparticle
masses are generation independent. The Uð1ÞY and
SUð2ÞL gaugino masses are given by mλ1;2 ¼ 1.0×
ΛSUSY. In our discussion, we fix the μ-parameter to
μ ¼ 1 TeV. For tan β, we assign tan β ¼ 40. The large
value of tan β is important, since the rainbow diagrams
will be enhanced for large tan β, due to the factor of cos θf.
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 ΛSUSY-dependence of the

rainbow diagram contribution to the electron EDM gen-
erated by λ233λ�211, λ

0
i33λ

�
i11 (i ¼ 2, 3), the down-quark EDM

by λi33λ0�i11 (i ¼ 1, 2), and the chromo-EDM of down-quark
due to λ0i33λ

0�
i11 (i ¼ 1, 2, 3), respectively, together with the

Barr-Zee type one. Regarding λ0i33λ
0�
i11, we focused on the

chromo-EDM since this is the most important process
through which the EDM of 199Hg 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 ΛSUSY ¼ 1 TeV, both effects are comparable, and
the rainbow contribution even represents the largest effect
as regards λ0i33λ

�
i11 (see Fig. 5). Here we note that the

rainbow contribution is composed of dχ0Fk
and dχ−Fk

having
opposite sign, so there are other parameter setups which
generate an EDM larger than dBZFk

in a wider region of
ΛSUSY. The rainbow diagrams drop faster than the Barr-Zee
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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 Imðλ233λ�211eiðθn−δτÞÞ ¼
Imðλ233λ�211Þ ¼ 1.
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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 Imðλ0i33λ�i11eiðθn−δbÞÞ ¼ Imðλ0i33λ�i11Þ ¼ 1.
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type ones as we increase ΛSUSY. From Eqs. (15)–(18), we
see that the RPV Barr-Zee type diagrams scale as Λ−2

SUSY.
The RPV rainbow diagrams however scale asΛ−3

SUSY, due to
cos θf ∝

mfμ

m2

f̃L
−m2

f̃R

, where we have fixed the μ-parameter. If μ

has a supersymmetric dynamical origin [173] so that it
scales as ΛSUSY, the rainbow diagram contribution will
scale as Λ−2

SUSY like the Barr-Zee type diagram, and it might
be possible that they will stay comparable at high ΛSUSY.
Another remarkable point is that in RPV, the rainbow
contribution is enhanced by tan β while the Barr-Zee type
diagrams are not. The relative magnitude between them
will therefore strongly depend on tan β. We must finally
note that the rainbow diagrams depend on additional CP

phases eiðθn−δfÞ, e−iδf , so we cannot know in advance
whether they will 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 λ322λ

�
311 and λ233λ

�
211 (called type 1 in

Refs. [23,124]) can only be probed by the electron
EDM, so the experimental data of HfFþ ion jdej < 4.1 ×
10−30e cm [40] directly constrain them. The final upper
limits are shown in Table I.
The second class of RPV couplings to be inspected is the

type 2, composed of λi11λ�i11, λi22λ
�
i11, and λi33λ

�
i11 (i ¼ 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 HfFþ 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 I.
The third case, type 3, involving the RPV couplings

λj22λ
0�
j11 (j ¼ 1, 3) and λk33λ

0�
k11 (k ¼ 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 199Hg EDM (jdHgj < 7.4 × 10−30e cm [38])
via this process. With ΛSUSY ¼ 1 TeV, this is indeed the
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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 Imðλi33λ0�l11eiðθn−δτÞÞ
¼ Imðλi33λ0�l11Þ ¼ 1.
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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 Imðλ0i33λ0�l11eiðθn−δbÞÞ ¼ Imðλ0i33λ0�l11e−iδbÞ ¼ Imðλ0i33λ0�l11Þ ¼ 1.

TABLE I. Upper limits on RPV couplings set from this analysis
for two selections of the supersymmetry breaking scale ΛSUSY.
We assumed that the rainbow and Barr-Zee type diagrams add
with opposite sign. In this table, i ¼ 2, 3, j ¼ 1, 3, k ¼ 1, 2, and
l ¼ 1, 2, 3. “None” means that the upper limit exceeds one and
that we could not set any constraints.

RPV couplings ΛSUSY ¼ 1 TeV ΛSUSY ¼ 10 TeV

jImðλ322λ�311Þj 1.2 × 10−5 5.5 × 10−4

jImðλ233λ�211Þj 1.4 × 10−6 4.3 × 10−5

jImðλ0i11λ�i11Þj 5.0 × 10−10 4.4 × 10−8

jImðλ0i22λ�i11Þj 9.1 × 10−9 8.1 × 10−7

jImðλ0i33λ�i11Þj 2.3 × 10−7 2.1 × 10−5

jImðλj22λ0�j11Þj 3.8 × 10−2 None
jImðλk33λ0�k11Þj 2.2 × 10−3 7.3 × 10−1

jImðλ0l22λ0�l11Þj 2.3 × 10−6 1.8 × 10−4

jImðλ0l33λ0�l11Þj 1.4 × 10−5 9.8 × 10−4
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case (see Table I). For higher ΛSUSY, 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 (jdnj<1.8×
10−26 ecm [37]) and by the 199Hg EDM experiments. It
happens that the two experiments are currently giving very
close upper limits, with the 199Hg EDM providing a slightly
stronger one, if we assume theoretical uncertainties of 10%
for the neutron and 40% for 199Hg (see Sec. IV). The upper
limits given by the 199Hg EDM experiment are shown in
Table I. We see that the constraints are not very strong.
Regarding the combination λ122λ

0�
111, there are actually

tighter limits provided by other processes. From the analysis
of the universality of charged lepton decay, we have [11,174]

jλ122j < 0.3 ×
mẽR

1 TeV
; ð43Þ

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

jλ0111j < 8.9 × 10−2 ×

�
md̃

1 TeV

�3
2

: ð44Þ

As we can see, these constraints yield lower upper limits on
RPV couplings than the EDM.
The final class is the type 4 RPV, λ0l22λ

0�
l11 and λ0l33λ

0�
l11

(l ¼ 1, 2, 3) which is probed by the 199Hg EDM. The
couplings λ0l22λ

0�
l11 contribute via the CP-odd 4-quark

interaction, and λ0l33λ
0�
l11 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 199Hg 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 tan β, the Λ−3

SUSY scaling, etc. The
interference between the Barr-Zee type and rainbow dia-

grams is dependent on the phases eiðθn−δfj Þ, e−iδqj and the
signs of cos θfj sin θfj . 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
μ-parameter is generated by the dynamics of supersym-
metry breaking, the scaling of rainbow diagrams may
become Λ−2

SUSY so that they will stay comparable with
the Barr-Zee type diagrams for any ΛSUSY, 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 (λ322λ�311 and λ233λ

�
211) and type 2 [λi11λ�i11, λi22λ

�
i11 and

λi33λ
�
i11 (i ¼ 2, 3)] are constrained by the HfFþ 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 [λj22λ0�j11 (j ¼ 1, 3)

and λk33λ
0�
k11 (k ¼ 1, 2)], we found that the rainbow

diagrams yield the largest contribution to the EDM of
199Hg atom via the chromo-EDM for ΛSUSY ¼ 1 TeV
thanks to the absence of the Barr-Zee type analogue, and
we could eventually set the strongest upper limits to λ322λ0�311
and to λk33λ

0�
k11 (k ¼ 1, 2), while λ122λ

0�
111 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 Oð10−29Þe cm.
The purely hadronic RPV, type 4, [jImðλ0l22λ0�l11Þj and

jImðλ0l33λ0�l11Þj (k ¼ 1, 2, 3)] is strongly constrained by the
199Hg 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
unknownCP 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:

MνχG ¼ MðaÞ
νχG þMðbÞ

νχG þMða0Þ
νχG þMðb0Þ

νχG: ðA1Þ

The explicit expressions of the off-shell amplitudes MðaÞ
νχG and MðbÞ

νχG are:

iMðaÞ
νχG ¼ λ̂ijj

ffiffiffi
2

p
gftnϵ�μðq1Þ

Z
d4k
ð2πÞ4 ð−2Þg

ðnÞ
f̃L
λ̄nð=kþ =q2ÞPLνi · kμ sin θfj cos θfje

iθn
2
−iδfj

×
h
d
�
m2

f̃2j
; m2

f̃2j
; m2

fj

�
− d
�
m2

f̃1j
; m2

f̃1j
; m2

fj

�i
≈ −

ffiffiffi
2

p
tnλ̂ijjgfg

ðnÞ
f̃L
ϵ�μðq1Þ sin θfj cos θfjei

θn
2
−iδfj

i
ð4πÞ2

×
Z

1

0

dzλ̄n

"
−γμð1 − zÞ ln ðzq22 −m2

f̃2i
Þ − zð1 − zÞðq1 · q2Þγμ

zq22 −m2
f̃2i

þ zð1 − zÞqμ2ð=q1 þ 2=q2Þ
−zq22 þm2

f̃2i

þ 2
z2ð1 − zÞðq1 · q2Þqμ2=q2

½zq22 −m2
f̃2i
�2

#
PLνi −

�
m2

f̃2i
↔ m2

f̃1i

�
; ðA2Þ

iMðbÞ
νχG ¼ λ̂ijj

ffiffiffi
2

p
gftnϵ�μðq1Þ

Z
d4k
ð2πÞ4

�
−gðnÞ

f̃L

�
λ̄nð=kγμð=k − =q1Þ þm2

fj
γμÞPLνi cos θfj sin θfje

iθn
2
−iδfj

×
h
d
�
m2

fj
; m2

fj
; m2

f̃2j

�
− d
�
m2

fj
; m2

fj
; m2

f̃1j

�i
≈ −

ffiffiffi
2

p
λ̂ijjtngfg

ðnÞ
f̃L

cos θfj sin θfje
iθn
2
−iδfj ϵ�μðq1Þ

i
ð4πÞ2

×
Z

1

0

dzλ̄n

"
γμz ln

�
zq22 −m2

f̃2i

�
þ −z=q2=q1γμ þ z2½2ðq1 · q2Þγμ − qμ2=q1� þ zð1 − zÞð2qμ2=q2 − q22γ

μÞ
zq22 −m2

f̃2i

−
z2ð1 − zÞðq1 · q2Þð2qμ2=q2 − q22γ

μÞ
½zq22 −m2

f̃2i
�2

#
PLνi −

�
m2

f̃2i
↔ m2

f̃1i

�
; ðA3Þ

FIG. 8. One-loop level contribution to the effective neutrino-gaugino-gauge boson vertex.
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where gf ¼ Qfe is the electromagnetic gauge coupling of
the fermion f or of the sfermion f̃ of the inner loop (the
QCD coupling gf ¼ gs for the chromo-EDM), and gf̃L=R
the gaugino-fermion-sfermion coupling [see Eq. (9) for the
Lagrangian]. Here λ̂ is the RPV coupling, with λ̂ ¼ λ (¼ λ0)
when a charged lepton-slepton (down-type quark-squark)
pair runs in the loop. The factor tn is defined by tn ¼ Qfnc
for the contribution with an external photon (EDM) and
tn ¼ 1

2
with an external gluon (chromo-EDM). The

momenta carried by the exiting gauge boson and gaugino
are denoted by q1 and q2, respectively. The gaugino and
the neutrino spinors are given by λn and νi, respectively.

The polarization vector of the external gauge boson is ϵ�μ.
We have used the following notation to simplify the above
equations:

dðx; y; zÞ≡ 1

½k2 − x�½ðk− q1Þ2 − y�½ðkþ q2Þ2 − z� : ðA4Þ

In Eqs. (A2) and (A3), we omitted terms proportional to
cos2 θfj and sin2 θfj since they do not contribute to the
EDM. We have also neglected the quark and lepton
masses. The sum of Eqs. (A2) and (A3) becomes

iMðaÞ
νχGþ iMðbÞ

νχG ≈
i
ffiffiffi
2

p

ð4πÞ2 λ̂ijjtngfg
ðnÞ
f̃L

sinθfj cosθfje
iθn
2
−iδfj ϵ�μðq1Þλ̄n=q1=q2γμPLνi

Z
1

0

dz
z

zq22−m2
f̃1j

−
�
m2

f̃1j
↔m2

f̃2j

�
; ðA5Þ

where we have further omitted several Dirac bilinears with Lorentz structures such as qμ2λ̄n=q1PLνi and ðq1 · q2Þλ̄nγμPLνi
since these terms do not contribute to the EDM operator ϵ�μF̄kσ

μνqνγ5Fk after insertion into the second loop (they cancel
with their complex conjugates). The logarithmic terms and that with a factor of zð1 − zÞq22=zq22 −m2

f̃1;2
of Eqs. (A2)

and (A3) cancel thanks to the following formula:

Z
1

0

dx

�
ð2x − 1Þ ln ðxa − bÞ − xð1 − xÞa

xa − b

�
¼ 0: ðA6Þ

The amplitudes iMða0Þ
νχG and iMðb0Þ

νχG 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):

iMνχG ≈
i
ffiffiffi
2

p

ð4πÞ2 λ̂ijjgftn
�
gðnÞ
f̃L

− gðnÞ
f̃R

�
sinθfj cosθfje

iθn
2
−iδfj ϵ�μðq1Þλ̄n=q1=q2γμPLνi

Z
1

0

dz
z

zq22 −m2
f̃1j

−
�
m2

f̃1j
↔m2

f̃2j

�
; ðA7Þ

and the effective antineutrino-gaugino-gauge boson vertex

iMνcχG ≈
i
ffiffiffi
2

p

ð4πÞ2 λ̂
�
ijjgftn

�
gðnÞ
f̃R

− gðnÞ
f̃L

�
sinθfj cosθfje

iδfj−i
θn
2 ϵ�μðq1Þλ̄n=q1=q2γμPRν

c
i

Z
1

0

dz
z

zq22 −m2
f̃1j

−
�
m2

f̃1j
↔m2

f̃2j

�
: ðA8Þ

This amplitude is given by the complex conjugated RPV coupling λ̂�ijj. Note that we also have to consider the amplitudes
generated by the transposed fermion interactions. They are given by

iMχνG ≈
i
ffiffiffi
2

p

ð4πÞ2 λ̂
�
ijjgftn

�
gðnÞ
f̃L

− gðnÞ
f̃R

�
sinθfj cosθfje

iδfj−i
θn
2 ϵ�μðq1Þν̄i=q1=q2γμPLλn

Z
1

0

dz
z

zq22 −m2
f̃1j

−
�
m2

f̃1j
↔m2

f̃2j

�
; ðA9Þ

iMχνcG ≈
i
ffiffiffi
2

p

ð4πÞ2 λ̂ijjgftn
�
gðnÞ
f̃R

−gðnÞ
f̃L

�
sinθfj cosθfje

iθn
2
−iδfj ϵ�μðq1Þν̄ci =q1=q2γμPRλn

Z
1

0

dz
z

zq22−m2
f̃1j

−
�
m2

f̃1j
↔m2

f̃2j

�
: ðA10Þ

Here the momentum q2 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 q1.
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 q1):
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iMχ0
ðaÞ ≈

i
ð4πÞ2 Im

h
λ̂ijjλ̃

�
ikke

iðθn−δfj Þ
i
gftn

�
gðnÞ
f̃L

− gðnÞ
f̃R

�
sin θfj cos θfjmλnϵ

�
μðq1Þ

×
X

F̃¼F̃L;F̃R

sF̃g
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F̃

Z
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−k2 · F̄k=q1γμγ5Fk

k2½k2 −m2
λn
�½k2 −m2

F̃k
�
Z

1

0

dz
z

zk2 −m2
f̃1j

−
�
m2

f̃1j
↔ m2

f̃2j

�

≈
i

256π4
Im
h
λ̂ijjλ̃

�
ikke

iðθn−δfj Þ
i
mλn tngf

�
gðnÞ
f̃R

− gðnÞ
f̃L

�
sin θfj cos θfj

× ϵ�μðq1ÞF̄kσ
μνðq1Þνγ5Fk

X
F̃¼F̃L;F̃R

sF̃g
ðnÞ
F̃

Z
∞

0

r2dr
½rþm2

λn
�r½rþm2

F̃k
�
Z

1

0

xdx
xrþm2
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−
�
m2

f̃1j
↔ m2

f̃2j

�

¼ i
256π4

Im
h
λ̂ijjλ̃

�
ikke

iðθn−δfj Þ
i
mλn tngfðgðnÞf̃R

− gðnÞ
f̃L
Þ sin θfj cos θfj

× ϵ�μðq1ÞF̄kσ
μνðq1Þνγ5Fk

X
F̃¼F̃L;F̃R

sF̃g
ðnÞ
F̃

h
G0
�
m2

λn
; 0; m2

F̃k
; m2

f̃1j

�
−G0

�
m2

λn
; 0; m2

F̃k
; m2

f̃2j

�i
; ðA11Þ

where we have omitted terms which do not contribute to the EDM operator ϵ�μF̄kσ
μνðq1Þνγ5Fk. The RPV coupling λ̃ is λ̃ ¼ λ

(¼ λ0) for the EDM of charged lepton (down-type quark). The constant sF̃ is þ1 for left-handed sfermion F̃L and −1 for
right-handed sfermion F̃R. The function G0 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

iMνχ ¼ −
ffiffiffi
2

p
λ̂ijjnc

�
gðnÞ
f̃L

þ gðnÞ
f̃R

�
sin θfj cos θfje

iθn
2
−iδfj

Z
d4k
ð2πÞ4

λ̄nð=kþ =q2ÞPLνih
k2 −m2

f̃2j

ih
ðkþ q2Þ2 −m2

fj

i − �m2
f̃2j

↔ m2
f̃1j

�
; ðB1Þ

where q2 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 =q2 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

iMνχ ≈ −
i
ffiffiffi
2

p

ð4πÞ2 λ̂ijjnc
�
gðnÞ
f̃L

þ gðnÞ
f̃R

�
sin θfj cos θfje

iθn
2
−iδfj λ̄n=q2PLνi

Z
1

0

dxð1 − xÞ ln
 
xq22 −m2

f̃1j

xq22 −m2
f̃2j

!
; ðB2Þ

iMνcχ ≈ −
i
ffiffiffi
2

p

ð4πÞ2 λ̂
�
ijjnc

�
gðnÞ
f̃L
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f̃R

�
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2 λ̄n=q2PRν

c
i
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0
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xq22 −m2
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!
; ðB3Þ

iMχν ≈ −
i
ffiffiffi
2

p

ð4πÞ2 λ̂
�
ijjnc

�
gðnÞ
f̃L

þ gðnÞ
f̃R

�
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!
; ðB4Þ

FIG. 9. One-loop level contribution to the RPV neutrino-gaugino transition.
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iMχνc ≈ −
i
ffiffiffi
2

p

ð4πÞ2 λ̂ijjnc
�
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!
; ðB5Þ

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 q carried by the external gauge boson):
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m2
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�
m2

λn
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; ðB6Þ

where the function G00 is defined in Eq. (22), and p is the external momentum brought by the fermion Fk. 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

iMeχγ ¼ iMðaÞ
eχγ þ iMðbÞ

eχγ; ðC1Þ

where

iMðaÞ
eχγ ≃ λ̂ijj

iQfe2ncVjj

ð4πÞ2 sin θW
sin θfj cos θfje

−iðδfj−θ2=2Þϵ�μðq1Þ
"
−λ02

cðq2ÞγμPLeiðq1 þ q2Þ
Z

1

0

dzð1 − zÞ ln
�
zq22 −m2

f̃2j

�

− 2λ02
cðq2Þ=q2PLeiðq1 þ q2Þqμ2

Z
1

0

dz
zð1 − zÞ
zq22 −m2

f̃2j

#
−
�
m2

f̃2j
↔ m2

f̃1j

�
; ðC2Þ

and
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iMðbÞ
eχγ ≃ λ̂ijj

iQf0e2ncVjj

ð4πÞ2 sin θW
sin θfj cos θfje

−iðδfj−θ2=2Þϵ�μðq1Þ
�
λ02

cðq2ÞγμPLeiðq1 þ q2Þ
Z

1

0

dzz ln
�
zq22 −m2

f̃2j

�

þ λ02
cðq2Þ

Z
1

0

dz

	
−z=q2=q1γμ þ zð1 − zÞð2qμ2=q2 − q22γ

μÞ
zq22 −m2

f̃2j



PLeiðq1 þ q2Þ

�
−
�
m2

f̃2j
↔ m2

f̃1j

�
: ðC3Þ

Here we only kept terms contributing to the EDM and neglected quark and lepton masses. The above amplitudes, iMðaÞ
eχγ

and iMðbÞ
eχγ, correspond to the diagrams of Figs. 10(a) and 10(b), respectively. We note that f, F (f̃; F̃) are down-type quarks

(squarks) or charged leptons (sleptons), while f0; F0 (f̃0; F̃0) are up-type quarks (squarks) or neutrinos (sneutrinos),
respecting the definition of λ̂ and λ̃ 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 Eqs. (C2) and (C3) then yields

iMeχγ ≃ λ̂ijj
ie2ncVjj

ð4πÞ2 sin θW
sin θfj cos θfje

−iðδfj−θ2=2Þϵ�μðq1Þ
Z

1

0

dzðQf −Qf0 Þλ02cðq2Þ

×

�
ð1 − zÞ ln

�
zq22 −m2

f̃1j

�
γμ þ 2zð1 − zÞqμ2=q2

zq22 −m2
f̃1j

�
PLeiðq1 þ q2Þ −

�
m2

f̃1j
↔ m2

f̃2j

�
: ðC4Þ

In this derivation, we used the formula (A6). As for Eq. (A5), we have omitted Lorentz structures such as qμ2=q1 and
ðq1 · q2Þγμ since they do not contribute to the final EDM. The above expression is consistent with Eq. (A5) if we take
Qf ¼ Qf0 which is the case for the diagrams with neutralino and neutrino (see Appendix A). Similarly, the transposed
diagrams yield

iMχeγ ≃ λ̂�ijj
ie2ncVjj

ð4πÞ2 sin θW
sin θfj cos θfje

iðδfj−θ2=2Þϵ�μðq1Þ
Z

1

0

dzēiðq2Þ

×

(
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"
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�
zq22 −m2
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�
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zq22 −m2
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#
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z=q2=q1γμ

zq22 −m2
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0c
2 ðq1 þ q2Þ

−
�
m2

f̃1j
↔ m2

f̃2j

�
: ðC5Þ

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

iMχ−
ðaÞ ≃ −λ̂ijjλ̃�ikke

−iðδfj−θ2Þ e
3ncVjjVkk

ð4πÞ2sin2θW
sin θfj cos θfjmλ2ϵ

�
μðqÞ

×
Z

d4k
ð2πÞ4

1h
k2 −m2
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ðkþ qÞ2 −m2
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ih
ðkþ q − pÞ2 −m2
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Lk

i

×

(
ðQf −Qf0 ÞF̄kðp − qÞγμð=kþ =qÞPRFkðpÞ

Z
1

0

dxð1 − xÞ ln
�
xk2 −m2

f̃1j

�

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).
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ðkþ q − pÞ2 −m2

F̃0
Lk

i

×

(
ðQf −Qf0 ÞF̄kðp − qÞ=kγμPLFkðpÞ

Z
1

0

dxð1 − xÞ ln
�
xk2 −m2

f̃1j

�

þ 2ðQf −Qf0 Þk2kμF̄kðp − qÞPLFkðpÞ
Z

1

0

dx
xð1 − xÞ
xk2 −m2

f̃1j

þQf0k2F̄kðp − qÞ=qγμPLFkðpÞ
Z

1

0

dx
x

xk2 −m2
f̃1j

)
−
�
m2

f̃1j
↔ m2

f̃2j

�
: ðC6Þ

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

iMeχ ≈ λ̂ijj
iencVjj

ð4πÞ2 sin θW
sin θfj cos θfje

−iðδfj−θ2=2Þλ02
cðq2Þ=q2PLeiðq2Þ

Z
1

0

dxð1 − xÞ ln
 
xq22 −m2

f̃1j

xq22 −m2
f̃2j

!
; ðC7Þ

iMχe ≈ λ̂�ijj
iencVjj

ð4πÞ2 sin θW
sin θfj cos θfje

iðδfj−θ2=2Þēiðq2Þ=q2PLλ
0c
2 ðq2Þ

Z
1

0

dxð1 − xÞ ln
 
xq22 −m2

f̃1j

xq22 −m2
f̃2j

!
: ðC8Þ

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

iMχ−
ðcÞ ≈ −λ̂ijjλ̃�ikk

e3ncVjjVkk

ð4πÞ2sin2θW
sin θfj cos θfje

−iðδfj−θ2Þmλ2ϵ
�
μðqÞ

×
Z

d4k
ð2πÞ4

F̄kðp − qÞk2γμð=kþ =qÞPRFkðpÞh
k2 −m2

λ2

ih
k2 −m2

ei

ih
ðkþ qÞ2 −m2

ei

ih
ðkþ q − pÞ2 −m2

F̃0
Lk

i Z 1

0

dxð1 − xÞ ln
 
xk2 −m2

f̃1j

xk2 −m2
f̃2j

!

− λ̂�ijjλ̃ikk
e3ncVjjVkk

ð4πÞ2sin2θW
sin θfj cos θfje

iðδfj−θ2Þmλ2ϵ
�
μðqÞ

×
Z

d4k
ð2πÞ4

F̄kðp − qÞ=kγμðkþ qÞ2PLFkðpÞh
ðkþ qÞ2 −m2

λ2

ih
ðkþ qÞ2 −m2

ei

ih
k2 −m2

ei

ih
ðkþ q − pÞ2 −m2

F̃0
Lk

i

×
Z

1

0

dxð1 − xÞ ln
0
@xðkþ qÞ2 −m2

f̃1j

xðkþ qÞ2 −m2
f̃2j

1
A
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≈ −λ̂ijjλ̃�ikk
e3ncVjjVkk

ð4πÞ2sin2θW
sin θfj cos θfje

−iðδfj−θ2Þmλ2ϵ
�
μðqÞ

×
Z

d4k
ð2πÞ4

F̄kðp − qÞγμð=kþ =qÞPRFkðpÞh
k2 −m2

λ2

ih
ðkþ qÞ2 −m2

ei

ih
ðkþ q − pÞ2 −m2

F̃0
Lk

i Z 1

0

dxð1 − xÞ ln
0
@xk2 −m2

f̃1j

xk2 −m2
f̃2j

1
A

− λ̂�ijjλ̃ikk
e3ncVjjVkk

ð4πÞ2sin2θW
sin θfj cos θfje

iðδfj−θ2Þmλ2ϵ
�
μðqÞ

×
Z

d4k
ð2πÞ4

F̄kðp − qÞ=kγμPLFkðpÞh
ðkþ qÞ2 −m2

λ2

ih
k2 −m2

ei

ih
ðkþ q − pÞ2 −m2

F̃0
Lk

i Z 1

0

dxð1 − xÞ ln
0
@xk2 −m2

f̃1j

xk2 −m2
f̃2j

1
A

− λ̂�ijjλ̃ikk
e3ncVjjVkk

ð4πÞ2sin2θW
sin θfj cos θfje

iðδfj−θ2Þmλ2ϵ
�
μðqÞ

×
Z

d4k
ð2πÞ4

F̄kðp − qÞ=kγμPLFkðpÞh
k2 −m2

λ2

ih
k2 −m2

ei

ih
k2 −m2

F̃0
Lk

i Z 1

0

dx

"
2xð1 − xÞk · q
xk2 −m2

f̃1j

−
2xð1 − xÞk · q
xk2 −m2

f̃2j

#
: ðC9Þ

The last term of the second equality comes from the first order expansion of the logarithm in q. 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)]:

iMχ−
ðdÞ ≈ −λ̂ijjλ̃�ikk

e3ncVjjVkk

ð4πÞ2sin2θW
sin θfj cos θfje

−iðδfj−θ2Þmλ2ϵ
�
μðqÞ

×
Z

d4k
ð2πÞ4

F̄kðp − qÞ
h
γμð=kþ =qÞ þ =kγμ

i
PRFkðpÞðkþ qÞ2h

ðkþ qÞ2 −m2
λ2

ih
k2 −m2

λ2

ih
ðkþ qÞ2 −m2

ei

ih
ðkþ q − pÞ2 −m2

F̃0
Lk

i

×
Z

1

0

dxð1 − xÞ ln
 
xðkþ qÞ2 −m2

f̃1j

xðkþ qÞ2 −m2
f̃2j

!
− λ̂�ijjλ̃ikk

e3ncVjjVkk

ð4πÞ2sin2θW
sin θfj cos θfje

iðδfj−θ2Þmλ2ϵ
�
μðqÞ

×
Z

d4k
ð2πÞ4

F̄kðp − qÞ
h
γμð=kþ =qÞ þ =kγμ

i
PLFkðpÞk2h

ðkþ qÞ2 −m2
λ2

ih
k2 −m2

λ2

ih
k2 −m2

ei

ih
ðkþ q − pÞ2 −m2

F̃0
Lk

i Z 1

0

dxð1 − xÞ ln
 
xk2 −m2

f̃1j

xk2 −m2
f̃2j

!

≈ −λ̂ijjλ̃�ikk
e3ncVjjVkk

ð4πÞ2sin2θW
sin θfj cos θfje

−iðδfj−θ2Þmλ2ϵ
�
μðqÞ

×
Z

d4k
ð2πÞ4

k2h
k2 −m2

λ2

i
2
h
k2 −m2

ei

ih
k2 −m2

F̃0
Lk

i Z 1

0

dxð1 − xÞ ln
 
xk2 −m2

f̃1j

xk2 −m2
f̃2j

!

×

"
F̄kðp − qÞγμ=qPRFkðpÞ þ

F̄kðp − qÞpμPRFkðpÞ · k2
k2 −m2

F̃0
Lk

#

− λ̂�ijjλ̃ikk
e3ncVjjVkk

ð4πÞ2sin2θW
sin θfj cos θfje

iðδfj−θ2Þmλ2ϵ
�
μðqÞ
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×
Z

d4k
ð2πÞ4

k2h
k2 −m2

λ2

i
2
h
k2 −m2

ei

ih
k2 −m2

F̃0
Lk

i Z 1

0

dxð1 − xÞ ln
 
xk2 −m2

f̃1j

xk2 −m2
f̃2j

!

×

"
F̄kðp − qÞγμ=qPLFkðpÞ þ

F̄kðp − qÞpμPLFkðpÞ · k2
k2 −m2

F̃0
Lk

#

≃ iIm
h
λ̂ijjλ̃

�
ikke

−iðδfj−θ2Þ
i e3ncVjjVkk

2ð4πÞ2sin2θW
sin θfj cos θfjmλ2ϵ

�
μðqÞF̄iσμνqνγ5F

×
Z

d4k
ð2πÞ4

k2h
k2 −m2

λ2

i
2
h
k2 −m2

ei

ih
k2 −m2

F̃0
Lk

i
"
1 −

m2
F̃0
Lk

k2 −m2
F̃0
Lk

#Z
1

0

dxð1 − xÞ ln
 
xk2 −m2

f̃1j

xk2 −m2
f̃2j

!
; ðC10Þ

where ≃ means that we only kept Lorentz structures contributing to the EDM operator. In this derivation we have used

F̄γμ=qγ5F ≃ −iF̄σμνqνγ5F; ðC11Þ

F̄pμγ5F ≃
i
2
F̄σμνqνγ5F: ðC12Þ

Finally, the diagram of Fig. 3(b) can be obtained in the same way as that of iMχ0
ðbÞ derived in Appendix B. By just

replacing coupling constants and mass parameters, we have

iMχ−
ðbÞ ¼ Im

h
λ̂ijjλ̃

�
ikke

iðθ2−δfj Þ
i ncQF0e3VjjVkk

2ð4πÞ4 sin2 θW
sin θfj cos θfjmλ2ϵ

�
μðqÞF̄kiσμνqνγ5Fk

×m2
F̃0
Lk

h
G00
�
m2

λ2
; m2

ei ; m
2
F̃0
Lk
; m2

f̃1j

�
− G00

�
m2

λ2
; m2

ei ; m
2
F̃0
Lk
; m2

f̃2j

�i
: ðC13Þ

The overall sum is

iMχ−
Fk

≈ −Im
h
λ̂ijjλ̃

�
ikke

iðθ2−δfj Þ
i e3ncVjjVkk

2sin2θWð4πÞ4
sin θfj cos θfjmλ2ϵ

�
μðqÞF̄kiσμνqνγ5Fk

×
Z

∞

0

dr

(
Qf0

r2h
rþm2

λ2

ih
rþm2

ei

ih
rþm2

F̃0
Lk

i Z 1

0

dx
x

xrþm2
f̃1j

þ
m2

F̃0
Lk
rh

rþm2
λ2

ih
rþm2

ei

ih
rþm2

F̃0
Lk

i
2

Z
1

0

dxð2x − 1Þ ln
�
xrþm2

f̃1j

�

−
r2h

rþm2
λ2

i
2
h
rþm2

ei

ih
rþm2

F̃0
Lk

i Z 1

0

dxð1 − xÞ ln
�
xrþm2

f̃1j

�

−
m2

F̃0
Lk
r2h

rþm2
λ2

i
2
h
rþm2

ei

ih
rþm2

F̃0
Lk

i
2

Z
1

0

dxð1 − xÞ ln
�
xrþm2

f̃1j

�)
−
�
m2

f̃1j
↔ m2

f̃2j

�
þ iMχ−

ðbÞ
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≈ −Im
h
λ̂ijjλ̃

�
ikke

iðθ2−δfj Þ
i e3ncVjjVkk

2sin2θWð4πÞ4
sin θfj cos θfjmλ2ϵ

�
μðqÞF̄kiσμνqνγ5Fk

×
Z

∞

0

dr

	
Qf0

r2h
rþm2

λ2

ih
rþm2

ei

ih
rþm2

F̃0
Lk

i Z 1

0

dx
x

xrþm2
f̃1j

þ
m2

F̃0
Lk
rh

rþm2
λ2

ih
rþm2

ei

ih
rþm2

F̃0
Lk

i
2

Z
1

0

dx ln
�
xrþm2

f̃1j

�

−
r2h

rþm2
λ2

i
2
h
rþm2

ei

ih
rþm2

F̃0
Lk

i Z 1

0

dxð1 − xÞ ln
�
xrþm2

f̃1j

�

−
m2

F̃0
Lk
ð3r3 þ 2m2

λ2
r2Þh

rþm2
λ2

i
2
h
rþm2

ei

i
2
h
rþm2

F̃0
Lk

i
2

Z
1

0

dxð1 − xÞ ln
�
xrþm2

f̃1j

�

−
�
m2

f̃1j
↔ m2

f̃2j

�
þ iMχ−

ðbÞ: ðC14Þ

Let us show the analytic forms of the relevant integrals. The first term in the curly bracket has the same form as that of
iMχ0

ðaÞ, derived in Appendix A. The integral of the first term is

Z
∞

0

r2dr
ðrþ aÞðrþ bÞðrþ cÞ

Z
1

0

xdx
xrþ d1

− ðd1 ↔ d2Þ ¼ G0ða; b; c; d1Þ −G0ða; b; c; d2Þ: ðC15Þ

The function G0 is defined in Eq. (21).
To calculate the other terms, we need to evaluate the following integrals:

Z
∞

0

dr
r

ðrþ aÞðrþ bÞðrþ cÞ2
Z

1

0

dx ln

�
xrþ d1
xrþ d2

�
; ðC16Þ

Z
∞

0

dr
r2

ðrþ aÞðrþ bÞðrþ cÞ2
Z

1

0

dxð1 − xÞ ln
�
xrþ d1
xrþ d2

�
; ðC17Þ

Z
∞

0

dr
r3

ðrþ aÞ2ðrþ bÞ2ðrþ cÞ2
Z

1

0

dxð1 − xÞ ln
�
xrþ d1
xrþ d2

�
; ðC18Þ

Z
∞

0

dr
r2

ðrþ aÞ2ðrþ bÞ2ðrþ cÞ2
Z

1

0

dxð1 − xÞ ln
�
xrþ d1
xrþ d2

�
: ðC19Þ

The integral of Eq. (C16) is

Z
∞

0

dr
r

ðrþ aÞðrþ bÞðrþ cÞ2
Z

1

0

dx ln

�
xrþ d1
xrþ d2

�
;

¼ a − d1
ða − bÞða − cÞ2

�
Li2

�
1 −

a
d1

�
− Li2

�
1 −

c
d1

��
þ b − d1
ðb − aÞðb − cÞ2

�
Li2

�
1 −

b
d1

�
− Li2

�
1 −

c
d1

��

þ a
ða − bÞða − cÞ2 ln d1 ln

c
a
þ b
ðb − aÞðb − cÞ2 ln d1 ln

c
b
− ðd1 ↔ d2Þ

¼ Gc1ða; b; c; d1Þ −Gc1ða; b; c; d2Þ: ðC20Þ

The function Gc1 is defined in Eq. (24).
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The next integral [Eq. (C17)] can be transformed as

Z
∞

0

dr
r2

ðrþ aÞðrþ bÞðrþ cÞ2
Z

1

0

dxð1 − xÞ ln
�
xrþ d1
xrþ d2

�

¼ −
ða − d1Þ2

2ða − bÞða − cÞ2
�
Li2

�
1 −

a
d1

�
− Li2

�
1 −

c
d1

��
−

ðb − d1Þ2
2ðb − aÞðb − cÞ2

�
Li2

�
1 −

b
d1

�
− Li2

�
1 −

c
d1

��

þ ðc − d1Þ ln cþ d1ð1þ ln d1Þ
2ðc − aÞðc − bÞ −

ad1 þ a2 ln d1
2ða − bÞða − cÞ2 ln

c
a
−

bd1 þ b2 ln d1
2ðb − aÞðb − cÞ2 ln

c
b
− ðd1 ↔ d2Þ

¼ Gc2ða; b; c; d1Þ −Gc2ða; b; c; d2Þ: ðC21Þ

The function Gc2 is defined in Eq. (25).
The third integral [Eq. (C18)] can be transformed as

Z
∞

0

dr
r3

ðrþ aÞ2ðrþ bÞ2ðrþ cÞ2
Z

1

0

dxð1 − xÞ ln
�
xrþ d1
xrþ d2

�

¼ 2a2ða2 − bcÞ − a2ða − bÞða − cÞ
2ða − bÞ3ða − cÞ3 ln a ln d1 þ

ad1
2ða − bÞ2ða − cÞ2

�
ln

�
a
d1

�
− 1

�

þ ad1ða2 − bcÞ
ða − bÞ3ða − cÞ3 ln a −

2ðd1 − aÞ2ða2 − bcÞ þ ðd21 − a2Þða − bÞða − cÞ
2ða − bÞ3ða − cÞ3 Li2

�
1 −

a
d1

�
þ ðeven permutations of a; b; cÞ − ðd1 ↔ d2Þ

¼ Gc3ða; b; c; d1Þ −Gc3ða; b; c; d2Þ: ðC22Þ

The function Gc3 is defined in Eq. (26).
The final integral [Eq. (C19)] can be transformed as

Z
∞

0

dr
r2

ðrþ aÞ2ðrþ bÞ2ðrþ cÞ2
Z

1

0

dxð1 − xÞ ln
�
xrþ d1
xrþ d2

�

¼ ða − d1Þða2 − bc − 2ad1 þ bd1 þ cd1Þ
ða − bÞ3ða − cÞ3 Li2

�
1 −

a
d1

�
−

aða2 − bcÞ
ða − bÞ3ða − cÞ3 ln a ln d1 þ

d1ð1þ ln d1Þ
2ða − bÞ2ða − cÞ2

þ ad1ð−2aþ bþ cÞ
ða − bÞ3ða − cÞ3 ln aþ ðeven permutations of a; b; cÞ − ðd1 ↔ d2Þ

¼ Gc4ða; b; c; d1Þ −Gc4ða; b; c; d2Þ: ðC23Þ

The function Gc4 is defined in Eq. (27). Combining everything, we find Eq. (23).
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