arXiv:1212.6833v2 [hep-ph] 11 Jun 2013

R-parity violating supersymmetric Barr-Zee type contributions to the fermion electric dipole moment with weak gauge boson exchange

Nodoka Yamanaka Research Center for Nuclear Physics, Osaka University, Ibaraki, Osaka 567-0047, Japan

Toru Sato and Takahiro Kubota Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan (Dated: June 12, 2013)

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 of W 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.

PACS numbers: 12.60.Jv, 11.30.Er, 13.40.Em, 14.80.Ly

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 therefore 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 (d_n < 2.9 × 10^{−26}e cm) [2], the^{205}Tl (d_{Tl} < 9 × 10^{−25}e cm) [3] and the^{199}Hg atoms (d_{Hg} < 3.1 × 10^{−29}e cm) [4], the Ytterbium fluoride (YbF) molecule (which gives bound on the electron EDM: d_e < 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 interactions, so we must impose the conservation of R-parity [R = (−1)^{3B−L+2s}] to forbid them. This assumption is, however, completely ad hoc, so the R-parity violating (RPV) interactions have to be investigated phenomenologically. Until now, many RPV interactions were constrained by high energy experiments, low energy precision tests, and cosmological 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 = −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 field H_d and sneutrinos are not given VEV. It has also been made clear in [24] that in the absence of bilinear RPV terms the leading contributions 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 with W 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 SU(2)_L 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 naïve analogy no longer works. Moreover, the RPV Barr-Zee type diagram with W boson exchange changes the flavors 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 with W and Z boson exchange within R-parity violation, and to update the constraints on the RPV interactions provided by the current experimental data of the EDMs of the YbF molecule, the neutron and the^{199}Hg atom.

This paper is organized as follows. We first present the RPV interaction in the next section. We then present and formulate in Section III the two-loop level Barr-Zee type diagram with Z boson exchange. In Section 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 Section V, we analyze the limits provided by the current experimental data of the YbF molecule, the neutron and the^{199}Hg 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_{R/} = 1 2 λ_{ijk} ϵ_{ab}L^a_i L^b_j (E^c)_k + λ^′_{ijk} ϵ_{ab}L^a_i Q^b_j (D^c)_k + 1 2 λ^{′′}_{ijk} (U^c)_i(D^c)_j (D^c)_k , (1)

with i, j, k = 1, 2, 3 indicating the generation, a, b = 1, 2 the SU(2)_L indices. The SU(3)_c indices have been omitted. L and E^c denote the lepton doublet and singlet left-chiral superfields. Q, U^c and D^c denote respectively the quark doublet, up quark singlet and down quark singlet left-chiral superfields. As mentioned in Section I the bilinear terms have been omitted legitimately in our discussion. We also neglected the soft breaking terms in the RPV sector. Also baryon number violating RPV interactions (λ^{′′}_{ijk} ) will be omitted from now, to avoid rapid proton decay. This RPV superpotential gives the following lepton number violating Yukawa interactions: L_{R/} = − 1 2 λ_{ijk} [ ν̃_iē_kP_Le_j + ẽ_{Lj}ē_kP_Lν_i + ẽ^†_{Rk}ν̄^c_i P_Le_j −(i ↔ j) ]

−λ^′_{ijk} [ ν̃_id̄_kP_Ld_j + d̃_{Lj}d̄_kP_Lν_i + d̃^†_{Rk}ν̄^c_i P_Ld_j −ẽ_{Li}d̄_kP_Lu_j − ũ_{Lj}d̄_kP_Le_i − d̃^†_{Rk}ē^c_i P_Lu_j ]

− 1 2 λ_{ijk} [ (m_{ej} ν̃_i ẽ_{Rj} − m_{ei}ν̃_j ẽ_{Ri}) ẽ^†_{Rk} +m_{ek} (ν̃_i ẽ_{Lj} − ν̃_j ẽ_{Li}) ẽ^†_{Lk} ]

−λ^′_{ijk} [ −m_{uj} ẽ_{Li}d̃^†_{Rk}ũ_{Rj} − m_{ei}ũ_{Lj}d̃^†_{Rk}ẽ_{Ri} +m_{dj} ν̃_i d̃^†_{Rk}d̃_{Rj} + m_{dk} (ν̃_i d̃_{Lj} − ẽ_{Li} ũ_{Lj} ) d̃^†_{Lk} ] +(H.c.) . (2)

The projection of the chirality is given by P_L ≡^1_2 (1−γ_5) [and we also define P_R ≡^1_2 (1 + γ_5) for later use]. The RPV scalar 3-point interactions were obtained by combining the RPV superpotential (1) with the usual Higgsmatter superpotential. 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

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

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 ν̃γZ vertex with the fermion and sfermion loop diagrams, as shown in Figs. 2 and 3. This method

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

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

FIG. 3. Sfermion loop effective ν̃γZ 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 γ − Z interaction.

iM_{ν̃γZ} = −λ̂_{ijj} n_cQ_f e^2α_f ϵ^∗_μ(q_1)ϵ^∗_ν (q_2) ∫ d^4k (2π)^4 Tr [ (k/ + q/_2 + m_{fj} )(1 − γ_5)(k/ − q/_1 + m_{fj} )γ^μ(k/ + m_{fj} )γ^ν ] [ (k + q_2)^2 − m^2_{fj} ] [ k^2 − m^2_{fj} ] [ (k − q_1)^2 − m^2_{fj} ]

+ ∑ f̃_j =f̃_{Lj} ,f̃_{Rj} 2λ̂_{ijj} n_cm_{fj} Q_f e^2α_{f̃} ϵ^∗_μ(q_1)ϵ^∗_ν (q_2) ∫ d^4k (2π)^4

(2k^μ + q^μ_1 )(2k^ν − q^ν_2 ) [ (k + q_1)^2 − m^2_{f̃j} ] [ k^2 − m^2_{f̃j} ] [ (k − q_2)^2 − m^2_{f̃j} ]

− g^{μν} [ (k + q_1 + q_2)^2 − m^2_{f̃j} ] [ k^2 − m^2_{f̃j} ]

= 2i (4π)^2 m_{fj} λ̂_{ijj} n_cQ_f e^2α_f ϵ^∗_μ(q_1)ϵ^∗_ν (q_2)

∫_1 0 dx [1 − 2x(1 − x)] [q^μ_2 q^ν_1 − (q_1 · q_2)g^{μν} ] − iϵ^{μναβ}(q_1)_α(q_2)_β m^2_{fj} − x(1 − x)q^2 + ∑ f̃_j =f̃_{Lj} ,f̃_{Rj} i (4π)^2 λ̂_{ijj} n_cm_{fj} Q_f e^2α_{f̃} ϵ^∗_μ(q_1)ϵ^∗_ν (q_2)

∫_1 0 dx 2x(1 − x) [q^μ_2 q^ν_1 − (q_1 · q_2)g^{μν} ] m^2_{f̃j} − x(1 − x)q^2

+ O(q^2_1 ) , (3)

where the last equality was given by taking the leading order contribution of the expansion in q_1. This approximation 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 f̃), respectively, and λ̂ is the RPV coupling, where λ̂ = λ for inner loop charged leptons, and λ̂ = λ^′ in the case of quarks. For quark loops, the number of colors is n_c = 3 (for the lepton loop, n_c = 1). The weak coupling of the fermion is given by α_f (f = l, d), where α_l ≡^1_4 (3 tan θ_W − cot θ_W ) ≈ −0.065 for the coupling of the Z boson with charged leptons, and α_d ≡^1_{12} tan θ_W −^1_4 cot θ_W ≈ −0.42 for the coupling with down type quarks. For the sfermion weak coupling, we have α_{f̃L} = α_f − β_f and α_{f̃R} = α_f + β_f , where β_l = β_d =^1_4 (tan θ_W + cot θ_W ). We must note that α_f is the vector coupling of the Z boson with fermions, and that the axial vector coupling (β_f ) does not contribute in the fermion loop. Note also that the contribution from β_f cancels when m_{f̃Lj} = m_{f̃Rj} in the sfermion loop.

The next step is to put the above effective ν̃γZ 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:

iM_{ZBZ} = i Im(λ̂_{ijj} λ̃^∗_{ikk} ) n_cQ_f α_F eα_{em}

32π^3 ×m_{fj} ϵ^∗_μ(q_1)ūσ^{μν} (q_1)_ν γ_5u × ∫_1 0 dz { 2α_f I ( m^2_Z , m^2_{ν̃i} , m^2_{fj} z(1 − z) )

− ∑ f̃_j =f̃_{Lj} ,f̃_{Rj} α_{f̃} I ( m^2_Z , m^2_{ν̃i} , m^2_{f̃j} z(1 − z) ) }

≈ i Im(λ̂_{ijj} λ̃^∗_{ikk} ) n_cQ_f α_f α_F eα_{em}

16π^3

×ϵ^∗_μ(q_1)ūσ^{μν} (q_1)_ν γ_5u · m_{fj} m^2_{ν̃i} ln m^2_{ν̃i} m^2_Z

, (4)

where I(a, b, c) is defined as I(a, b, c) = ∫_∞ 0 rdr (r + a)(r + b)(r + c) = 1 (b − a)(c − b)(a − c) × [ ab ln | | | a b | | | + bc ln | | | | b c | | | | + ca ln | | | c a | | | ] . (5)

In the last approximation of Eq. (4), we have used m^2_{f̃j} , m^2_{ν̃i} ≫ m^2_Z ≫ m^2_{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 m^2_{f̃j} , m^2_{ν̃i} = O(TeV). It is however 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 f_j and F_k are either down type quarks or charged leptons. The RPV coupling is λ̃ = λ for external charged leptons, and λ̃ = λ^′ for the case of quarks.

The EDM d_F is defined as follows

L_{EDM} = − i 2 d_F ψ̄_F γ_5σ^{μν} ψ_F F_{μν} , (6)

where F_{μν} is the electromagnetic field strength. The fermion EDM with Z boson exchange generated by RPV interactions is then given by d^Z_{Fk} ≈ −Im(λ̂_{ijj} λ̃^∗_{ikk} ) n_cQ_f α_f α_F eα_{em} 16π^3 m_{fj} m^2_{ν̃i} ln m^2_{ν̃i} m^2_Z

. (7)

Let us compare the Z boson exchange contribution with the photon exchange process. The photon exchange contribution is given by [28] d^γ_{Fk} ≈ Im(λ̂_{ijj} λ̃^∗_{ikk} ) n_cQ^2_f Q_F eα_{em}

16π^3 · m_{fj} m^2_{ν̃i} ( 2 + ln m^2_{fj} m^2_{ν̃i} ) . (8) We remark that d^Z_{Fk} and d^γ_{Fk} of Eqs. (7) and (8) have the same sign. The loop factor (the logarithmic factor) has the same order of magnitude, with ln^{m2ν̃i}_{m2Z} being around

one half of − ( 2 + ln^m 2 fj m^2_{ν̃i} ) for sneutrino masses of order

TeV. For the lepton EDM with lepton loop, lepton EDM with 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 (α_l = −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 contribution will occur. The detailed analysis will be done in Section 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

FIG. 4. Fermion loop effective ẽLγW vertex generated with RPV interactions. Diagrams (a) and (b) are fermion loop diagrams similar to Figs. 2 (a) and (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 (ϕ) exchange contribution, which disappears in the nonlinear R_ξ gauge.

As for the Z boson exchange contribution, we first derive the gauge invariant expression for the one-loop effective ẽ_LγW vertex, generated by RPV interactions. The contributing diagrams are shown in Figs. 4 and 5. In our calculation, we have chosen the nonlinear R_ξ gauge [31]

FIG. 5. Sfermion loop effective ẽLγW vertex generated with RPV interactions. Diagrams (a), (b) and (d) are sfermion loop diagrams similar to diagrams (a), (b) and (c) of Fig. 4. Diagram (c) newly appears due to the γ − W interaction. We have omitted the Nambu-Goldstone boson exchange diagram, since it does not contribute in the nonlinear R_ξ gauge.

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

L^W_{GF} = − 1 ξ | (∂^μ − ieA^μ)W^+_μ − iξm_W ϕ^+ |_2 . (9)

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

The amplitude of the one-loop effective ẽ_LγW vertex with the fermion loop is given by

iM_{ẽγW} = iM_{(a)} + iM_{(b)} + iM_{(c)} , (10)

where

iM_{(a)} = λ̂_{iaj} Q_ue^2V_{aj} √ 2 sin θ_W n_cϵ^∗_μ(q_1)ϵ^∗_ν (q_2) ∫ d^4k (2π)^4 Tr [ P_L(k/ − q/_1 + m_f u_a )γ^μ(k/ + m_f u_a )γ^ν P_L(k/ + q/_2 + m_f d_j ) ] [ (k − q_1)^2 − m^2_f u_a ][ k^2 − m^2_f u_a ][ (k + q_2)^2 − m^2_{f dj}

] , (11)

iM_{(b)} = λ̂_{iaj} Q_de^2V_{aj} √ 2 sin θ_W n_cϵ^∗_μ(q_1)ϵ^∗_ν (q_2) ∫ d^4k (2π)^4 Tr [ P_L(k/ − q/_2 + m_f u_a )γ^ν P_L(k/ + m_f d_j )γ^μ(k/ + q/_1 + m_f d_j ) ] [ (k − q_2)^2 − m^2_f u_a ][ k^2 − m^2_{f dj} ][ (k + q_1)^2 − m^2_{f dj}

] , (12)

iM_{(c)} = λ̂_{iaj} e^2V_{aj} √ 2 sin θ_W n_cϵ^∗_μ(q_1)ϵ^∗_ν (q_2) ∫ d^4k (2π)^4 Tr [ P_L(k/ + m_f u_a )γ^{ρ′} P_L(k/ + q/_1 + q/_2 + m_f d_j ) ] [ k^2 − m^2_f u_a ][ (k + q_1 + q_2)^2 − m^2_{f dj} ]

× −1 (q_1 + q_2)^2 − m^2_W [ g^{ρρ′} − (q_1 + q_2)^ρ(q_1 + q_2)^{ρ′} (q_1 + q_2)^2 − ξm^2_W

(1 − ξ) ]

× [ 1 ξ (q^ρ_1 + q^ρ_2 )g^{μν} + g^{νρ}(q^μ_1 + 2q^μ_2 ) + g^{μν} (q^ρ_1 − q^ρ_2 ) − g^{μρ}(2q^ν_1 + q^ν_2 ) ] , (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 λ̂ and λ̃ are the same as for the previous case with the Barr-Zee type diagram with Z boson exchange. The labels f^u and f^d 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 n_c = 3, and n_c = 1 for the lepton. Moreover, we have Q_u = 0 and Q_d = −1 for the lepton loop, and Q_u =^2_3 and Q_d = −^1_3 for the quark loop. Here V_{aj} is the Cabibbo-Kobayashi-Maskawa matrix element for the quark loop contribution. For the case of lepton loops, V_{aj} 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_ν , so the mixing occurs. This effect is however accompanied by a mass insertion, giving a factor of m_ν /m_{SUSY}, so that the mixing contribution can be neglected.) It should be noted that the diagram (d) in Fig. 4 vanishes in the nonlinear R_ξ gauge. The second and third lines of Eq. (13) become −1 q^2_{12} − m^2_W [ g^{ρρ′} − q^ρ_{12}q^{ρ′}_{12} q^2_{12} − ξm^2_W

(1 − ξ) ] [ 1 ξ q^ρ_{12}g^{μν} + g^{νρ}(q^μ_1 + 2q^μ_2 ) + g^{μν} (q^ρ_1 − q^ρ_2 ) − g^{μρ}(2q^ν_1 + q^ν_2 ) ] = − q^{ρ′}_{12} q^2_{12} g^{μν} , (14) independently of the gauge parameter ξ, where q_{12} = q_1 +q_2. 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 q_1, we obtain the following amplitude:

iM_{ẽγW} = 2iλ̂_{iaj} n_ce^2V_{aj} √ 2 sin θ_W m_f d_j (4π)^2 ϵ^∗_μ(q_1)ϵ^∗_ν (q_2) × [ Q_u ∫_1 0 dz [ z(1 − z)^2 − z(1 − z) ] [(q_1 · q_2)g^{μν} − q^μ_2 q^ν_1 ] − iz(1 − z)ϵ^{μναβ}(q_1)_α(q_2)_β z(1 − z)q^2 − (1 − z)m^2_f u_a − zm^2_{f dj} +Q_d ∫_1 0 dz [ z^2(1 − z) − z^2 ] [(q_1 · q_2)g^{μν} − q^μ_2 q^ν_1 ] − iz^2ϵ^{μναβ} (q_1)_α(q_2)_β z(1 − z)q^2 − (1 − z)m^2_f u_a − zm^2_{f dj} ] + O(q^2_1 ). (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 ẽ_LγW vertex with the sfermion loop is given by

iM^′_{ẽγW} = iM^′_{(a)} + iM^′_{(b)} + iM^′_{(c)} + iM^′_{(d)} , (16)

where

iM^′_{(a)} = −λ̂_{iaj} V_{aj} n_cm_f d_j Q_ue^2 √ 2 sin θ_W ϵ^∗_μ(q_1)ϵ^∗_ν (q_2) ∫ d^4k (2π)^4

(2k^μ − q^μ_1 )(2k^ν + q^ν_2 ) [ (k − q_1)^2 − m^2_{f̃ uLj} ] [ k^2 − m^2_{f̃ uLj} ] [ (k + q_2)^2 − m^2_{f̃ dLj}

] ,(17)

iM^′_{(b)} = −λ̂_{iaj} V_{aj} n_cm_f d_j Q_de^2 √ 2 sin θ_W ϵ^∗_μ(q_1)ϵ^∗_ν (q_2) ∫ d^4k (2π)^4

(2k^μ + q^μ_1 )(2k^ν − q^ν_2 ) [ (k + q_1)^2 − m^2_{f̃ dLj} ] [ k^2 − m^2_{f̃ dLj} ] [ (k − q_2)^2 − m^2_{f̃ uLj}

] ,(18)

iM^′_{(c)} = λ̂_{iaj} V_{aj} n_cm_f d_j

(Q_u + Q_d)e^2 √ 2 sin θ_W ϵ^∗_μ(q_1)ϵ^∗_ν (q_2) ∫ d^4k (2π)^4 g^{μν} [ (k + q_1 + q_2)^2 − m^2_{f̃ dLj} ] [ k^2 − m^2_{f̃ uLj} ] , (19)

iM^′_{(d)} = λ̂_{iaj} V_{aj} n_cm_f d_j e^2 √ 2 sin θ_W ϵ^∗_μ(q_1)ϵ^∗_ν (q_2) ∫ d^4k (2π)^4

2k^{ρ′} + q^{ρ′}_1 + q^{ρ′}_2 [ (k + q_1 + q_2)^2 − m^2_{f̃ dLj} ] [ k^2 − m^2_{f̃ uLj} ] · (q_1 + q_2)_ρ′ (q_1 + q_2)^2 g^{μν} . (20)

Here we have again used Eq. (14) for the W boson propagator of Eq. (20). We obtain then the following amplitude iM^′_{ẽγW} = −2iλ̂_{iaj} n_ce^2V_{aj} √ 2 sin θ_W m_f d_j (4π)^2 ϵ^∗_μ(q_1)ϵ^∗_ν (q_2) × ∫_1 0 dx Q_ux(1 − x)^2 + Q_dx^2(1 − x) x(1 − x)q^2 − (1 − x)m^2_{f̃ uLa} − xm^2_{f̃ dLj} ×[(q_1 · q_2)g^{μν} − q^μ_2 q^ν_1 ] +O(q^2_1 ) , (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 ẽ_LγW vertices generated by the fermion loop iM_{ẽγW} (15) and by the sfermion loop iM^′_{ẽγW} (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

FIG. 6. Barr-Zee type contribution to the fermion EDM with W boson exchange generated from RPV interactions. The diagram on the left side involves the complex conjugated combination of RPV couplings. F^u and F^d denote respectively the up and down type quarks for quark EDM, the neutrino and charged lepton for lepton EDM.

iM_{W BZ} = λ̂_{iaj}λ̃^∗_{ibk} n_ce^3V_{aj} V_{bk} sin^2 θ_W m_f d_j (4π)^2 ϵ^∗_μ(q_1) ∫ d^4k^′ (2π)^4 ū(p − q_1)γ_ν (p/ − q/_1 − k/^′ )P_Ru(p) [ k^{′2} − m^2_W ][ (k^′ − p + q_1)^2 − m^2_F u_b ][ (k^′ + q_1)^2 − m^2_{ẽLi} ]

× ∫_1 0 dz Q_u(1 − z) + Q_dz z(1 − z)k^{′2} − (1 − z)m^2_f u_a − zm^2_{f dj} × { z(1 − z) [(q_1 · k^′)g^{μν} − k^{′μ}q^ν_1 ] − z [ (q_1 · k^′)g^{μν} − k^{′μ}q^ν_1 + iϵ^{μναβ} (q_1)_αk^′_β ]}

−λ̂^∗_{iaj}λ̃_{ibk} n_ce^3V_{aj} V_{bk} sin^2 θ_W m_f d_j (4π)^2 ϵ^∗_μ(q_1) ∫ d^4k^′ (2π)^4 ū(p − q_1)(p/ − q/_1 − k/^′ )γ_ν P_Lu(p) [ (k^′ + q_1)^2 − m^2_W ][ (k^′ − p + q_1)^2 − m^2_F u_b ][ k^{′2} − m^2_{ẽLi} ]

× ∫_1 0 dz Q_u(1 − z) + Q_dz z(1 − z)k^{′2} − (1 − z)m^2_f u_a − zm^2_{f dj} × { z(1 − z) [(q_1 · k^′)g^{μν} − k^{′μ}q^ν_1 ] − z [ (q_1 · k^′)g^{μν} − k^{′μ}q^ν_1 − iϵ^{μναβ} (q_1)_αk^′_β ]}

= i Im(λ̂_{iaj}λ̃^∗_{ibk} ) n_ceα_{em}V_{aj} V_{bk} m_f d_j 128π^3 sin^2 θ_W ϵ^∗_μ(q_1)ūσ^{μν} (q_1)_ν γ_5u

∫_1 0 dz [Q_u(1 − z) + Q_dz] I ( m^2_W , m^2_{ẽLi} , m^2_f u_a z + m^2_{f dj} 1 − z )

+O(q^2_1 ) , (22)

where we have omitted terms proportional to Re(λ̂_{iaj}λ̃^∗_{ibk} ), and we have used the formula of Eq. (5). We remark that the second term in the curly brackets −z[(q_1 · k^′)g^{μν} − k^{′μ}q^ν_1 + iϵ^{μναβ} (q_1)_αk^′_β ] in the z integration vanishes. This cancellation 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 iM^′_{W BZ} = −i Im(λ̂_{iaj}λ̃^∗_{ibk} ) n_ceα_{em}V_{aj} V_{bk} m_f d_j 128π^3 sin^2 θ_W ϵ^∗_μ(q_1)ūσ^{μν} (q_1)_ν γ_5u

∫_1 0 dz [Q_u(1 − z) + Q_dz] I ( m^2_W , m^2_{ẽLi} , m^2_{f̃ ua} z + m^2_{f̃ dj} 1 − z )

+O(q^2_1 ). (23)

As for the photon [29] and the Z boson exchange contributions, 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:

d^W_F d_k = −Im(λ̂_{iaj}λ̃^∗_{ibk} ) n_ceα_{em}V_{aj} V_{bk}m_f d_j 128π^3 sin^2 θ_W

∫_1 0 dz (Q_u(1 − z) + Q_dz)

× [ I ( m^2_W , m^2_{ẽLi} , m^2_f u_a z + m^2_{f dj} 1 − z ) − I ( m^2_W , m^2_{ẽLi} , m^2_{f̃ ua} z + m^2_{f̃ dj} 1 − z ) ] .(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 m^2_f u_a , m^2_{f dj} ≪ m^2_W , m^2_{ẽLi} . The EDM is then given by d^W_F d_k ≈ −Im(λ̂_{iaj} λ̃^∗_{ibk}) s_f eα_{em}V_{aj} V_{bk} 256π^3 sin^2 θ_W m_f d_j m^2_{ẽLi} ln m^2_{ẽLi} m^2_W

, (25)

where we have assumed that m^2_{ẽLi} ≫ m^2_W . Here s_f = n_c(Q_u + Q_d) = +1 for inner quark loop and s_f = −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 O(1 TeV).

For the case where the top quark is present in the loop, the mass m^2_f u_a cannot be neglected (m^2_{f dj} ≪

m^2_W , m^2_t , m^2_{ẽLi} ). 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 d^W_F d_k (f) ≈ −Im(λ^′_{iaj}λ̃^∗_{ibk} ) eα_{em}V_{aj} V_{bk} 128π^3 sin^2 θ_W m_f d_j m^2_W − m^2_{ẽLi} × [( 3 z^2_W − 2 z_W ) ( Li_2(1 − z_W ) − π^2 6 )

+ 3 z_W (1 − ln(z_W )) + 1 2 ln(z_W )

−(z_W ↔ z_ẽ) ] ,(26)

where z_W ≡ m^2_W /m^2_t and z_ẽ ≡ m^2_{ẽLi} /m^2_t , and Li_2(z) 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_{ẽLi} = 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 O(1 TeV) sparticle masses.

V. ANALYSIS

A. Constraints on Im(λ̂ijjλ̃^∗_{ikk})

Let us first discuss the case where no change of generation occurs in the inner fermion/sfermion loop and external fermion line (i.e. a = j and b = 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 couplings Im(λ_{311}λ^∗_{322}) and Im(λ_{211}λ^∗_{233}) are involved. This contribution can be constrained by the current experimental data of the electron EDM given by the YbF molecule experiment [5]:

|d_e| < 1.05 × 10^{−27}e cm . (27)

The Barr-Zee type lepton EDM with lepton/slepton loop receives negligible contribution from the Z boson exchange diagram, since the charged leptons have small coupling with the Z boson (α_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 combinations 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.

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 = 1 TeV. For comparison, we have also written the limits provided only by the photon exchange Barr-Zee type contribution. Limits given by other experiments [9, 30] are also shown (i = 1, 2, 3).

RPV couplings This work d^γ only Other experiments |Im(λ^∗_{311}λ322)| 2.0 × 10^{−3} 2.1 × 10^{−3} 0.15 |Im(λ^∗_{211}λ233)| 1.8 × 10^{−4} 1.9 × 10^{−4} 0.25 |Im(λ^∗_{211}λ^′_{211})| 1.2 × 10^{−1} 1.0 × 10^{−1} 7.9 × 10^{−8} |Im(λ^∗_{311}λ^′_{311})| 1.2 × 10^{−1} 1.0 × 10^{−1} 7.9 × 10^{−8} |Im(λ^∗_{211}λ^′_{222})| 8.7 × 10^{−3} 6.7 × 10^{−3} 3.6 × 10^{−6} |Im(λ^∗_{311}λ^′_{322})| 8.7 × 10^{−3} 6.7 × 10^{−3} 3.6 × 10^{−6} |Im(λ^∗_{211}λ^′_{233})| 3.4 × 10^{−4} 2.9 × 10^{−4} 1.8 × 10^{−4} |Im(λ^∗_{311}λ^′_{333})| 3.4 × 10^{−4} 2.9 × 10^{−4} 1.8 × 10^{−4} |Im(λ^∗_{122}λ^′_{111})| 3.1 × 10^{−1} 3.7 × 10^{−1} 4.4 × 10^{−2} |Im(λ^∗_{322}λ^′_{311})| 3.1 × 10^{−1} 3.7 × 10^{−1} 6.0 × 10^{−3} |Im(λ^∗_{133}λ^′_{111})| 2.6 × 10^{−2} 3.4 × 10^{−2} 2.6 × 10^{−2} |Im(λ^∗_{233}λ^′_{211})| 2.6 × 10^{−2} 3.4 × 10^{−2} 2.9 × 10^{−2} |Im(λ^{′∗}_{i11}λ^′_{i22})| 1.4 1.2 3.1 × 10^{−4} |Im(λ^{′∗}_{i11}λ^′_{i33})| 3.4 × 10^{−2} 5.1 × 10^{−2} 1.1 × 10^{−5}

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 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 d^W_e /d^γ_e ≈ 0.22. Moreover d^γ_e and d^W_e 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 Im(λ_{i11}λ^{′∗}_{i11}) (i = 2, 3), Im(λ_{i11}λ^{′∗}_{i22}) (i = 1, 3) and Im(λ_{i11}λ^{′∗}_{i33}) (i = 1, 2). For these RPV bilinears, there already exist stronger constraints, given by the experimental data of the^{199}Hg atom [4] via P , CP - odd electron-nucleon interaction [23, 36, 37]. It is not possible to give new upper limits on the corresponding RPV interactions with Barr-Zee type process.

The third case to consider is the quark EDM with 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 μ loop contribution, and 35% for the τ loop contribution. The quark EDM with lepton/slepton loop has the same sign as the photon exchange Barr-Zee diagram, so d^W and d^γ interfere constructively. We obtain thus tighter limits for the RPV couplings. By using the current experimental data of the neutron EDM [2]

|d_n| < 2.9 × 10^{−26}e cm , (28)

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

d_n = 0.47d_d − 0.12d_u + e(0.35d^c_d + 0.17d^c_u) , (29)

the combinations of RPV couplings Im(λ_{i22}λ^{′∗}_{i11}) (i = 1, 3) and Im(λ_{i33}λ^{′∗}_{i11}) (i = 1, 2) can be constrained. The result is given in Table I. In this case we could give a new upper limit on Im(λ_{i33}λ^{′∗}_{i11}) (i = 1, 2).

The final case to consider is the quark EDM with inner quark/squark loop. In this case both Z and W boson exchange contributions are sizable compared with the photon exchange one. The first reason is that the photon exchange 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 d^Z and d^γ have similar size. The sign between them is the same and the interference is constructive. For the W boson, the contribution is around 65% of the photon exchange EDM for the strange loop, and 33% for the bottom loop. We must note that the Barr-Zee type diagram with W 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, however, already strongly constrained by the experimental data of the^{199}Hg 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 Im(λ̂iajλ̃^∗_{ibk})

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 experimental data (27) and (28) (with the relation (29)), we obtain upper limits on the imaginary parts of RPV couplings shown in Table II.

We see that the experimental data of the electron EDM give new upper limits on |Im(λ^∗_{211}λ^′_{223})| and |Im(λ^∗_{311}λ^′_{323})|. 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 neutron 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 accessibility to the CP violation of the RPV sector.

VI. CONCLUSION

In conclusion we have discussed additional contributions 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 |Im(λ^∗_{j33}λ^′_{j11})| < 2.6 × 10^{−2} (j = 1, 2). We have also found that many additional RPV contributions generated by the flavor change due to the W boson exchange exist, with many combinations of RPV couplings. In this case it was also possible to give a new constraint on RPV couplings as |Im(λ^∗_{j11}λ^′_{j23})| < 1.6×10^{−2} (j = 2, 3). Moreover, many RPV couplings can potentially be constrained by near future EDM experiments, since the upper limits given by this analysis and those from other experiments have close values. The W and Z boson exchange contribution thus provides a very wide possibility to approach the CP violation of the RPV sector.

Appendix A: Passarino-Veltman one-loop integral and the ẽLγW amplitude

For the calculation of the one-loop ẽ_{Li}γW process [Eqs. (11), (12) and (13)], it is convenient to use the formalism of the Passarino-Veltman one-loop integral [33].

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

RPV couplings Limits given by this analysis Other experiments |Im(λ^∗_{211}λ^′_{221})| 2.6 (e EDM [5]) 2.0 × 10^{−5} |Im(λ^∗_{311}λ^′_{321})| 2.6 (e EDM [5]) 2.0 × 10^{−5} |Im(λ^∗_{211}λ^′_{231})| 260 (e EDM [5]) 8.2 × 10^{−4} |Im(λ^∗_{311}λ^′_{331})| 260 (e EDM [5]) 8.2 × 10^{−4} |Im(λ^∗_{211}λ^′_{212})| 0.13 (e EDM [5]) 3.3 × 10^{−3} |Im(λ^∗_{311}λ^′_{312})| 0.13 (e EDM [5]) 3.3 × 10^{−3} |Im(λ^∗_{211}λ^′_{232})| 2.7 (e EDM [5]) 2.9 × 10^{−2} |Im(λ^∗_{311}λ^′_{332})| 2.7 (e EDM [5]) 2.9 × 10^{−2} |Im(λ^∗_{211}λ^′_{213})| 0.19 (e EDM [5]) 2.9 × 10^{−2} |Im(λ^∗_{311}λ^′_{313})| 0.19 (e EDM [5]) 1.7 × 10^{−2} |Im(λ^∗_{211}λ^′_{223})| 1.6 × 10^{−2} (e EDM [5]) 2.9 × 10^{−2} |Im(λ^∗_{311}λ^′_{323})| 1.6 × 10^{−2} (e EDM [5]) 1.7 × 10^{−2} |Im(λ^∗_{122}λ^′_{121})| 7.0 (n EDM [2]) 2.9 × 10^{−2} |Im(λ^∗_{322}λ^′_{321})| 7.0 (n EDM [2]) 2.9 × 10^{−2} |Im(λ^∗_{122}λ^′_{131})| 180 (n EDM [2]) 0.70 |Im(λ^∗_{322}λ^′_{331})| 180 (n EDM [2]) 0.70 |Im(λ^∗_{133}λ^′_{121})| 0.42 (n EDM [2]) 1.7 × 10^{−2} |Im(λ^∗_{233}λ^′_{221})| 0.42 (n EDM [2]) 2.9 × 10^{−2} |Im(λ^∗_{133}λ^′_{131})| 11 (n EDM [2]) 0.42 |Im(λ^∗_{233}λ^′_{231})| 11 (n EDM [2]) 0.70 |Im(λ^{′∗}_{i11}λ^′_{i12})| (i = 1, 2, 3) 7.5 (n EDM [2]) 7.3 × 10^{−4} |Im(λ^{′∗}_{j11}λ^′_{j32})| (j = 1, 2) 160 (n EDM [2]) 8.0 × 10^{−2} |Im(λ^{′∗}_{311}λ^′_{332})| 160 (n EDM [2]) 1.4 × 10^{−2} |Im(λ^{′∗}_{121}λ^′_{112})| 33 (n EDM [2]) 4.0 × 10^{−4} |Im(λ^{′∗}_{k21}λ^′_{k12})| (k = 2, 3) 33 (n EDM [2]) 3.2 × 10^{−3} |Im(λ^{′∗}_{i21}λ^′_{i22})| (i = 1, 2, 3) 7.6 (n EDM [2]) 7.3 × 10^{−4} |Im(λ^{′∗}_{i21}λ^′_{i32})| (i = 1, 2, 3) 700 (n EDM [2]) 8.0 × 10^{−2} |Im(λ^{′∗}_{i31}λ^′_{i12})| (i = 1, 2, 3) 850 (n EDM [2]) 8.0 × 10^{−2} |Im(λ^{′∗}_{i31}λ^′_{i22})| (i = 1, 2, 3) 200 (n EDM [2]) 8.0 × 10^{−2} |Im(λ^{′∗}_{i31}λ^′_{i32})| (i = 1, 2, 3) 1.8 × 10^4 (n EDM [2]) 7.3 × 10^{−4} |Im(λ^{′∗}_{i11}λ^′_{i13})| (i = 1, 2, 3) 12 (n EDM [2]) 3.2 × 10^{−3} |Im(λ^{′∗}_{i11}λ^′_{i23})| (i = 1, 2, 3) 0.99 (n EDM [2]) 3.2 × 10^{−3} |Im(λ^{′∗}_{i21}λ^′_{i13})| (i = 1, 2, 3) 50 (n EDM [2]) 3.2 × 10^{−3} |Im(λ^{′∗}_{i21}λ^′_{i23})| (i = 1, 2, 3) 4.3 (n EDM [2]) 3.2 × 10^{−3} |Im(λ^{′∗}_{121}λ^′_{133})| 0.67 (n EDM [2]) 2.0 × 10^{−4} |Im(λ^{′∗}_{k21}λ^′_{k33})| (k = 2, 3) 0.67 (n EDM [2]) 8.0 × 10^{−2} |Im(λ^{′∗}_{131}λ^′_{113})| 1.3 × 10^3 (n EDM [2]) 1.7 × 10^{−5} |Im(λ^{′∗}_{k31}λ^′_{k13})| (k = 2, 3) 1.3 × 10^3 (n EDM [2]) 8.0 × 10^{−2} |Im(λ^{′∗}_{i31}λ^′_{i23})| (i = 1, 2, 3) 110 (n EDM [2]) 8.0 × 10^{−2} |Im(λ^{′∗}_{131}λ^′_{133})| 18 (n EDM [2]) 4.9 × 10^{−3} |Im(λ^{′∗}_{k31}λ^′_{k33})| (k = 2, 3) 18 (n EDM [2]) 2.0

Let us define the one-loop tensor as

B_0(p^2_1, m^2_0, m^2_1) ≡ (2πμ)^ϵ iπ^2 ∫ d^dk 1 [ k^2 − m^2_0 ][ (k + p_1)^2 − m^2_1

] , (A1)

B^μ(p^2_1, m^2_0, m^2_1) ≡ (2πμ)^ϵ iπ^2 ∫ d^dk k^μ [ k^2 − m^2_0 ][ (k + p_1)^2 − m^2_1

] , (A2)

C_0(p^2_1, (p_1 − p_2)^2, p^2, m^2_0, m^2_1, m^2) ≡ (2πμ)^ϵ iπ^2 ∫ d^dk 1 [ k^2 − m^2_0 ][ (k + p_1)^2 − m^2_1 ][ (k + p_2)^2 − m^2

] , (A3)

C^μ(p^2_1, (p_1 − p_2)^2, p^2, m^2_0, m^2_1, m^2) ≡ (2πμ)^ϵ iπ^2 ∫ d^dk k^μ [ k^2 − m^2_0 ][ (k + p_1)^2 − m^2_1 ][ (k + p_2)^2 − m^2

] , (A4)

C^{μν} (p^2_1, (p_1 − p_2)^2, p^2, m^2_0, m^2_1, m^2) ≡ (2πμ)^ϵ iπ^2 ∫ d^dk k^μk^ν [ k^2 − m^2_0 ][ (k + p_1)^2 − m^2_1 ][ (k + p_2)^2 − m^2

] , (A5)

where d = 4 − ϵ is the space-time dimension shifted by ϵ. Because of the Lorentz covariance, B^μ, C^μ and C^{μν} can be decomposed as follows

B^μ = B_1p^μ_1 , (A6) C^μ = C_1p^μ_1 + C_2p^μ_2 , (A7) C^{μν} = C_{00}g^{μν} + C_{11}p^μ_1 p^ν_1 + C_{12}(p^μ_1 p^ν_2 + p^μ_2 p^ν_1 ) + C_{22}p^μ_2 p^ν_2 , (A8)

where the arguments of the loop functions were omitted. The loop functions B_0, B_1, C_0, C_{00}, C_{11}, C_{12} and C_{22} can be explicitly calculated, but they satisfy also many useful relations. Note also that B_0, B_1 and C_{00} are divergent. By contracting C^μ with external momenta p^μ_1 or p^μ_2 , we obtain

C_μp^μ_1 = 1 2 B_0(p^2, m^2_0, m^2) − 1 2 B_0((p_1 − p_2)^2, m^2_1, m^2) − 1 2 [ p^2_1 − m^2_1 + m^2_0 ] C_0 ,

C_μp^μ_2 = 1 2 B_0(p^2_1, m^2_0, m^2_1) − 1 2 B_0((p_1 − p_2)^2, m^2_1, m^2) − 1 2 [ p^2 − m^2 + m^2_0 ] C_0 . (A9)

Here we have omitted the arguments for C_0 which are implicitly the same as those of Eq. (A3).

Similarly, we obtain also additional relations by contracting C^{μν} with two external momenta:

dC_{00} + C_{11}p^2_1 + 2C_{12}(p_1 · p_2) + C_{22}p^2 = B_0((p_2 − p_1)^2, m^2_1, m^2) + m^2_0C_0 , (A10)

C_{00} + C_{11}p^2_1 + C_{12}(p_1 · p_2) = 1 2 B_1((p_2 − p_1)^2, m^2_1, m^2) + 1 2 B_0((p_2 − p_1)^2, m^2_1, m^2) − 1 2 [ p^2_1 − m^2_1 + m^2_0 ] C_1 , (A11)

C_{12}p^2_1 + C_{22}(p_1 · p_2) = 1 2 B_1(p^2, m^2_0, m^2) − 1 2 B_1((p_2 − p_1)^2, m^2_1, m^2) − 1 2 [ p^2_1 − m^2_1 + m^2_0 ] C_2 , (A12)

C_{11}(p_1 · p_2) + C_{12}p^2 = 1 2 B_1(p^2_1, m^2_0, m^2_1) + 1 2 B_1((p_2 − p_1)^2, m^2_1, m^2) + 1 2 B_0((p_2 − p_1)^2, m^2_1, m^2) − 1 2 [ p^2 − m^2 + m^2_0 ] C_1 , (A13)

C_{00} + C_{12}(p_1 · p_2) + C_{22}p^2 = − 1 2 B_1((p_2 − p_1)^2, m^2_1, m^2) − 1 2 [ p^2 − m^2 + m^2_0 ] C_2 , (A14)

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

iM_{(a)} = 2im_f d_j (4π)^2 λ̂_{iaj} Q^ue^2V^{aj} √ 2 sin θ_W n_cϵ^∗_μ(q_1)ϵ^∗_ν (q_2) × {[ ((q_1 · q_2)g^{μν} − q^μ_2 q^ν_1 )(2C_{12} + C_2) + iϵ^{μναβ} (q_1)_α(q_2)_β C_2 ] (q^2_1 , (q_1 + q_2)^2, q^2 , m^2_f u_j , m^2_f u_j , m^2_f d_j )

+B_1((q_1 + q_2)^2, m^2_f u_j , m^2_f d_j )g^{μν} } . (A15)

Note that the expression in parentheses (q^2_1 , (q_1 +q_2)^2, q^2 , m^2_f u_j , m^2_f u_j , m^2_{f dj} ) denotes the common arguments for the loop functions C_{12} and C_2. For Eqs. (12) and (13), we obtain similarly

iM_{(b)} = 2im_f d_j (4π)^2 λ̂_{iaj} Q^de^2V^{aj} √ 2 sin θ_W n_cϵ^∗_μ(q_1)ϵ^∗_ν (q_2) × {[ ((q_1 · q_2)g^{μν} − q^μ_2 q^ν_1 )(2C_{12} − C_2 − C_0) − iϵ^{μναβ} (q_1)_α(q_2)_β (C_2 + C_0) ] (q^2_1 , (q_1 + q_2)^2, q^2 , m^2_f d_j , m^2_f d_j , m^2_f u_j ) + [ B_1((q_1 + q_2)^2, m^2_f d_j , m^2_f u_j ) + B_0((q_1 + q_2)^2, m^2_f d_j , m^2_f u_j ) ] g^{μν} } , (A16)

iM_{(c)} = 2im_f d_j (4π)^2 λ̂_{iaj} −e^2V^{aj} √ 2 sin θ_W n_cϵ^∗_μ(q_1)ϵ^∗_ν (q_2)g^{μν} B_1((q_1 + q_2)^2, m^2_f u_j , m^2_f d_j ) . (A17)

We should note that the arguments of the C loop functions for iM_{(b)} differ from those for iM_{(a)}.

We should now show that terms with B functions cancel each other for iM_{(a)} + iM_{(b)} + iM_{(c)}. The loop functions B_0 and B_1 can be directly calculated using Feynman parameters as

B_0(q^2, m^2_0, m^2_1) = [ 2 ϵ − γ + ln(4π) ] − ∫_1 0 dx ln ( −x(1 − x)q^2 + (1 − x)m^2_0 + xm^2_1 μ^2 ) , (A18)

B_1(q^2, m^2_0, m^2_1) = − 1 2 [ 2 ϵ − γ + ln(4π) ] + ∫_1 0 dx x ln ( −x(1 − x)q^2 + (1 − x)m^2_0 + xm^2_1 μ^2 ) , (A19)

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

B_0(q^2, m^2_0, m^2_1) + B_1(q^2, m^2_0, m^2_1) = 1 2 [ 2 ϵ − γ + ln(4π) ] − ∫_1 0 dx (1 − x) ln ( −x(1 − x)q^2 + (1 − x)m^2_0 + xm^2_1 μ^2 )

= 1 2 [ 2 ϵ − γ + ln(4π) ] − ∫_1 0 dx x ln ( −x(1 − x)q^2 + (1 − x)m^2_1 + xm^2_0 μ^2 )

= −B_1(q^2, m^2_1, m^2_0) , (A20)

the sum of the B functions for iM_{(a)} + iM_{(b)} + iM_{(c)} becomes

Q_uB_1((q_1 + q_2)^2, m^2_f u_j , m^2_f d_j ) + Q_d [ B_1((q_1 + q_2)^2, m^2_f d_j , m^2_f u_j ) + B_0((q_1 + q_2)^2, m^2_f d_j , m^2_f u_j ) ] −B_1((q_1 + q_2)^2, m^2_f u_j , m^2_f d_j )

= (Q_u − Q_d − 1)B_1((q_1 + q_2)^2, m^2_f u_j , m^2_f d_j ) = 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.

C_{12}(q^2_1 , (q_1 + q_2)^2, q^2 , m^2_f u_j , m^2_f u_j , m^2_f d_j ) =

∫_1 0 dz ∫_{1−z} 0 dx xz x(1 − x)q^2_1 + z(1 − z)q^2 + 2xz(q_1 · q_2) − (1 − z)m^2_f u_j − zm^2_{f dj} , (A22)

C_2(q^2_1 , (q_1 + q_2)^2, q^2 , m^2_f u_j , m^2_f u_j , m^2_f d_j ) =

∫_1 0 dz ∫_{1−z} 0 dx −z x(1 − x)q^2_1 + z(1 − z)q^2 + 2xz(q_1 · q_2) − (1 − z)m^2_f u_j − zm^2_{f dj} , (A23)

C_{12}(q^2_1 , (q_1 + q_2)^2, q^2 , m^2_f d_j , m^2_f d_j , m^2_f u_j ) =

∫_1 0 dz ∫_{1−z} 0 dx xz x(1 − x)q^2_1 + z(1 − z)q^2 + 2xz(q_1 · q_2) − (1 − z)m^2_{f dj} − zm^2_f u_j , (A24)

C_2(q^2_1 , (q_1 + q_2)^2, q^2 , m^2_f d_j , m^2_f d_j , m^2_f u_j ) =

∫_1 0 dz ∫_{1−z} 0 dx −z x(1 − x)q^2_1 + z(1 − z)q^2 + 2xz(q_1 · q_2) − (1 − z)m^2_{f dj} − zm^2_f u_j , (A25)

C_0(q^2_1 , (q_1 + q_2)^2, q^2 , m^2_f d_j , m^2_f d_j , m^2_f u_j ) =

∫_1 0 dz ∫_{1−z} 0 dx 1 x(1 − x)q^2_1 + z(1 − z)q^2 + 2xz(q_1 · q_2) − (1 − z)m^2_{f dj} − zm^2_f u_j . (A26)

By applying the above formulae to Eqs. (A15) and (A16), taking the first order approximation in q_1, and integrating by x, we obtain Eq. (15).

[1] J. Ellis and M. K. Gaillard, Nucl. Phys. B150, 141 (1979); E. P. Shabalin, Yad. Fiz. 31, 1665 (1980) [Sov. J. Nucl. Phys. 31, 864 (1980)]; I. B. Khriplovich and A. R. Zhitnitsky, Phys. Lett. 109B, 490 (1982); I. B. Khriplovich, Yad. Fiz. 44, 1019 (1986) [Sov. J. Nucl. Phys. 44, 659 (1986)]; Phys. Lett. B 173, 193 (1986); M. E. Pospelov and I. B. Khriplovich, Yad. Fiz. 53, 1030 (1991) [Sov. J. Nucl. Phys. 53, 638 (1991)]; X.-G. He and B. McKellar, Phys. Rev. D 46, 2131 (1992); X.-G. He, B. H. J. McKellar, and S. Pakvasa, Phys. Lett. B 283, 348 (1992); A. Czarnecki and B. Krause, Phys. Rev. Lett. 78, 4339 (1997); T. Mannel and N. Uraltsev, Phys. Rev. D 85, 096002 (2012).

[2] C. A. Baker et al., Phys. Rev. Lett. 97, 131801 (2006). [3] B. C. Regan, E. D. Commins, C. J. Schmidt, and D.

DeMille, Phys. Rev. Lett. 88, 071805 (2002). [4] W. C. Griffith, M. D. Swallows, T. H. Loftus, M. V.

Romalis, B. R. Heckel, and E. N. Fortson, Phys. Rev. Lett. 102, 101601 (2009).

[5] J. J. Hudson, D.M. Kara, I. J. Smallman, B. E. Sauer, M. R. Tarbutt, and E. A. Hinds, Nature (London) 473, 493 (2011).

[6] G. W. Bennett et al. (Muon g − 2 Collaboration), Phys.

Rev. D 80, 052008 (2009).

[7] I. B. Khriplovich, Phys. Lett. B 444, 98 (1998); F. J.

M. Farley et al., Phys. Rev. Lett. 93, 052001 (2004); Y. K. Semertzidis et al., AIP Conf. Proc. 698, 200 (2004); Y. F. Orlov, W. M. Morse, and Y. K. Semertzidis, Phys. Rev. Lett. 96, 214802 (2006).

[8] H. E. Haber and G. L. Kane, Phys. Rep. 117, 75 (1985);

J. F. Gunion and H. E. Haber, Nucl. Phys. B272, 1 (1986); S. P. Martin, in Perspectives on Supersymmetry

II, edited by G. L. Kane (World Scientific, Singapore, 2010), p. 1 [arXiv:hep-ph/9709356].

[9] G. Bhattacharyya, arXiv:hep-ph/9709395; H. K. Dreiner, in Perspectives on Supersymmetry II, edited by G. L. Kane (World Scientific, Singapore, 1997), p. 565 [arXiv:hep-ph/9707435]; R. Barbier et al., Phys. Rep. 420, 1 (2005); M. Chemtob, Prog. Part. Nucl. Phys. 54, 71 (2005); Y. Kao and T. Takeuchi, arXiv:0910.4980 [hep-ph]; H. K. Dreiner, K. Nickel, F. Staub, and A. Vicente, Phys. Rev. D 86, 015003 (2012).

[10] S. Weinberg, Phys. Rev. Lett. 63, 2333 (1989). [11] S. M. Barr and A. Zee, Phys. Rev. Lett. 65, 21 (1990);

V. Barger, A. Das, and C. Kao, Phys. Rev. D 55, 7099 (1997).

[12] D. Bowser-Chao, D. Chang, and W.-Y. Keung, Phys.

Rev. Lett. 79, 1988 (1997).

[13] R. G. Leigh, S. Paban, and R.-M. Xu, Nucl. Phys. B352, 45 (1991); D. Chang, W.-Y. Keung, and J. Liu, Nucl. Phys. B355, 295 (1991); D. Chang, W.-Y. Keung, and T. C. Yuan, Phys. Rev. D 43, R14 (1991); C. Kao and R.-M. Xu, Phys. Lett. B 296, 435 (1992); A. J. Buras, G. Isidori, and P. Paradisi, Phys. Lett. B 694, 402 (2011).

[14] J. R. Ellis, S. Ferrera, and D. V. Nanopoulos, Phys.

Lett. 114B, 231 (1982); W. Buchmüller and D. Wyler, Phys. Lett. 121B, 321 (1983); J. Polchinski and M. B. Wise, Phys. Lett. B125, 393 (1983); F. del Aguila, M. B. Gavela, J. A. Grifols, and A. Mendez, Phys. Lett. 126B, 71 (1983); D. V. Nanopoulos and M. Srednicki, Phys. Lett. 128B, 61 (1983); M. Dugan, B. Grinstein, and L. J. Hall, Nucl. Phys. B255, 413 (1985); P. Nath, Phys. Rev. Lett. 66, 2565 (1991); Y. Kizukuri and N. Oshimo, Phys. Rev. D 45, 1806 (1992); Phys. Rev. D 46, 3025

(1992); W. Fischler, S. Paban, and S. D. Thomas, Phys. Lett. B 289, 373 (1992); T. Inui, Y. Mimura, N. Sakai, and T. Sasaki, Nucl. Phys. B449, 49 (1995); T. Ibrahim and P. Nath, Phys. Rev. D 57, 478 (1998); Phys. Lett. B 418, 98 (1998); Phys. Rev. D 58, 111301 (1998); S. Pokorski, J. Rosiek, and C. A. Savoy, Nucl. Phys. B570, 81 (2000); S. Y. Ayazi and Y. Farzan, Phys. Rev. D 74, 055008 (2006); J. High Energy Phys. 06 (2007), 013;

[15] T. H. West, Phys. Rev. D 50, 7025 (1994); T. Kadoyoshi and N. Oshimo, Phys. Rev. D 55, 1481 (1997); D. Chang, W.-Y. Keung, and A. Pilaftsis, Phys. Rev. Lett. 82, 900 (1999); A. Pilaftsis, Phys. Rev. D 62, 016007 (2000); D. Chang, W.-F. Chang, and W.-Y. Keung, Phys. Rev. D 66, 116008 (2002); T.-F. Feng, X.-Q. Li, J. Maalampi, and X. Zhang, Phys. Rev. D 71, 056005 (2005); N. Arkani-Hamed, S. Dimopoulos, G.F. Giudice, and A. Romanino, Nucl. Phys. B709, 3 (2005); D. Chang, W.- F. Chang, and W.-Y. Keung, Phys. Rev. D 71, 076006 (2005); G. F. Giudice and A. Romanino, Phys. Lett. B 634, 307 (2006); T.-F. Feng, X.-Q. Li, L. Lin, J. Maalampi, and H.-S. Song, Phys. Rev. D 73, 116001 (2006); Y. Li, S. Profumo, and M. J. Ramsey-Musolf, Phys. Rev. D 78, 075009 (2008); N. Yamanaka, Phys. Rev. D 87, 011701 (2013).

[16] A. Pilaftsis, Phys. Lett. B 471, 174 (1999); D. Chang, W.-F. Chang, and W.-Y. Keung, Phys. Lett. B 478, 239 (2000).

[17] J. Dai, H. Dykstra, R. G. Leigh, S. Paban, and D. Dicus, Phys. Lett. B 237, 216 (1990); T. Falk, K. A. Olive, M. Pospelov, and R. Roiban, Nucl. Phys. B560, 3 (1999); M. Brhlik, G. J. Good, and G. L. Kane, Phys. Rev. D 59, 115004 (1999); S. Abel, S. Khalil, and O. Lebedev, Nucl. Phys. B606, 151 (2001); A. Pilaftsis, Nucl. Phys. B644, 263 (2002); O. Lebedev and M. Pospelov, Phys. Rev. Lett. 89, 101801 (2002); D. Demir, O. Lebedev, K. A. Olive, M. Pospelov, and A. Ritz, Nucl. Phys. B680, 339 (2004); O. Lebedev, K. A. Olive, M. Pospelov, and A. Ritz, Phys. Rev. D 70, 016003 (2004); K. A. Olive, M. Pospelov, A. Ritz, and Y. Santoso, Phys. Rev. D 72, 075001 (2005); G. Degrassi, E. Franco, S. Marchetti, and L. Silvestrini, J. High Energy Phys. 11 (2005), 044; S. Abel and O. Lebedev, J. High Energy Phys. 01 (2006), 133; J. Ellis, J. S. Lee, and A. Pilaftsis, J. High Energy Phys. 10 (2008), 049; J. High Energy Phys. 10 (2010), 049; J. High Energy Phys. 02 (2011), 045; Y. Li, S. Profumo, and M. J. Ramsey-Musolf, J. High Energy Phys. 08 (2010), 062; T. Fukuyama, Int. J. Mod. Phys. A 27, 1230015 (2012).

[18] M. Pospelov and A. Ritz, Ann. Phys. 318, 119 (2005). [19] J. Hisano and Y. Shimizu, Phys. Lett. B 581, 224 (2004);

Phys. Rev. D 70, 093001 (2004); M. Endo, M. Kakizaki, and M. Yamaguchi, Phys. Lett. B 583, 186 (2004); G.-C. Cho, N. Haba, and M. Honda, Mod. Phys. Lett. A 20, 2969 (2005); J. Hisano, M. Nagai, and P. Paradisi, Phys. Lett. B 642, 510 (2006); Phys. Rev. D 78, 075019 (2008); Phys. Rev. D 80, 095014 (2009); W. Altmannshofer, A.

J. Buras, and P. Paradisi, Phys. Lett. B 688, 202 (2010). [20] R. Barbieri and A. Masiero, Nucl. Phys. B267, 679 (1986).

[21] R. M. Godbole, S. Pakvasa, S. D. Rindani, and X. Tata, Phys. Rev. D 61, 113003 (2000); S. A. Abel, A. Dedes, and H. K. Dreiner, J. High Energy Phys. 05 (2000), 13.

[22] D. Chang, W.-F. Chang, M. Frank, and W.-Y. Keung, Phys. Rev. D 62, 095002 (2000).

[23] P. Herczeg, Phys. Rev. D 61, 095010 (2000). [24] Y. Y. Keum and Otto C. W. Kong, Phys. Rev. Lett.

86, 393 (2001); Phys. Rev. D 63, 113012 (2001); C.-C. Chiou, O. C. W. Kong, and R. D. Vaidya, Phys. Rev. D 76, 013003 (2007).

[25] K. Choi, E. J. Chun, and K. Hwang, Phys. Rev. D 63, 013002 (2000).

[26] M. Bisset, O. C. W. Kong, C. Macesanu, and L. H. Orr, Phys. Lett. B 430, 274 (1998); O. C. W. Kong, Int. J. Mod. Phys. A 19, 1863 (2004).

[27] A. Faessler, T. Gutsche, S. Kovalenko, and V. E.

Lyubovitskij, Phys. Rev. D 73, 114023 (2006); Phys. Rev. D 74, 074013 (2006).

[28] N. Yamanaka, T. Sato, and T. Kubota, Phys. Rev. D 85, 117701 (2012).

[29] N. Yamanaka, Phys. Rev. D 86, 075029 (2012). [30] N. Yamanaka, Phys. Rev. D 85, 115012 (2012). [31] K. Fujikawa, Phys. Rev. D 7, 393 (1973); M. B. Gavela, G. Girardi C. Malleville, and P. Sorba, Nucl. Phys. B193, 257 (1981); J. C. Romão and A. Barroso, Phys. Rev. D 35, 2836 (1987).

[32] M. C. Peyranère, H. E. Haber, and P. Irulegui, Phys. Rev.

D 44, 191 (1991); S. Raychaudhuri and A. Raychaudhuri, Phys. Lett. B 297, 159 (1992).

[33] G. ’t Hooft and M. Veltman, Nucl. Phys. B153, 365 (1979); G. Passarino, and M. Veltman, Nucl. Phys. B160, 151 (1979); A. Denner, arXiv:0709.1075 [hep-ph].

[34] E. S. Ginsberg and D. Zaborowski, Commun. ACM 18, 200 (1975); see also the remarks of R. Morris, ACM Trans. Math. Softw. 2, 112 (1976).

[35] Georges Aad et al. (ATLAS Collaboration), Phys. Rev.

Lett. 106, 131802 (2011); Phys. Lett. B 701, 186 (2011); Phys. Lett. B 709, 137 (2012);Vardan Khachatryan et al. (CMS Collaboration), Phys. Lett. B 698, 196 (2011); arXiv:1111.2733 [hep-ex].

[36] V. A. Dzuba, V. V. Flambaum, and S. G. Porsev, Phys.

Rev. A 80, 032120 (2009).

[37] V. V. Flambaum and I. B. Khriplovich, Zh. Eksp. Teor.

Fiz. 89, 1505 (1985) [Sov. Phys. JETP 62, 872 (1985)]. [38] M. Pospelov and A. Ritz, Phys. Rev. Lett. 83, 2526 (1999); Nucl. Phys. B573, 177 (2000); Phys. Rev. D 63, 073015 (2001).

[39] J. Hisano, J.-Y. Lee, N. Nagata, and Y. Shimizu, Phys.

Rev. D 85, 114044 (2012).

[40] S. Ban, J. Dobaczewski, J. Engel, and A. Shukla, Phys.

Rev. C 82, 015501 (2010).