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The contribution of the R-parity violating trilinear couplings in the supersymmetric model to the

fermion electric dipole moment is analyzed at the two-loop level. We show that in general, the Barr-Zee

type contribution to the fermion electric dipole moment with the exchange ofW and Z bosons is not small

compared to the currently known photon exchange one with R-parity violating interactions. We will then

give new upper bounds on the imaginary parts of R-parity violating couplings from the experimental data

of the electric dipole moments of the electron and of the neutron. The effect due to bilinear R-parity

violating couplings, which needs to be investigated separately, is not included in our analyses.
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I. INTRODUCTION

The standard model (SM) of particle physics, although
being very successful in interpreting many experimental
data, has difficulty in explaining some phenomena such as
the matter abundance of our Universe. The SM has there-
fore to be extended.

There are currently many approaches to search for new
physics (NP) beyond the SM. Among many others, the
measurement of the electric dipole moment (EDM) is of
particular interest. The reasons are the following. The EDM
is an observable sensitive to the violation of the parity and
the time-reversal symmetry (or equivalently the CP). The
contribution from the SM is in general very small [1], and
this fact makes the EDM a sensitive observable to NP with
large CP violation. The experimental data available are very
accurate for a variety of systems such as the neutron (dn <
2:9� 10�26 e cm) [2], the 205Tl (dTl < 9� 10�25 e cm)
[3] and the 199Hg atoms (dHg < 3:1� 10�29 e cm) [4], the

Ytterbium fluoride (YbF) molecule (which gives bound on
the electron EDM: de < 1:05� 10�27 e cm) [5], the muon
[6], etc. The EDM is therefore a very good probe of NP. A
new generation of experiment using storage rings is also in
preparation, aiming at the measurements of the EDMs of the
muon, proton and deuteron [7].

On the theoretical side, the minimal supersymmetric
standard model is known to be the leading candidate of
NP [8]. A general supersymmetric extension of the SM
allows baryon number or lepton number violating interac-
tions, sowe must impose the conservation of R-parity [R ¼
ð�1Þ3B�Lþ2s] to forbid them. This assumption is, however,
completely ad hoc, so the R-parity violating (RPV) inter-
actions have to be investigated phenomenologically. Until
now, many RPV interactions were constrained by high
energy experiments, low energy precision tests, and cos-
mological observations [9]. Thanks to many efforts in

EDM experiments, many phenomenological analyses of
models of multi-Higgs [10–13], supersymmetry with
[14–19] and without [20–30] R-parity invariance were
done, and many CP phases have been constrained so far.
It has been pointed out in [24,25] that, in the most

general RPV interactions, the leading contribution to the
neutron EDM is generated at the one-loop level and that it
contains both bilinear and trilinear RPV couplings. In the
course of showing this, the authors of [24] made a suitable
use of the flavor basis in which only one of the four Y ¼
�1=2 doublet fields bears vacuum expectation value
(VEV) [26]. In other words the direction of the VEV is
singled out as the down type Higgs fieldHd and sneutrinos
are not given VEV. It has also been made clear in [24] that
in the absence of bilinear RPV terms the leading contribu-
tions to the fermion EDM come from two-loop diagrams.
This is in agreement with the observation that the Barr-Zee
type two-loop level diagrams give the leading effect in the
absence of the bilinear terms [21,22,28]. In the present
paper we choose the same flavor basis as in [24] and
examine the Barr-Zee type two-loop diagrams arising
from the trilinear RPV superpotential.
It was argued in [21] that, without the bilinear couplings,

the fermion EDM receives the largest part from the photon
exchange Barr-Zee type diagram, and that the other Barr-
Zee type diagrams withW and Z bosons are subleading, on
the basis of the analogy between the R-parity violation and
models with charged Higgs boson [12,22]. We must be
careful however to the fact that these two processes cannot
be described similarly, since the SUð2ÞL gauge structure
(chirality structure) of the Yukawa interactions with
charged Higgs boson differs from that of the R-parity
violation. As the chirality structure inside the fermion
loop of the Barr-Zee type diagram is different, the naı̈ve
analogy no longer works. Moreover, the RPV Barr-Zee
type diagram with W boson exchange changes the flavors
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of the fields in the loop, and consequently many additional
combinations of RPV couplings with new flavor structure
may be constrained from the EDM experimental data.

The main purpose of this paper is then to evaluate the
two-loop level Barr-Zee type diagram withW and Z boson
exchange within R-parity violation, and to update the con-
straints on the RPV interactions provided by the current
experimental data of the EDMs of the YbF molecule, the
neutron and the 199Hg atom.

This paper is organized as follows. We first present the
RPV interaction in the next section. We then present and
formulate in Sec. III the two-loop level Barr-Zee type
diagram with Z boson exchange. In Sec. IV, we derive
the formula for the RPV Barr-Zee type contribution with
W boson exchange. This will be done in two steps, first
by constructing the inner fermion loop. We then attach
this loop to the external fermion line. In Sec. V, we
analyze the limits provided by the current experimental
data of the YbF molecule, the neutron and the 199Hg
atom. We finally summarize our work in the last
section.

II. RPV CONTRIBUTION

The superpotential of the RPV interactions relevant in
this discussion can be written as follows:

W 6R ¼ 1

2
�ijk�abL

a
i L

b
j ðEcÞk þ �0

ijk�abL
a
i Q

b
j ðDcÞk

þ 1

2
�00
ijkðUcÞiðDcÞjðDcÞk; (1)

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.
L and Ec denote the lepton doublet and singlet left-chiral
superfields. Q, Uc and Dc denote, respectively, the quark
doublet, up quark singlet and down quark singlet left-chiral
superfields. As mentioned in Sec. I the bilinear terms have
been omitted legitimately in our discussion. We also ne-
glected the soft breaking terms in the RPV sector. Also
baryon number violating RPV interactions (�00

ijk) will be

omitted from now, to avoid rapid proton decay. This RPV
superpotential gives the following lepton number violating
Yukawa interactions:

L 6R ¼�1

2
�ijk½~�i �ekPLej þ ~eLj �ekPL�i þ ~eyRk ��

c
i PLej � ði$ jÞ� ��0

ijk½~�i
�dkPLdj þ ~dLj �dkPL�i þ ~dyRk ��

c
i PLdj � ~eLi �dkPLuj

� ~uLj �dkPLei � ~dyRk �e
c
i PLuj� � 1

2
�ijk½ðmej ~�i~eRj �mei ~�j~eRiÞ~eyRk þmekð~�i~eLj � ~�j~eLiÞ~eyLk� ��0

ijk½�muj
~eLi ~d

y
Rk~uRj

�mei
~uLj ~d

y
Rk~eRi þmdj ~�i

~dyRk ~dRj þmdkð~�i
~dLj � ~eLi~uLjÞ~dyLk� þ ðH:c:Þ: (2)

The projection of the chirality is given by PL � 1
2 ð1� �5Þ [and we also define PR � 1

2 ð1þ �5Þ for later use]. The RPV
scalar 3-point interactions were obtained by combining the RPV superpotential (1) with the usual Higgs-matter super-
potential. They are needed to construct the Barr-Zee type diagram with sfermion inner loop [29].

III. BARR-ZEE TYPE DIAGRAM WITH Z BOSON EXCHANGE

The RPV interactions contribute to the fermion EDM starting from the two-loop level. In this section, we will give the
formula for the Barr-Zee type diagram with Z boson exchange (see Fig. 1). The computation of this diagram is very similar
to that of the Barr-Zee type diagram with photon exchange [28,29].

The first step of the evaluation of the Barr-Zee type two-loop diagram is to construct the gauge invariant effective ~��Z
vertex with the fermion and sfermion loop diagrams, as shown in Figs. 2 and 3. This method is based on the analyses of
Refs. [12,13,22]. We will then attach this gauge invariant effective vertex to the external fermion line to obtain the EDM
operator. The amplitude of the inner fermion loop is given as

iM~��Z ¼ ��̂ijjncQfe
2�f�

�
�ðq1Þ���ðq2Þ

Z d4k

ð2�Þ4
Tr½ð6kþ 6q2 þmfjÞð1� �5Þð6k� 6q1 þmfjÞ��ð6kþmfjÞ���

½ðkþ q2Þ2 �m2
fj
�½k2 �m2

fj
�½ðk� q1Þ2 �m2

fj
�

þ X
~fj¼~fLj;~fRj

2�̂ijjncmfjQfe
2�~f�

�
�ðq1Þ���ðq2Þ

Z d4k

ð2�Þ4
� ð2k� þ q

�
1 Þð2k� � q�2Þ

½ðkþ q1Þ2 �m2
~fj
�½k2 �m2

~fj
�½ðk� q2Þ2 �m2

~fj
�

� g��

½ðkþ q1 þ q2Þ2 �m2
~fj
�½k2 �m2

~fj
�
�

¼ 2i

ð4�Þ2 mfj�̂ijjncQfe
2�f�

�
�ðq1Þ���ðq2Þ

Z 1

0
dx

½1� 2xð1� xÞ�½q�2 q�1 � ðq1 � q2Þg��� � i�����ðq1Þ�ðq2Þ�
m2

fj
� xð1� xÞq22

þ X
~fj¼~fLj;~fRj

i

ð4�Þ2 �̂ijjncmfjQfe
2�~f�

�
�ðq1Þ���ðq2Þ

Z 1

0
dx

2xð1� xÞ½q�2 q�1 � ðq1 � q2Þg���
m2

~fj
� xð1� xÞq22

þOðq21Þ; (3)
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where the last equality was given by taking the leading
order contribution of the expansion in q1. This approxima-
tion is justified since the EDM is the first order coefficient
of the multipolar expansion. Here i and j are the flavor
indices of the incident sneutrino and loop fermion f (or

loop sfermion ~f), respectively, and �̂ is the RPV coupling,

where �̂ ¼ � for inner loop charged leptons, and �̂ ¼ �0
in the case of quarks. For quark loops, the number of
colors is nc ¼ 3 (for the lepton loop, nc ¼ 1). The weak
coupling of the fermion is given by �f (f ¼ l, d), where

�l � 1
4 ð3 tan	W � cot 	WÞ � �0:065 for the coupling of

the Z boson with charged leptons, and �d � 1
12 tan	W �

1
4 cot	W � �0:42 for the coupling with down type quarks.

For the sfermion weak coupling, we have �~fL
¼ �f � �f

and �~fR
¼ �f þ �f, where �l ¼ �d ¼ 1

4 ðtan	W þ
cot	WÞ. We must note that �f is the vector coupling of

the Z boson with fermions, and that the axial vector cou-
pling (�f) does not contribute in the fermion loop. Note

also that the contribution from �f cancels when m~fLj
¼

m~fRj
in the sfermion loop.

The next step is to put the above effective ~��Z vertex
into the external fermion line to form the EDM operator.
This manipulation is again very similar to that for the
photon or gluon exchange Barr-Zee type diagram [28,29],
and is given independently of the gauge as follows:

iMZBZ ¼ iImð�̂ijj
~��
ikkÞ

ncQf�Fe�em

32�3
mfj�

�
�ðq1Þ �u
��ðq1Þ��5u

Z 1

0
dz

�
2�fI

�
m2

Z; m
2
~�i
;

m2
fj

zð1� zÞ
�

� X
~fj¼~fLj;~fRj

�~fI

�
m2

Z; m
2
~�i
;

m2
~fj

zð1� zÞ
��

� iImð�̂ijj
~��
ikkÞ

ncQf�f�Fe�em

16�3
���ðq1Þ �u
��ðq1Þ��5u �mfj

m2
~�i

ln
m2

~�i

m2
Z

; (4)

where Iða; b; cÞ is defined as

Iða; b; cÞ ¼
Z 1

0

rdr

ðrþ aÞðrþ bÞðrþ cÞ ¼
1

ðb� aÞðc� bÞða� cÞ
�
ab ln

��������
a

b

��������þbc ln

��������
b

c

��������þca ln

��������
c

a

��������
�
: (5)

FIG. 2. Fermion loop effective ~��Z vertex generated with
RPV interactions. Diagrams (a) and (b) are fermion loop dia-
grams for the two independent ordering of the photon and the Z
boson interactions.

FIG. 3. Sfermion loop effective ~��Z vertex generated with
RPV interactions. Diagrams (a) and (b) are the sfermion loop
contribution similar to diagrams (a) and (b) of Fig. 2 by replacing
the fermion by the sfermion. Diagram (c) newly appears due to
the �� Z interaction.

FIG. 1. An example of Barr-Zee type diagram with Z boson
exchange generated with RPV interactions.

R-PARITY VIOLATING SUPERSYMMETRIC BARR-ZEE . . . PHYSICAL REVIEW D 87, 115011 (2013)

115011-3



In the last approximation of Eq. (4), we have used m2
~fj
,

m2
~�i
� m2

Z � m2
fj
. We have also neglected the sfermion

loop contribution (the second term of the integrand of the
first equality) which is less than 10% compared with the

fermion loop diagram for m2
~fj
, m2

~�i
¼ OðTeVÞ. It is how-

ever important to note that the sfermion loop contribution
interferes destructively. This is due to the minus sign
brought by the fermion loop contribution [29]. Note that
the fermions fj and Fk are either down type quarks or
charged leptons. The RPV coupling is ~� ¼ � for external
charged leptons, and ~� ¼ �0 for the case of quarks.

The EDM dF is defined as follows:

LEDM ¼ � i

2
dF �c F�5


��c FF��; (6)

where F�� is the electromagnetic field strength. The fer-

mion EDM with Z boson exchange generated by RPV
interactions is then given by

dZFk
� �Imð�̂ijj

~��
ikkÞ

ncQf�f�Fe�em

16�3

mfj

m2
~�i

ln
m2

~�i

m2
Z

: (7)

Let us compare the Z boson exchange contribution with the
photon exchange process. The photon exchange contribu-
tion is given by [28]

d�Fk
� Imð�̂ijj

~��
ikkÞ

ncQ
2
fQFe�em

16�3
�mfj

m2
~�i

�
2þ ln

m2
fj

m2
~�i

�
: (8)

We remark that dZFk
and d�Fk

of Eqs. (7) and (8) have the

same sign. The loop factor (the logarithmic factor) has the

same order of magnitude, with ln
m2

~�i

m2
Z

being around one half

of�ð2þ ln
m2

fj

m2
~�i

Þ for sneutrino masses of order TeV. For the

lepton EDMwith lepton loop, lepton EDMwith quark loop
and quark EDM with lepton loop, the Z boson exchange
contribution is small compared to the photon exchange
one, since the weak charge of the lepton is small (�l ¼
�0:065). For the quark EDM with quark loop, however,
both diagrams have the same order of magnitude. This
means that an important enhancement of the RPV contribu-
tion will occur. The detailed analysis will be done in Sec. V.

IV. BARR-ZEE TYPE DIAGRAM WITH
W BOSON EXCHANGE

The computation of the Barr-Zee type diagram with W
boson exchange is similar to that of the Barr-Zee type
diagram with charged Higgs exchange, as was done in
Ref. [12]. Here we should give the detail of the derivation.

A. Inner fermion loop

As for the Z boson exchange contribution, we first derive
the gauge invariant expression for the one-loop effective
~eL�W vertex, generated by RPV interactions. The contrib-
uting diagrams are shown in Figs. 4 and 5. In our calcu-
lation, we have chosen the nonlinear R� gauge [31] which

is given by the following gauge fixing (W boson):

LW
GF ¼ � 1

�
jð@� � ieA�ÞWþ

� � i�mW�
þj2: (9)

In this gauge, the calculation becomes easy (the interaction
between Nambu-Goldstone bosons (�) and gauge bosons
cancels). The derivation of the one-loop ~eL�W amplitude
goes in a manner very similar to that of the decay of the
charged Higgs boson into theW boson and photon [16,32].

FIG. 5. Sfermion loop effective ~eL�W vertex generatedwithRPV
interactions. Diagrams (a), (b), and (d) are sfermion loop diagrams
similar to diagrams (a), (b), and (c) of Figs. 4. Diagram (c) newly
appears due to the ��W interaction. We have omitted the Nambu-
Goldstone boson exchange diagram, since it does not contribute in
the nonlinear R� gauge.

FIG. 4. Fermion loop effective ~eL�W vertex generated with
RPV interactions. Diagrams (a) and (b) are fermion loop diagrams
similar to Figs. 2(a) and 2(b). Note that for the lepton loop,
diagram (a) does not contribute, since the neutrino has no charge.
Diagram (d) is the Nambu-Goldstone boson (�) exchange
contribution, which disappears in the nonlinear R� gauge.
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The amplitude of the one-loop effective ~eL�W vertex with the fermion loop is given by

iM~e�W ¼ iMðaÞ þ iMðbÞ þ iMðcÞ; (10)

where

iMðaÞ ¼ �̂iaj

Que
2Vajffiffiffi

2
p

sin	W
nc�

�
�ðq1Þ���ðq2Þ

Z d4k

ð2�Þ4
Tr½PLð6k� 6q1 þmfua Þ��ð6kþmfua Þ��PLð6kþ 6q2 þmfdj

Þ�
½ðk� q1Þ2 �m2

fua
�½k2 �m2

fua
�½ðkþ q2Þ2 �m2

fdj
� ; (11)

iMðbÞ ¼ �̂iaj

Qde
2Vajffiffiffi

2
p

sin 	W
nc�

�
�ðq1Þ���ðq2Þ

Z d4k

ð2�Þ4
Tr½PLð6k� 6q2 þmfua Þ��PLð6kþmfdj

Þ��ð6kþ 6q1 þmfdj
Þ�

½ðk� q2Þ2 �m2
fua
�½k2 �m2

fdj
�½ðkþ q1Þ2 �m2

fdj
� ; (12)

iMðcÞ ¼ �̂iaj

e2Vajffiffiffi
2

p
sin	W

nc�
�
�ðq1Þ���ðq2Þ

Z d4k

ð2�Þ4
Tr½PLð6kþmfua Þ�0

PLð6kþ 6q1þ 6q2þmfdj
Þ�

½k2�m2
fua
�½ðkþq1þq2Þ2�m2

fdj
�

�1

ðq1þq2Þ2�m2
W

�
�
g

0 � ðq1þq2Þðq1þq2Þ0

ðq1þq2Þ2��m2
W

ð1��Þ
��

1

�
ðq1 þq


2 Þg��þg�ðq�1 þ 2q

�
2 Þþg��ðq1 �q


2 Þ�g�ð2q�1 þq�2Þ

�
;

(13)

where i, j and a denote, respectively, the flavor of the incident selectron, down type and up type quarks of the loop. The
convention for �̂ and ~� are the same as for the previous case with the Barr-Zee type diagram with Z boson exchange.
The labels fu and fd denote, respectively, the up and down type quarks for quark loop, the neutrino and charged lepton for
the lepton loop. For the quark loop, the number of colors is nc ¼ 3, and nc ¼ 1 for the lepton. Moreover, we haveQu ¼ 0
and Qd ¼ �1 for the lepton loop, and Qu ¼ 2

3 and Qd ¼ � 1
3 for the quark loop. Here Vaj is the Cabibbo-Kobayashi-

Maskawa matrix element for the quark loop contribution. For the case of lepton loops, Vaj is a simple unit matrix, as we do
not consider the flavor mixing in the lepton sector. (For the realistic case, the neutrinos have small masses m�, so the
mixing occurs. This effect is however accompanied by a mass insertion, giving a factor of m�=mSUSY, so that the mixing
contribution can be neglected.) It should be noted that the diagram (d) in Fig. 4 vanishes in the nonlinear R� gauge. The
second and third lines of Eq. (13) become

�1

q212 �m2
W

�
g

0 � q

12q

0
12

q212 � �m2
W

ð1� �Þ
��

1

�
q12g

�� þ g�ðq�1 þ 2q�2 Þ þ g��ðq1 � q2 Þ � g�ð2q�1 þ q�2Þ
�
¼ �q

0
12

q212
g��;

(14)

independently of the gauge parameter �, where q12 ¼ q1 þ q2. The calculation of the one-loop integral can be performed
by using the Passarino-Veltman one-loop tensor [33] (see the Appendix for detailed derivation). By taking the leading
gauge invariant contribution first order in q1, we obtain the following amplitude:

iM~e�W ¼ 2i�̂iaj

nce
2Vajffiffiffi

2
p

sin 	W

mfdj

ð4�Þ2 �
�
�ðq1Þ���ðq2Þ

�
2
4Qu

Z 1

0
dz

½zð1� zÞ2 � zð1� zÞ�½ðq1 � q2Þg�� � q
�
2 q

�
1� � izð1� zÞ�����ðq1Þ�ðq2Þ�

zð1� zÞq22 � ð1� zÞm2
fua
� zm2

fdj

þQd

Z 1

0
dz

½z2ð1� zÞ � z2�½ðq1 � q2Þg�� � q�2 q
�
1� � iz2�����ðq1Þ�ðq2Þ�

zð1� zÞq22 � ð1� zÞm2
fua
� zm2

fdj

3
5þOðq21Þ: (15)

Diagrams (a), (b) and (c) are each divergent, but the divergence of the total contribution cancels out, as is shown in
Eq. (A21).

The amplitude of the one-loop effective ~eL�W vertex with the sfermion loop is given by

iM0
~e�W ¼ iM0

ðaÞ þ iM0
ðbÞ þ iM0

ðcÞ þ iM0
ðdÞ; (16)

where
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iM0
ðaÞ ¼ ��̂iajVajncmfdj

Que
2ffiffiffi

2
p

sin 	W
���ðq1Þ���ðq2Þ

Z d4k

ð2�Þ4
ð2k� � q�1 Þð2k� þ q�2Þ

½ðk� q1Þ2 �m2
~fuLj
�½k2 �m2

~fuLj
�½ðkþ q2Þ2 �m2

~fdLj
� ; (17)

iM0
ðbÞ ¼ ��̂iajVajncmfdj

Qde
2ffiffiffi

2
p

sin 	W
���ðq1Þ���ðq2Þ

Z d4k

ð2�Þ4
ð2k� þ q

�
1 Þð2k� � q�2Þ

½ðkþ q1Þ2 �m2
~fdLj
�½k2 �m2

~fdLj
�½ðk� q2Þ2 �m2

~fuLj
� ; (18)

iM0
ðcÞ ¼ �̂iajVajncmfdj

ðQu þQdÞe2ffiffiffi
2

p
sin 	W

���ðq1Þ���ðq2Þ
Z d4k

ð2�Þ4
g��

½ðkþ q1 þ q2Þ2 �m2
~fdLj
�½k2 �m2

~fuLj
� ; (19)

iM0
ðdÞ ¼ �̂iajVajncmfdj

e2ffiffiffi
2

p
sin 	W

���ðq1Þ���ðq2Þ
Z d4k

ð2�Þ4
2k

0 þ q
0

1 þ q
0

2

½ðkþ q1 þ q2Þ2 �m2
~fdLj
�½k2 �m2

~fuLj
� �

ðq1 þ q2Þ0

ðq1 þ q2Þ2
g��: (20)

Here we have again used Eq. (14) for the W boson propagator of Eq. (20). We obtain then the following amplitude:

iM0
~e�W ¼�2i�̂iaj

nce
2Vajffiffiffi

2
p

sin	W

mfdj

ð4�Þ2 �
�
�ðq1Þ���ðq2Þ

Z 1

0
dx

Quxð1� xÞ2 þQdx
2ð1� xÞ

xð1� xÞq22 � ð1� xÞm2
~fuLa

� xm2
~fdLj

½ðq1 � q2Þg�� � q
�
2 q

�
1� þOðq21Þ;

(21)

where we have written only terms contributing to the EDM.

B. Second loop

The Barr-Zee type EDM with W exchange can be constructed by attaching the effective one-loop level ~eL�W vertices
generated by the fermion loop iM~e�W (15) and by the sfermion loop iM0

~e�W (21) into the second loop as shown in Fig. 6.

The RPV Barr-Zee type contribution with W boson exchange and the fermion loop is given by

iMWBZ¼ �̂iaj
~��
ibk

nce
3VajVbk

sin2	W

mfdj

ð4�Þ2�
�
�ðq1Þ

Z d4k0

ð2�Þ4
�uðp�q1Þ��ð6p�6q1�6k0ÞPRuðpÞ

½k02�m2
W�½ðk0 �pþq1Þ2�m2

Fu
b
�½ðk0þq1Þ2�m2

~eLi
�

�
Z 1

0
dz

Quð1�zÞþQdz

zð1�zÞk02�ð1�zÞm2
fua
�zm2

fdj

fzð1�zÞ½ðq1 �k0Þg���k0�q�1��z½ðq1 �k0Þg���k0�q�1

þ i�����ðq1Þ�k0��g� �̂�
iaj

~�ibk

nce
3VajVbk

sin2	W

mfdj

ð4�Þ2�
�
�ðq1Þ

�
Z d4k0

ð2�Þ4
�uðp�q1Þð6p�6q1�6k0Þ��PLuðpÞ

½ðk0 þq1Þ2�m2
W�½ðk0 �pþq1Þ2�m2

Fu
b
�½k02�m2

~eLi
�
Z 1

0
dz

Quð1�zÞþQdz

zð1�zÞk02�ð1�zÞm2
fua
�zm2

fdj

�fzð1�zÞ½ðq1 �k0Þg���k0�q�1��z½ðq1 �k0Þg���k0�q�1� i�����ðq1Þ�k0��g

¼ iImð�̂iaj
~��
ibkÞ

nce�emVajVbkmfdj

128�3sin2	W
���ðq1Þ �u
��ðq1Þ��5u

Z 1

0
dz½Quð1�zÞþQdz�I

�
m2

W;m
2
~eLi
;
m2

fua

z
þ

m2
fdj

1�z

�
þOðq21Þ;

(22)

where we have omitted terms proportional to Reð�̂iaj
~��
ibkÞ, and we have used the formula of Eq. (5). We remark that the

second term in the curly brackets �z½ðq1 � k0Þg�� � k0�q�1 þ i�����ðq1Þ�k0�� in the z integration vanishes. This cancella-
tion is reminiscent of the one that we encountered for the RPV Barr-Zee type EDM with the exchange of photons and
gluons [28]. Similarly, the sfermion loop contribution is given by

iM0
WBZ ¼ �iImð�̂iaj

~��
ibkÞ

nce�emVajVbkmfdj

128�3sin 2	W
���ðq1Þ �u
��ðq1Þ��5u

Z 1

0
dz½Quð1� zÞ þQdz�I

�
m2

W;m
2
~eLi
;
m2

~fua

z
þ

m2
~fdj

1� z

�

þOðq21Þ: (23)
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As for the photon [29] and the Z boson exchange contri-
butions, we find that the sfermion loop process interferes
destructively with the Barr-Zee type diagram with fermion
loop.

We thus obtain the next formula for the EDM with W
boson exchange:

dW
Fd
k

¼�Imð�̂iaj
~��
ibkÞ

nce�emVajVbkmfdj

128�3sin2	W

�
Z 1

0
dzðQuð1�zÞþQdzÞ

2
4I
0
@m2

W;m
2
~eLi
;
m2

fua

z
þ

m2
fdj

1�z

1
A

�I

0
@m2

W;m
2
~eLi
;
m2

~fua

z
þ

m2
~fdj

1�z

1
A
3
5: (24)

We treat first the case where there is no top quark in the
loop. In this case, the masses of quarks and leptons can be
neglected since m2

fua
, m2

fdj
	 m2

W , m
2
~eLi
. The EDM is then

given by

dW
Fd
k

� �Imð�̂iaj
~��
ibkÞ

sfe�emVajVbk

256�3sin 2	W

mfdj

m2
~eLi

ln
m2

~eLi

m2
W

; (25)

where we have assumed that m2
~eLi

� m2
W . Here sf ¼

ncðQu þQdÞ ¼ þ1 for inner quark loop and sf ¼ �1

for lepton loop. We have verified numerically that the
above approximation works well when top quark is absent
in the loop. In this formula, we have also neglected the
sfermion loop contribution, since its effect is less than 10%
for sparticle masses of order Oð1 TeVÞ.

For the case where the top quark is present in the loop,
the mass m2

fua
cannot be neglected (m2

fdj
	 m2

W , m
2
t , m

2
~eLi
).

The integral of the fermion loop contribution of Eq. (24)
can be performed analytically, and the inner fermion loop
contribution to the EDM is given as

dW
Fd
k

ðfÞ � �Imð�0
iaj

~��
ibkÞ

e�emVajVbk

128�3sin 2	W

mfdj

m2
W �m2

~eLi

�
��

3

z2W
� 2

zW

��
Li2ð1� zWÞ � �2

6

�

þ 3

zW
ð1� ln ðzWÞÞ þ 1

2
ln ðzWÞ � ðzW $ z~eÞ

�
;

(26)

where zW � m2
W=m

2
t and z~e � m2

~eLi
=m2

t , and Li2ðzÞ is the
dilogarithm function (for the calculation of the dilogarithm
function, we have used the computational code of
Ref. [34]). The integral with top quark in the loop is of
course smaller than the case without it. For m~eLi ¼ 1 TeV,

the loop integral with top quarks becomes about 30% of
that without top quarks. We must note that the sfermion
loop contribution is not small in this case. Numerically, the

integral of the sfermion loop is larger than 20% of the top
loop contribution, for Oð1 TeVÞ sparticle masses.

V. ANALYSIS

A. Constraints on Imð�̂ijj
~��
ikkÞ

Let us first discuss the case where no change of genera-
tion occurs in the inner fermion/sfermion loop and external
fermion line (i.e., a ¼ j and b ¼ k). This contribution
interferes with the Barr-Zee type process with photon or
gluon exchange, previously investigated in Refs. [9,21–
23,27–29]. This part is thus an extension of these analyses.
In this analysis, we assume that all sparticle masses are
equal to 1 TeV [35]. We do not elaborate the details of
sparticle mass dependences, although experimental data
constraining sparticle masses are accumulating.
The first case to treat is the lepton EDM with inner

lepton/slepton loop, where the combinations of RPV cou-
plings Imð�311�

�
322Þ and Imð�211�

�
233Þ are involved. This

contribution can be constrained by the current experimen-
tal data of the electron EDM given by the YbF molecule
experiment [5]:

jdej< 1:05� 10�27 e cm: (27)

The Barr-Zee type lepton EDM with lepton/slepton loop
receives negligible contribution from the Z boson ex-
change diagram, since the charged leptons have small
coupling with the Z boson (�e � �0:065). The W boson
exchange effect is also small compared to the photon
exchange one by about 1 order of magnitude. We must
also note that the sign of the W boson exchange Barr-Zee
type EDM is the same as the photon exchange EDM. The
photon exchange contribution thus dominates, as was
claimed in previous works. The upper limit to the combi-
nations of RPV couplings is shown in Table I. To our best
knowledge, the experimental data of the electron EDM
given by the YbF molecule experiment give the tightest
limits.
The second case to discuss is the lepton EDM with inner

quark/squark loop. In this case also, the Barr-Zee type
diagram with Z boson exchange is small, due to the small

FIG. 6. Barr-Zee type contribution to the fermion EDM with
W boson exchange generated from RPV interactions. The dia-
gram on the left side involves the complex conjugated combi-
nation of RPV couplings. Fu and Fd denote, respectively, the up
and down type quarks for quark EDM, the neutrino and charged
lepton for lepton EDM.
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weak coupling. Numerically, it is smaller than 5%, with the
same sign as the photon exchange EDM. The W boson
exchange contribution is however not negligible. This is
because the photon exchange EDM receives a suppression
by the fractional charge. For the strange quark/squark
loop contribution, the ratio is dWe =d

�
e � 0:22. Moreover

d�e and dWe have opposite sign. This means that the total
EDM contribution becomes significantly small. By using
the experimental data of Eq. (27), it is possible to constrain
the combinations of RPV couplings Imð�i11�

0�
i11Þ

(i ¼ 2, 3), Imð�i11�
0�
i22Þ (i ¼ 1, 3) and Imð�i11�

0�
i33Þ

(i ¼ 1, 2). For these RPV bilinears, there already exist
stronger constraints, given by the experimental data of
the 199Hg atom [4] via P, CP-odd electron-nucleon inter-
action [23,36,37]. It is not possible to give new upper limits
on the corresponding RPV interactions with a Barr-Zee
type process.

The third case to consider is the quark EDMwith lepton/
slepton inner loop. The Z boson exchange contribution has
a small contribution for the same reason as the previous
case (numerically, less than 5%). The W boson exchange
EDM is however sizable, with about 23% of the photon
exchange contribution for the � loop contribution, and
35% for the � loop contribution. The quark EDM with
lepton/slepton loop has the same sign as the photon
exchange Barr-Zee diagram, so dW and d� interfere con-
structively. We obtain thus tighter limits for the RPV
couplings. By using the current experimental data of the
neutron EDM [2]

jdnj< 2:9� 10�26 e cm; (28)

and the relation between the neutron and quark EDMs
calculated with the QCD sum rules [38,39]

dn ¼ 0:47dd � 0:12du þ eð0:35dcd þ 0:17dcuÞ; (29)

the combinations of RPV couplings Imð�i22�
0�
i11Þ (i ¼ 1, 3)

and Imð�i33�
0�
i11Þ (i ¼ 1, 2) can be constrained. The result is

given in Table I. In this case we could give a new upper
limit on Imð�i33�

0�
i11Þ (i ¼ 1, 2).

The final case to consider is the quark EDM with inner
quark/squark loop. In this case both Z and W boson ex-
change contributions are sizable compared with the photon
exchange one. The first reason is that the photon exchange

TABLE I. Upper bounds to the RPV couplings given by the
current EDM experimental data of the electron and neutron, with
the sparticle mass set to mSUSY ¼ 1 TeV. For comparison, we
have also written the limits provided only by the photon ex-
change Barr-Zee type contribution. Limits given by other experi-
ments [9,30] are also shown (i ¼ 1, 2, 3).

RPV couplings This work d� only Other experiments

jImð��
311�322Þj 2:0� 10�3 2:1� 10�3 0.15

jImð��
211�233Þj 1:8� 10�4 1:9� 10�4 0.25

jImð��
211�

0
211Þj 1:2� 10�1 1:0� 10�1 7:9� 10�8

jImð��
311�

0
311Þj 1:2� 10�1 1:0� 10�1 7:9� 10�8

jImð��
211�

0
222Þj 8:7� 10�3 6:7� 10�3 3:6� 10�6

jImð��
311�

0
322Þj 8:7� 10�3 6:7� 10�3 3:6� 10�6

jImð��
211�

0
233Þj 3:4� 10�4 2:9� 10�4 1:8� 10�4

jImð��
311�

0
333Þj 3:4� 10�4 2:9� 10�4 1:8� 10�4

jImð��
122�

0
111Þj 3:1� 10�1 3:7� 10�1 4:4� 10�2

jImð��
322�

0
311Þj 3:1� 10�1 3:7� 10�1 6:0� 10�3

jImð��
133�

0
111Þj 2:6� 10�2 3:4� 10�2 2:6� 10�2

jImð��
233�

0
211Þj 2:6� 10�2 3:4� 10�2 2:9� 10�2

jImð�0�
i11�

0
i22Þj 1.4 1.2 3:1� 10�4

jImð�0�
i11�

0
i33Þj 3:4� 10�2 5:1� 10�2 1:1� 10�5

TABLE II. Upper bounds to the RPV couplings given by the
current EDM experimental data with sparticle masses mSUSY ¼
1 TeV. Limits from other experiments [9,30] are also shown.

RPV couplings

Limits given by

this analysis

Other

experiments

jImð��
211�

0
221Þj 2.6 (e EDM [5]) 2:0� 10�5

jImð��
311�

0
321Þj 2.6 (e EDM [5]) 2:0� 10�5

jImð��
211�

0
231Þj 260 (e EDM [5]) 8:2� 10�4

jImð��
311�

0
331Þj 260 (e EDM [5]) 8:2� 10�4

jImð��
211�

0
212Þj 0.13 (e EDM [5]) 3:3� 10�3

jImð��
311�

0
312Þj 0.13 (e EDM [5]) 3:3� 10�3

jImð��
211�

0
232Þj 2.7 (e EDM [5]) 2:9� 10�2

jImð��
311�

0
332Þj 2.7 (e EDM [5]) 2:9� 10�2

jImð��
211�

0
213Þj 0.19 (e EDM [5]) 2:9� 10�2

jImð��
311�

0
313Þj 0.19 (e EDM [5]) 1:7� 10�2

jImð��
211�

0
223Þj 1:6� 10�2 (e EDM [5]) 2:9� 10�2

jImð��
311�

0
323Þj 1:6� 10�2 (e EDM [5]) 1:7� 10�2

jImð��
122�

0
121Þj 7.0 (n EDM [2]) 2:9� 10�2

jImð��
322�

0
321Þj 7.0 (n EDM [2]) 2:9� 10�2

jImð��
122�

0
131Þj 180 (n EDM [2]) 0.70

jImð��
322�

0
331Þj 180 (n EDM [2]) 0.70

jImð��
133�

0
121Þj 0.42 (n EDM [2]) 1:7� 10�2

jImð��
233�

0
221Þj 0.42 (n EDM [2]) 2:9� 10�2

jImð��
133�

0
131Þj 11 (n EDM [2]) 0.42

jImð��
233�

0
231Þj 11 (n EDM [2]) 0.70

jImð�0�
i11�

0
i12Þj (i ¼ 1, 2, 3) 7.5 (n EDM [2]) 7:3� 10�4

jImð�0�
j11�

0
j32Þj (j ¼ 1, 2) 160 (n EDM [2]) 8:0� 10�2

jImð�0�
311�

0
332Þj 160 (n EDM [2]) 1:4� 10�2

jImð�0�
121�

0
112Þj 33 (n EDM [2]) 4:0� 10�4

jImð�0�
k21�

0
k12Þj (k ¼ 2, 3) 33 (n EDM [2]) 3:2� 10�3

jImð�0�
i21�

0
i22Þj (i¼1, 2, 3) 7.6 (n EDM [2]) 7:3� 10�4

jImð�0�
i21�

0
i32Þj (i ¼ 1, 2, 3) 700 (n EDM [2]) 8:0� 10�2

jImð�0�
i31�

0
i12Þj (i ¼ 1, 2, 3) 850 (n EDM [2]) 8:0� 10�2

jImð�0�
i31�

0
i22Þj (i ¼ 1, 2, 3) 200 (n EDM [2]) 8:0� 10�2

jImð�0�
i31�

0
i32Þj (i¼1, 2, 3) 1:8� 104 (n EDM [2]) 7:3� 10�4

jImð�0�
i11�

0
i13Þj (i ¼ 1, 2, 3) 12 (n EDM [2]) 3:2� 10�3

jImð�0�
i11�

0
i23Þj (i ¼ 1, 2, 3) 0.99 (n EDM [2]) 3:2� 10�3

jImð�0�
i21�

0
i13Þj (i ¼ 1, 2, 3) 50 (n EDM [2]) 3:2� 10�3

jImð�0�
i21�

0
i23Þj (i ¼ 1, 2, 3) 4.3 (n EDM [2]) 3:2� 10�3

jImð�0�
121�

0
133Þj 0.67 (n EDM [2]) 2:0� 10�4

jImð�0�
k21�

0
k33Þj (k ¼ 2, 3) 0.67 (n EDM [2]) 8:0� 10�2

jImð�0�
131�

0
113Þj 1:3� 103 (n EDM [2]) 1:7� 10�5

jImð�0�
k31�

0
k13Þj (k ¼ 2, 3) 1:3� 103 (n EDM [2]) 8:0� 10�2

jImð�0�
i31�

0
i23Þj (i ¼ 1, 2, 3) 110 (n EDM [2]) 8:0� 10�2

jImð�0�
131�

0
133Þj 18 (n EDM [2]) 4:9� 10�3

jImð�0�
k31�

0
k33Þj (k ¼ 2, 3) 18 (n EDM [2]) 2.0
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EDM receives a double suppression from the fractional
charge of the down type quark. For the Z boson exchange
process, the suppression due to the small weak coupling
between Z and charged lepton/slepton is absent so that dZ

and d� have similar size. The sign between them is the
same and the interference is constructive. For theW boson,
the contribution is around 65% of the photon exchange
EDM for the strange loop, and 33% for the bottom loop.
Wemust note that the Barr-Zee type diagram withW boson
and inner quark/squark loop acts destructively against the
rest. The RPV interactions contributing to the quark EDM
with quark/squark loop can be constrained by the neutron
EDM experimental data. These RPV interactions are, how-
ever, already strongly constrained by the experimental data
of the 199Hg atom [4] via chromo-EDM and P, CP-odd
4-quark interactions [36,38,40]. It is not possible to give
new upper limits on the corresponding RPV interactions
with Barr-Zee type process.

B. Constraints on Imð�̂iaj
~��
ibkÞ

The Barr-Zee type diagram with W boson exchange
provides also possibilities to constrain new combinations
of RPV couplings through the generation change of the
Cabibbo-Kobayashi-Maskawa matrix. From the EDM ex-
perimental data (27) and (28) (with the relation (29)), we
obtain upper limits on the imaginary parts of RPV cou-
plings shown in Table II.

We see that the experimental data of the electron
EDM give new upper limits on jImð��

211�
0
223Þj and

jImð��
311�

0
323Þj. These upper bounds could be obtained

thanks to the enhancement due to the large bottom quark
mass in the inner loop. Other limits on RPV couplings

given by this analysis are weaker than those obtained by
other experiments, but we remark that many bounds on
RPV couplings are not so different. The progress on neu-
tron and atomic/molecular EDMs are very promising, and
many combinations of RPV couplings are in the reach of
the next generation experiments. The Barr-Zee type EDM
with W boson exchange thus provides a very wide acces-
sibility to the CP violation of the RPV sector.

VI. CONCLUSION

In conclusion we have discussed additional contribu-
tions to the fermion EDM in the RPV supersymmetric
models. We have calculated the contribution of the two-
loop level Barr-Zee type diagram with W and Z boson
exchange. We have then found that these contributions are
not negligible in many situations, contrary to the claim in
Ref. [22]. In particular, the quark EDM with lepton inner
loop was enhanced with the W boson exchange diagram
and we have done a significant update of the upper limits to
the RPV couplings as jImð��

j33�
0
j11Þj< 2:6� 10�2 (j¼1,

2). We have also found that many additional RPV contri-
butions generated by the flavor change due to theW boson
exchange exist, with many combinations of RPV cou-
plings. In this case it was also possible to give a new
constraint on RPV couplings as jImð��

j11�
0
j23Þj< 1:6�

10�2 (j ¼ 2, 3). Moreover, many RPV couplings can
potentially be constrained by near future EDM experi-
ments, since the upper limits given by this analysis and
those from other experiments have close values. TheW and
Z boson exchange contribution thus provides a very wide
possibility to approach the CP violation of the RPV sector.

APPENDIX: PASSARINO-VELTMAN ONE-LOOP INTEGRAL AND THE ~eL�W AMPLITUDE

For the calculation of the one-loop ~eLi�W process [Eqs. (11)–(13)], it is convenient to use the formalism of the
Passarino-Veltman one-loop integral [33].

Let us define the one-loop tensor as

B0ðp2
1; m

2
0; m

2
1Þ �

ð2��Þ�
i�2

Z
ddk

1

½k2 �m2
0�½ðkþ p1Þ2 �m2

1�
; (A1)

B�ðp2
1; m

2
0; m

2
1Þ �

ð2��Þ�
i�2

Z
ddk

k�

½k2 �m2
0�½ðkþ p1Þ2 �m2

1�
; (A2)

C0ðp2
1; ðp1 � p2Þ2; p2

2; m
2
0; m

2
1; m

2
2Þ �

ð2��Þ�
i�2

Z
ddk

1

½k2 �m2
0�½ðkþ p1Þ2 �m2

1�½ðkþ p2Þ2 �m2
2�
; (A3)

C�ðp2
1; ðp1 � p2Þ2; p2

2; m
2
0; m

2
1; m

2
2Þ �

ð2��Þ�
i�2

Z
ddk

k�

½k2 �m2
0�½ðkþ p1Þ2 �m2

1�½ðkþ p2Þ2 �m2
2�
; (A4)

C��ðp2
1; ðp1 � p2Þ2; p2

2; m
2
0; m

2
1; m

2
2Þ �

ð2��Þ�
i�2

Z
ddk

k�k�

½k2 �m2
0�½ðkþ p1Þ2 �m2

1�½ðkþ p2Þ2 �m2
2�
; (A5)
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where d ¼ 4� � is the space-time dimension shifted by �. Because of the Lorentz covariance, B�, C� and C�� can be
decomposed as follows:

B� ¼ B1p
�
1 ; (A6)

C� ¼ C1p
�
1 þ C2p

�
2 ; (A7)

C�� ¼ C00g
�� þ C11p

�
1 p

�
1 þ C12ðp�

1 p
�
2 þ p

�
2 p

�
1Þ þ C22p

�
2 p

�
2 ; (A8)

where the arguments of the loop functions were omitted. The loop functions B0, B1, C0, C00, C11, C12 and C22 can be
explicitly calculated, but they satisfy also many useful relations. Note also that B0, B1 and C00 are divergent. By
contracting C� with external momenta p

�
1 or p

�
2 , we obtain

C�p
�
1 ¼ 1

2
B0ðp2

2; m
2
0; m

2
2Þ �

1

2
B0ððp1 � p2Þ2; m2

1; m
2
2Þ �

1

2
½p2

1 �m2
1 þm2

0�C0;

C�p
�
2 ¼ 1

2
B0ðp2

1; m
2
0; m

2
1Þ �

1

2
B0ððp1 � p2Þ2; m2

1; m
2
2Þ �

1

2
½p2

2 �m2
2 þm2

0�C0:
(A9)

Here we have omitted the arguments for C0 which are implicitly the same as those of Eq. (A3).
Similarly, we obtain also additional relations by contracting C�� with two external momenta:

dC00 þ C11p
2
1 þ 2C12ðp1 � p2Þ þ C22p

2
2 ¼ B0ððp2 � p1Þ2; m2

1; m
2
2Þ þm2

0C0; (A10)

C00 þ C11p
2
1 þ C12ðp1 � p2Þ ¼ 1

2
B1ððp2 � p1Þ2; m2

1; m
2
2Þ þ

1

2
B0ððp2 � p1Þ2; m2

1; m
2
2Þ �

1

2
½p2

1 �m2
1 þm2

0�C1; (A11)

C12p
2
1 þ C22ðp1 � p2Þ ¼ 1

2
B1ðp2

2; m
2
0; m

2
2Þ �

1

2
B1ððp2 � p1Þ2; m2

1; m
2
2Þ �

1

2
½p2

1 �m2
1 þm2

0�C2; (A12)

C11ðp1 � p2Þ þC12p
2
2 ¼

1

2
B1ðp2

1;m
2
0;m

2
1Þ þ

1

2
B1ððp2 � p1Þ2;m2

1;m
2
2Þ þ

1

2
B0ððp2 � p1Þ2;m2

1;m
2
2Þ �

1

2
½p2

2 �m2
2 þm2

0�C1;

(A13)

C00 þ C12ðp1 � p2Þ þ C22p
2
2 ¼ � 1

2
B1ððp2 � p1Þ2; m2

1; m
2
2Þ �

1

2
½p2

2 �m2
2 þm2

0�C2; (A14)

where again arguments for C functions were omitted. Applying all these relations to Eq. (11), we obtain

iMðaÞ ¼
2imfdj

ð4�Þ2 �̂iaj

Que
2Vajffiffiffi

2
p

sin	W
nc�

�
�ðq1Þ���ðq2Þf½ððq1 � q2Þg�� � q�2 q

�
1Þð2C12 þ C2Þ

þ i�����ðq1Þ�ðq2Þ�C2�ðq21; ðq1 þ q2Þ2; q22; m2
fuj
; m2

fuj
; m2

fdj
Þ þ B1ððq1 þ q2Þ2; m2

fuj
; m2

fdj
Þg��g: (A15)

Note that the expression in parentheses (q21, ðq1 þ q2Þ2, q22, m2
fuj
, m2

fuj
, m2

fdj
) denotes the common arguments for the loop

functions C12 and C2. For Eqs. (12) and (13), we obtain similarly

iMðbÞ ¼
2imfdj

ð4�Þ2 �̂iaj

Qde
2Vajffiffiffi

2
p

sin 	W
nc�

�
�ðq1Þ���ðq2Þf½ððq1 � q2Þg�� � q�2 q

�
1Þð2C12 � C2 � C0Þ

� i�����ðq1Þ�ðq2Þ�ðC2 þ C0Þ�ðq21; ðq1 þ q2Þ2; q22; m2
fdj
; m2

fdj
; m2

fuj
Þ þ ½B1ððq1 þ q2Þ2; m2

fdj
; m2

fuj
Þ

þ B0ððq1 þ q2Þ2; m2
fdj
; m2

fuj
Þ�g��g; (A16)

iMðcÞ ¼
2imfdj

ð4�Þ2 �̂iaj

�e2Vajffiffiffi
2

p
sin	W

nc�
�
�ðq1Þ���ðq2Þg��B1ððq1 þ q2Þ2; m2

fuj
; m2

fdj
Þ: (A17)
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We should note that the arguments of the C loop functions for iMðbÞ differ from those for iMðaÞ.
We should now show that terms with B functions cancel each other for iMðaÞ þ iMðbÞ þ iMðcÞ. The loop functions B0

and B1 can be directly calculated using Feynman parameters as

B0ðq2; m2
0; m

2
1Þ ¼

�
2

�
� �þ ln ð4�Þ

�
�

Z 1

0
dx ln

��xð1� xÞq2 þ ð1� xÞm2
0 þ xm2

1

�2

�
; (A18)

B1ðq2; m2
0; m

2
1Þ ¼ � 1

2

�
2

�
� �þ ln ð4�Þ

�
þ

Z 1

0
dxx ln

��xð1� xÞq2 þ ð1� xÞm2
0 þ xm2

1

�2

�
; (A19)

where � is the Euler constant and � the mass scale peculiar in the dimensional regularization. By noting that

B0ðq2; m2
0; m

2
1Þ þ B1ðq2; m2

0; m
2
1Þ ¼

1

2

�
2

�
� �þ ln ð4�Þ

�
�

Z 1

0
dxð1� xÞ ln

��xð1� xÞq2 þ ð1� xÞm2
0 þ xm2

1

�2

�

¼ 1

2

�
2

�
� �þ ln ð4�Þ

�
�

Z 1

0
dxx ln

��xð1� xÞq2 þ ð1� xÞm2
1 þ xm2

0

�2

�

¼ �B1ðq2; m2
1; m

2
0Þ; (A20)

the sum of the B functions for iMðaÞ þ iMðbÞ þ iMðcÞ becomes

QuB1ððq1 þ q2Þ2; m2
fuj
; m2

fdj
Þ þQd½B1ððq1 þ q2Þ2; m2

fdj
; m2

fuj
Þ þ B0ððq1 þ q2Þ2; m2

fdj
; m2

fuj
Þ� � B1ððq1 þ q2Þ2; m2

fuj
; m2

fdj
Þ

¼ ðQu �Qd � 1ÞB1ððq1 þ q2Þ2; m2
fuj
; m2

fdj
Þ ¼ 0: (A21)

We see that the divergence cancels. The evaluation of the remaining C functions can also be done by direct calculation of
the integrals:

C12ðq21; ðq1 þ q2Þ2; q22; m2
fuj
; m2

fuj
; m2

fdj
Þ ¼

Z 1

0
dz

Z 1�z

0
dx

xz

xð1� xÞq21 þ zð1� zÞq22 þ 2xzðq1 � q2Þ � ð1� zÞm2
fuj
� zm2

fdj

;

(A22)

C2ðq21; ðq1 þ q2Þ2; q22; m2
fuj
; m2

fuj
; m2

fdj
Þ ¼

Z 1

0
dz

Z 1�z

0
dx

�z

xð1� xÞq21 þ zð1� zÞq22 þ 2xzðq1 � q2Þ � ð1� zÞm2
fuj
� zm2

fdj

;

(A23)

C12ðq21; ðq1 þ q2Þ2; q22; m2
fdj
; m2

fdj
; m2

fuj
Þ ¼

Z 1

0
dz

Z 1�z

0
dx

xz

xð1� xÞq21 þ zð1� zÞq22 þ 2xzðq1 � q2Þ � ð1� zÞm2
fdj
� zm2

fuj

;

(A24)

C2ðq21; ðq1 þ q2Þ2; q22; m2
fdj
; m2

fdj
; m2

fuj
Þ ¼

Z 1

0
dz

Z 1�z

0
dx

�z

xð1� xÞq21 þ zð1� zÞq22 þ 2xzðq1 � q2Þ � ð1� zÞm2
fdj
� zm2

fuj

;

(A25)

C0ðq21; ðq1 þ q2Þ2; q22; m2
fdj
; m2

fdj
; m2

fuj
Þ ¼

Z 1

0
dz

Z 1�z

0
dx

1

xð1� xÞq21 þ zð1� zÞq22 þ 2xzðq1 � q2Þ � ð1� zÞm2
fdj
� zm2

fuj

:

(A26)

By applying the above formulas to Eqs. (A15) and (A16), taking the first order approximation in q1, and integrating by x,
we obtain Eq. (15).
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