arXiv:hep-ph/0610003v2 17 Mar 2007

CERN-PH-TH/2006-098 hep-ph/0610003

Electric dipole moment constraints on

minimal electroweak baryogenesis

Stephan J. Huber^{(a)}, Maxim Pospelov^{(b,c)} and Adam Ritz^{(b)}

(a)Theoretical Division, Department of Physics, CERN, Geneva 23, CH-1211 Switzerland (b)Department of Physics and Astronomy, University of Victoria, Victoria, BC, V8P 5C2 Canada (c)Perimeter Institute for Theoretical Physics, Waterloo, Ontario N2J 2W9, Canada

Abstract

We study the simplest generic extension of the Standard Model which allows for conventional electroweak baryogenesis, through the addition of dimension six operators in the Higgs sector. At least one such operator is required to be CP -odd, and we study the constraints on such a minimal setup, and related scenarios with minimal flavor violation, from the null results of searches for electric dipole moments (EDMs), utilizing the full set of two-loop contributions to the EDMs. The results indicate that the current bounds are stringent, particularly that of the recently updated neutron EDM, but fall short of ruling out these scenarios. The next generation of EDM experiments should be sufficiently sensitive to provide a conclusive test.

September 2006

1 Introduction

The existence of a mechanism for electroweak baryogenesis (EWBG) [1] is one of the most remarkable and indeed elegant features of the Standard Model (SM), combining as it does various subtle aspects of the electroweak sector of the theory. Of course, the fact that the Standard Model could in principle support electroweak baryogenesis now appears to be merely a mirage – the CP -violation induced by the CKM phase is apparently many orders of magnitude too small [2], and the Higgs is too heavy to allow for a sufficiently strong first-order electroweak phase transition [3].

A more optimistic viewpoint is that this failure of the Standard Model is a hint toward the presence of new physics. For example, the minimal supersymmetric standard model (MSSM) may have enough flexibility to ameliorate both deficiencies of the SM. Indeed, the MSSM still allows for electroweak baryogenesis, albeit in what is now a rather tuned region of the parameter space [4]. The null results of electric dipole moment (EDM) searches impose quite stringent constraints on the spectrum if one requires access to order-one CP - odd phases from the soft-breaking sector. Combined with the requirement of an additional light scalar to afford a sufficiently strong first-order transition, this leads to an “almost split” spectrum, with a single additional light scalar degree of freedom, the right-handed stop. The EDMs are then those of split SUSY [5], and still allow for an order-one phase in the chargino sector. Of course, this spectrum is seemingly rather tuned.

A currently popular alternative is the use of leptogenesis [6, 7], which divorces baryogenesis from the electroweak scale, and utilizes new CP -odd phases in the lepton sector. Leptogenesis appears perfectly viable, and will receive a considerable boost if indeed neutrinos are found to be Majorana, as this would strongly motivate new physics at the see-saw scale. Unfortunately, leptogenesis is currently, and may remain for some time, very difficult to test. EDMs are, at least without significant additional assumptions, relatively unaffected by new Majorana phases in the lepton sector. Indeed, in the most minimal see-saw scenario, the additional contribution is lost orders of magnitude below the already tiny Standard Model contribution to e.g. the electron EDM. This suppression is easily understood as EDMs do not violate lepton number, and so Δd_e ∝ G^2_F m_em^2_ν [8].

Given this current state of affairs, and with the LHC hopefully going to illuminate the Higgs sector in the near future, it seems appropriate to reconsider the status of electroweak baryogenesis in a more general context. Several groups have recently taken a more general effective field theory approach to the new physics required in order for EWBG to be viable [9, 10, 11, 12, 13]. The minimal possibility is the addition of two dimension-six operators to the Higgs sector, e.g.

L_{dim−6} = 1 Λ^2

(H^†H)^3 + Z_t Λ^2

(H^†H)t^cHQ_3, (1.1)

where Λ denotes the scale of the new physics threshold. The first operator here serves to strengthen the first-order transition, while the second allows for a new CP -odd phase in the coupling to the top-quark. This simple modification was found to allow for a viable η_b ∼ 10^{−10}, provided the new threshold was in the range Λ ∼ 500 − 1000 GeV.

There are several questions one may raise concerning such a new threshold. Firstly, the full set of allowed dimension-six operators is very large, and indeed many require percent level tuning of Wilson coefficients if generated at such a low threshold, even in the absence of new flavor structures; e.g. the oblique corrections from operators such as |H^†D_μH|^2 would generically be far too large. However, if Z_t is promoted to be flavor-diagonal Z^u_{ij} = Z^uY^u_{ij} , then the tuning of these operators that is required is generally no worse than a few percent, and indeed not significantly different from the tuning needed for EWBG in the MSSM. This could presumably be further ameliorated with additional symmetries, restricting the generation of dangerous operators to loop level^1. Another dangerous class of flavor-diagonal operators, the EDM operators themselves, need to be forbidden at up to two loops, which is the level at which they will be regenerated by the operator in (1.1), as we will discuss in more detail.

The second, and perhaps more pertinent, question one may raise concerns the general viability of the scenario. Indeed, do the EDM bounds really allow new order-one CP -odd sources at such a low threshold? This is the question we would like to address in this work. Indeed, certain constraints were not considered in full in the preceding work, particularly color EDM contributions to the hadronic EDMs, which do have a significant bearing on the conclusions. However, we find that although the constraints are strong they currently fall short of excluding these scenarios. The current status is such that the next generation of EDM experiments will however provide a conclusive test, as they will for EWBG in the MSSM.

The layout of this note is as follows. In the next section, we discuss the set of additional operators we will consider, and also comment on the tuning inherent in ignoring other dimension-six terms at the threshold. In section 3, we review the results of [13] on the viable parameter region for this minimal form of EWBG. In section 4, we turn to the EDMs, and summarize the full set of two-loop contributions to d_{Tl}, d_n, d_{Hg}, and future observables. Section 5 summarizes our numerical results on the parameter ranges allowed by the EDMs, and we conclude in Section 6.

2 Higher-dimensional operators

We will focus on the SM augmented with the following dimension-six operators in the Higgs sector,

L_{dim−6} = 1 Λ^2

(H^†H)^3 + Z^u_{ij} Λ^2_{CP}

(H^†H)U^c_i Q_j H + Z^d_{ij} Λ^2_{CP}

(H^†H)D^c_i Q_jH̃ + Z^e_{ij} Λ^2_{CP}

(H^†H)E^c_i L_jH̃, (2.2)

with H̃ = iσ_2H^∗. The first term is required to induce a sufficiently strong first-order transition, while the remaining operators provide the additional source (or sources) of CP - violation. We have introduced two threshold scales for the CP -even and CP -odd sectors,

1A simple way to obtain the operators in (1.1) is to integrate out a weak scale gauge-singlet scalar field. Oblique corrections and flavor violation are suppressed in this case [11].

since they are distinguished according to the preserved symmetries. However, we will find that they are necessarily of a similar order.

For the purposes of baryogenesis, it would be sufficient to add a single additional complex phase, the most relevant being a CP -odd coupling of the Higgs to the top,

Im(Z^u_{33})

Λ^2_{CP}

(H^†H)t^cHQ_3. (2.3)

However, since the threshold scale Λ will need to be close to the electroweak scale, it is clearly more natural to avoid the introduction of any new source of flavor violation; hence the general set of operators in (2.2), for which we can assume proportionality to the Yukawas, Z^{(u,d,e)} ij = Z^{(u,d,e)}Y^{(u,d,e)}_{ij} , (2.4) as would be in accordance with the hypothesis of minimal flavor violation (MFV) [14].

There are clearly many other operators allowed by symmetries at this threshold. Focussing for a moment on the CP -odd sector, the most dangerous that could arise at a relatively low threshold would be the EDMs and color EDMs of light fermions (the θ-term would be considerably worse, but will be discussed separately below). Generically such operators will only be suppressed by a one-loop factor which would be difficult to accomodate for any scenario of EWBG. Our working assumption will be that any new source of CP -violation arises only from the Higgs sector, e.g. through its coupling to fermions. This assumption defers the generation of fundamental EDMs to the two-loop level, since the one-loop Higgs-exchange diagrams resulting in EDMs and color EDMs of light fermions as well as the tree-level four-fermion contributions to atomic EDMs will be suppressed by the square of the light fermion Yukawa coupling. Thus, the top-operator (2.3) maximizes the contribution to EWBG, while affecting EDMs only at two loops. Other CP -odd dimension-six operators which may be relevant for EWBG, of the form H^†HW W̃ [15], are more problematic in this respect, as they mix with the EDM operators at the one-loop level. However, these operators are expected on general grounds to arise only at loop level [16] from a fundamental theory, and thus are likely to come with correspondingly suppressed coefficients, making them less attractive for EWBG.

To illustrate this point, we construct a two-Higgs doublet model that provides the simplest UV completion for the effective theory considered here. Let us introduce a second (heavy) Higgs doublet H_h with the same hypercharge as H. We introduce a non-minimal but flavor-preserving Yukawa sector by introducing new complex couplings c_i that are unit matrices in flavor-space,

L_Y = −Y_uU^cQ(H + c_uH_h) − Y_dD^cQ(H̃ + c_dH̃_h) − Y_eE^cL(H̃ + c_eH̃_h). (2.5)

We also introduce a generic scalar sector,

V_{scalar} = ∑ i λ_i(ϕ)^4 + 1 2 m^2H^†H + 1 2 m^2_1H^†_hH_h + (m^2_{12}H^†H_h + h.c.), (2.6) where ∑ i λ_i(ϕ)^4 denotes the set of all gauge-invariant quartic combinations of H and H_h.

The effective theory introduced above is realized in the limit where m^2_1 ≫ m^2, m^2_{12}, v^2 so that we may integrate out H_h. Retaining only the leading order terms in 1/m^2_1 we have,

H_h = − 1 m^2_1

(m^2_{12}H + λH(H^†H)), (2.7)

in which λ is the (complex) coefficient in front of (H^†H)(H^†_hH) in (2.6). Substituting H_h from (2.7) into (2.5) we reproduce the dimension-6 operators in (2.2) and (2.3), and in particular we find that to leading order in 1/m^2_1: Z_u Λ^2_{CP} ≡ λc_u m^2_1 ; Z_d Λ^2_{CP} ≡ λ^∗c_d m^2_1 ; Z_e Λ^2_{CP} ≡ λ^∗c_e m^2_1

. (2.8)

The important point in this analysis is that operator (2.3) is indeed generated at tree level, while other potential CP -odd operators are loop-suppressed. Also, one may readily notice that both Λ and Λ_{CP} scale in the same way in the limit of large m^2_1. One could perform the whole analysis of EDMs vs baryon asymmetry in the framework of this particular model (see e.g. [17]), but we choose here to study the effective description as it has more generality due to the potentially large number of possible UV completions.

For the CP -even sector, there are also many other operators we should include at dimension-six, and as is well known there are quite strong constraints on oblique corrections that would naively require a much larger threshold, of O(few TeV), than we will consider here. As noted above, the actual tuning of these operators is not prohibitive in this case, relative at least to that required for EWBG in the MSSM, and may be ameliorated by further symmetries. However, whille this is an important issue, our focus will be on exploring whether such a minimal EWBG scenario is viable at all once we impose the full EDM constraints. Our assumption at this point is essentially that other operators only arise at loop level at this threshold; the question of precisely which symmetries would ensure this is beyond the scope of the present paper, and we will therefore be prepared to accept a certain level of tuning.

3 Electroweak baryogenesis

Electroweak baryogenesis relies on a first-order electroweak phase transition as the source of out-of-equilibrium effects. During the phase transition bubbles of the low-temperature (broken) phase nucleate and expand to fill all space. The CP violating interactions of particles in the plasma with the bubble wall create an excess of left-handed fermions over the corresponding anti-fermions. In the symmetric phase the left-handed fermion density biases the sphaleron transitions to generate a net baryon asymmetry. To avoid baryon number washout after the phase transition, sphaleron processes must be sufficiently suppressed within the bubbles. This “washout criterion” translates to [18] ξ = v_c T_c >∼ 1.1, (3.9) and indicates a “strong” phase transition. Here v_c denotes the Higgs vev at the critical temperature T_c, where the two minima of the potential become degenerate.

Including the (H^†H)^3 term, the Higgs potential has two free parameters, the suppression scale Λ of the dimension-six operator and the quartic Higgs coupling λ. The latter can be eliminated in terms of the physical Higgs mass m_h, and in this model the Higgs boson is SM-like, so it has to obey the LEP bound m_h > 114 GeV. Note that since the potential is stabilized by the (H^†H)^3 term, λ can be negative, and in this case a barrier in the Higgs potential is present at tree-level, which triggers a first order electroweak phase transition [9, 10, 11, 12, 13]. Here we follow closely the analysis of Ref. [13] where, on computing the 1-loop thermal potential, it was shown that the phase transition is strong enough to avoid baryon number washout if Λ <∼ 820 GeV. In Fig. 1 we show the strength of the phase transition in the Λ − m_h plane. The upper solid line delineates the boundary in parameter space between a strong and weak phase transition. Going to smaller values of Λ, the phase transition becomes stronger. As shown in Ref. [13], at around ξ = 3 the symmetric minimum becomes metastable, i.e. the early Universe would get stuck in the “wrong” vacuum. Finally, below the lowest solid line the electroweak minimum is no longer the global minimum even at zero temperature. For electroweak baryogenesis, the interesting region of parameter space lies between the ξ = 1.1 and ξ = 3 lines and, as in the SM, the phase transition becomes weaker for larger Higgs masses. Depending on the lower bound on Λ, Higgs masses up to at least 200 GeV are compatible with a strong phase transition. For Λ <∼ 400 GeV, terms suppressed by higher orders of the cut-off start to become important. In summary, the model allows for a strong phase transition in a large part of its parameter space and, as discussed in Ref. [11], also predicts interesting deviations from the SM Higgs self-couplings, which which may be measurable at a future linear collider.

The thickness of the bubble walls, L_w, was determined in [13] and we show dashed lines of constant L_wT_c = 3, 6 and 12 in Fig. 1. As Λ decreases, and the phase transition gets stronger, the bubbles walls become thinner. Nonetheless, in a large part of the available parameter space we have L_wT_c ≫ 1, i.e. the “thick wall” regime, and the wall profile is well-approximated by a hyperbolic tangent, ϕ(z) = (v_c/2)(1 − tanh(z/L_w)), where ϕ = √ 2Re(H^0).

The dimension-six operators of eq. (2.2) induce new sources of CP -violation, and for baryogenesis the generalized top Yukawa coupling of Eq. (2.3) is the most important [10]. We denote the relative phase between this operator and the ordinary Yukawa interaction, y_tt^cHQ_3, by φ_t = arg(y^∗_t Z^u_{33}). Along the bubble wall, the two operators contribute with varying weight to the mass of the top. Thus the top mass develops a position dependent phase M_t(z) = m_t(z)e^{iθt(z)}, where

tan θ_t(z) ≈ sin φ_t ϕ^2(z) 2Λ^2_{CP} | | |Z^{u33} y_t | | | . (3.10)

Since in this model L_w ≫ T^{−1}_c , we can treat the interactions between the expanding bubble wall and the plasma in a WKB approximation, which corresponds to an expansion in gradients of the bubble profile [19, 20]. At first order in gradients a CP -violating shift is

Λ [GeV]

m_h [GeV] wrong global minimum weak phase transition

Figure 1: The solid lines indicate the strength of the phase transition, with ξ = 1.1, 2, 3 (from above), with ξ ∼ 3 delineating metastability of the symmetric minimum, while below the fourth (lowest) solid line the electroweak minimum is no longer the global one. The dashed lines indicate constant wall thickness L_w = 3T^{−1}_c , 6T^{−1}_c , 12T^{−1}_c (from below).

induced in the dispersion relations of fermions crossing the bubble wall. For the top quark one obtains [21, 22, 23],

E = E_0 ± ΔE = √ p^2 + m^2_t ∓ sign(p_z)θ^′_t m^2_t 2 √ p^2 + m^2_t √ p^2_z + m^2_t

, (3.11)

where the upper (lower) sign is for particles (anti-particles). Thus particles and antiparticles experience a different force when they cross the bubble wall. These forces generate CP - violating source terms in the Boltzmann equations that describe transport processes in the hot plasma. The source term generated by the top quark dominates baryon number production, while source terms of the light fermions are suppressed by (m/m_t)^4.

We compute the baryon asymmetry using the formalism of Ref. [23], where the full transport equations and the values of interaction rates can be found. The transport equations are dominated by the left- and right-handed top quarks, while the Higgs bosons are a subleading 10% effect. As in Ref. [23], we keep the W -scatterings at a finite rate and include the position dependence of the thermal averages. For each parameter combination, Λ and m_h, we compute the bubble wall properties ξ and L_w. Together with Λ_{CP} and φ_t they enter the dispersion relation and determine the baryon asymmetry, which also depends weakly on the bubble wall velocity v_w. Varying v_w between 10^{−3} and 0.5 changes the baryon asymmetry by only 20% [23], and we use v_w = 0.1 in our evaluations.

This model can actually generate the observed baryon asymmetry for a relatively wide range of paramaters [23], with the asymmetry naturally increasing for decreasing Λ. The CP -violating part of the dispersion relations scales as ξ^4 and thus is enhanced by the strength of the phase transition. The resulting baryon asymmetry is proportional to the CP -violating parameter φ_t/Λ^2_{CP}, and we will now confront the corresponding value required for successful baryogenesis with the constraints imposed by the EDMs.

4 Electric dipole moments

In this section we will first summarize the relevant formulae for the observable EDMs in terms of the CP -odd operators normalized at 1 GeV, including a brief discussion of the observables to be probed in the next generation of experiments. We then turn to a discussion of the various two-loop contributions which arise at leading order in the present framework.

4.1 Observable EDMs

We first recall the most significant flavor-diagonal CP -odd operators at 1 GeV (see [24] for a recent review). Up to dimension six, the corresponding effective Lagrangian takes the form, L_{eff} = g^2_s 32π^2 θ̄ G^a_{μν} ~G^{μν,a} − i 2 ∑ i=e,u,d,s d_i ψ_i(F σ)γ_5ψ_i − i 2 ∑ i=u,d,s ~d_i ψ_ig_s(Gσ)γ_5ψ_i

+ 1 3 w f^{abc}G^a_{μν} ~G^{νβ,b}G^{μ,c}_β + ∑ i,j=e,q C_{ij}(ψ̄_iψ_i)(ψ_j iγ_5ψ_j ) + · · · (4.12)

Since we require a large phase in the top sector, the only reasonable strategy to avoid the strong CP problem is to invoke the axion mechanism [25], which removes the θ-term from the above list of operators, and we will adopt this approach here. In addition, as discussed below, the four-fermion operators are generically subleading, and will be ignored for most of our numerical analysis. They are included in our discussion below for completeness, because they actually arise at tree-level, and can provide a significant contribution if there is a mild hierarchy in the coefficients of the operators in the up and down sectors, as would arise for large tan β in a 2HDM for example.

The physical observables can be conveniently separated into three main categories, depending on the physical mechanisms via which an EDM can be generated: EDMs of paramagnetic atoms and molecules, EDMs of diamagnetic atoms, and the neutron EDM. The current constraints within these classes are listed in Table 1.

Class EDM Current Bound Paramagnetic^{205}Tl |d_{Tl}| < 9 × 10^{−25}e cm [26] Diamagnetic^{199}Hg |d_{Hg}| < 2 × 10^{−28}e cm [27] Nucleon n |d_n| < 3 × 10^{−26}e cm [28]

Table 1: Current constraints within the three representatve classes of EDMs

4.1.1 EDMs of paramagnetic atoms – thallium EDM

Among various paramagnetic systems, the EDM of the thallium atom currently provides the best constraints. Atomic calculations summarized in [29] link the atomic EDM with d_e and various CP -odd electron-nucleon interactions, of which we shall only consider the most relevant, namely C_Sēiγ_5eN̄N,

d_{Tl} = −585d_e − e 43 GeVC^{singlet}_S . (4.13)

The relevant atomic matrix elements are known to a precision of 10−20%. For completeness, although not required for the following analysis, we present the dependence of C_S on the four fermion sources C_{ie}, for i = d, s, b [30],

C^{singlet} S = C_{de} 29 MeV m_d + C_{se} κ × 220 MeV m_s + C_{be} 66 MeV(1 − 0.25κ) m_b , (4.14) where κ ≡ ⟨N|m_sss|N⟩/220 MeV∼ 0.5 − 1.5. 4.1.2 Neutron EDM

The neutron EDM d_n plays a crucial role in constraining CP -odd sources in the quark sector, and the corresponding bound has recently been lowered by a factor of two. We will make use of the results obtained using QCD sum rule techniques [31, 32] (see [33] for alternative chiral approaches), wherein under Peccei-Quinn relaxation the contribution of sea-quarks is also suppressed at leading order [31, 32]:

d_n(d_q, d̃_q) = (1.4 ± 0.6)(d_d − 0.25d_u) + (1.1 ± 0.5)e(d̃_d + 0.5d̃_u) +20 MeV × e w + O(C_{qq}). (4.15)

The quark vacuum condensate, ⟨q̄q⟩ = (225 MeV)^3, has been used in this relation – the proportionality to d_q⟨q̄q⟩ ∼ m_q⟨q̄q⟩ ∼ f^2_π m^2_π removes any sensitivity to the poorly known absolute value of the light quark masses. Here d̃_q and d_q are to be normalized at the hadronic scale which we assume to be 1 GeV.

The contribution of the Weinberg operator is known to less precision than the quark (C)EDMs (a factor of 2–3), but is included here only for completeness, as it provides a negligible contribution in the present scenarios. There are additional four-quark contributions that are also unimportant here.

4.1.3 EDMs of diamagnetic atoms – mercury EDM

Constraints on the EDMs of diamagnetic atoms are also powerful probes; the current limit on the EDM of mercury [27] stands as one of the most sensitive constraints on new CP -odd phases. The atomic EDM of mercury arises from several important sources (see e.g. [34]), namely, the Schiff moment S [35] of the nucleus, the electron EDM d_e, and also various electron-nucleon and nucleon-nucleon interactions. The important contributions here arise from the Schiff moment, which depends primarily on the quark CEDMs via CP -odd pion nucleon couplings: S = S[ḡ_{πNN} (d̃_u, d̃_d)], and also the electron EDM.

Combining the atomic d_{Hg}(S) [36], nuclear S(ḡ_{πNN} ) [37], and QCD ḡ^{(1)}_{πNN} (d̃_q) [38], components of the calculation, we have

d_{Hg} = 7 × 10^{−3} e (d̃_u − d̃_d) + 10^{−2} d_e + O(C_S , C_{qq}) (4.16)

where the overall uncertainty is rather large, a factor of 2-3, due to significant cancelations between various contributions. As noted above, additional contributions from various fourfermion operators have been suppressed. In practice, the most valuable feature of d_{Hg} is its sensitivity to the triplet combination of CEDM operators d̃_i.

4.1.4 Future experimental sensitivity

The experimental situation is currently very active, and a number of new EDM experiments promise to improve the level of sensitivity by one to two orders of magnitude in each characteristic class in the coming years (see e.g. [39]). Beyond the ongoing experiments, these comprise searches for EDMs of polarizable paramagnetic molecules [40, 41] and solid state systems [42], which are primarily sensitive to the electron EDM and aiming at a sensitivity of 10^{−29} ecm, new searches for the neutron EDM in cryogenic systems [43] with sensitivity goals of 10^{−28} ecm, and searches for nuclear EDMs using charged nuclei in storage rings [44, 45].

4.2 Contributions from the Higgs sector

4.2.1 Two-loop Contributions

The loop contributions to EDMs in this scenario are very similar to those present in a 2HDM, from which it can clearly be obtained by integrating out the heavy Higgses. Thus the loop functions that appear are those computed by Barr and Zee in the latter case [46] (see also [47]).

To summarize the results, its convenient to first focus on d_f , and to split the contributions into those that arise via an effective pseudoscalar hF F̃ vertex and those arising from the scalar hF F vertex. The generalization to consider hZF̃ and hZF vertices is then straightforward, although in fact the Z-mediated contributions are highly suppressed for

Figure 2: The two-loop contribution to d_f and d̃_f mediated by an induced pseudoscalar hF F̃ coupling

generated by the top-loop.

Figure 3: The two-loop contributions to d_f and d̃_f mediated by an induced scalar hF F coupling, generated

either by quark (top) loops or various vector boson and/or Goldstone loops.

d_e. The diagrams in each class are shown schematically in Fig.’s 2 and 3. A few remarks on the relevant diagrams are in order:

• For the hF F̃ -mediated contributions, Yukawa suppression allows us to limit attention to the top-loop. Note also that the only pseudoscalar effective vertices are hγγ and hγZ. W^+ and its Goldstone component G^+ do not contribute here as CP -violation only enters the neutral Higgs sector.

• For the hF F -mediated contributions, CP -violation enters on the external fermion line, and so more modes may propagate in the internal loop; we should allow in general for t, W , and G^+, the latter two in various combinations.

Consequently, the relevant fermion EDMs can be decomposed as follows,

d_f = d^{γγt}_f + d^{γZt}_f + d^{γγW}_f , (4.17)

where the first two terms refer to the top-loops in Figs. 2 and 3, while the third refers to the boson loop. The color EDMs of quarks are predominantly generated via the top-loop, d̃_q = d^{ggt}_q . (4.18)

The explicit expressions for the individual contributions are very similar to those arising in the 2HDM, but there are some differences, and we will present the full results for completeness. The loop functions needed are those of Barr and Zee, f(z) = z 2 ∫_1 0 dx 1 − 2x(1 − x) x(1 − x) − z ln ( x(1 − x) z ) , (4.19) g(z) = z 2 ∫_1 0 dx 1 x(1 − x) − z ln ( x(1 − x) z ) , (4.20)

which satisfy f(1) = 1/2, g(1) = 1, and have the asymptotics, f ∼ (1/3) ln z and g ∼ (1/2) ln z at large z. The loop function f arises from the effective hF F vertex, and g from the hF F̃ vertex.

In terms of these functions, we have d^{γγt}_f e = −Q_f α 6π^3 m_f Λ^2 Im [ Z^ug(m^2_t /m^2_h) − Z^f f(m^2_t /m^2_h) ] , (4.21)

where Q_f is the electric charge of the fermion f. The analogous results generated by the hZF and hZF̃ vertices follow on inserting the corresponding vector components of the Zf couplings: d^{γZt}_f e = − ( ∓1/4 + Q_f sin^2 θ_W ) ( −1/4 + 2 sin^2 θ_W /3 ) sin^2 θ_W cos^2 θ_W α 4π^3 m_f Λ^2 Im [ Z^ug̃(z_h, z_Z ) − Z^ff̃(z_h, z_Z ) ] , (4.22) where the (∓) refers to (up/down)-type vertices, z_h = m^2_t /m^2_h, z_Z = m^2_t /m^2_Z , and the 2-parameter loop functions are given by, X̃(x, y) = yX(x) y − x + xX(y) x − y , with X = f, g. (4.23)

This correction for d_e is negligible, as it is within the 2HDM [46], but the correction for the quark EDMs is on the order of 30-40%.

The expressions for the color EDMs of quarks follow similarly, d^{ggt}_q g_s = α 16π^3 m_f Λ^2 Im [ Z^ug(m^2_t /m^2_h) − Z^f f(m^2_t /m^2_h) ] , (4.24)

and will generically provide the largest contribution to the hadronic EDMs, which will in turn provide the most stringent constraints on the scenarios considered here.

For the contributions mediated by the scalar effective vertices, hF F and hZF etc., since CP -violation enters on the external fermion line, we should also consider possible boson internal loops. We will take only the largest of these into account associated with a W -loop, d^{γγW}_f e = −Q_f 3α 16π^3 m_f Λ^2

ImZ^f f(m^2_W /m^2_h), (4.25)

while additional contributions from the Goldstone components, and internal Z lines are considerably smaller.

4.2.2 Subleading Contributions

The Weinberg operator is also generated by similar two-loop diagrams. However, it is relatively small in this scenario where the CP -odd phase is limited to the neutral Higgs sector. It is generated predominantly in the 2HDM through charged Higgs contributions.

The complex corrections to the Yukawa couplings can of course also generate CP - odd four-fermion operators via tree-level Higgs exchange. We have ignored these because, despite being generated at tree-level, their contribution to the observable EDMs is still generically suppressed relative to the fermion EDMs by an order of magnitude. However, this conclusion may not hold if the model has a non-generic normalization for the operators in the two isospin sectors, e.g. if it were to arise from a 2HDM, there is the possibility for tan β-enhancement of these 4-fermion contributions [48].

5 Numerical constraints

We will consider a couple of scenarios in presenting the EDM constraints on the parameter space.

5.1 Single threshold

If we assume that the new CP -even and CP -odd physics lies at around the same threshold scale, we can set Λ = Λ_{CP}, and exhibit contours on the remaining two-dimensional (Λ, m_h) parameter space. This is presented in Fig. 4, where three η_b contours are contrasted with bounds from the Tl, Hg, and neutron EDMs. The contours of η_b are labelled in units of the experimental value, taken to be [49]

η_b = n_b s = 8.9 × 10^{−11}. (5.26)

The EDM contours are set to twice the existing 1σ experimental bound. This reflects the existing estimates for the theoretical precision in these calculations, and we will interpret these contours as 1σ exclusions in parameter space. We make use of the standard anomalous dimensions to run these operators down to 1 GeV, having set Im(Z) = ±1 at the threshold in all cases. This assumes, as discussed in Section 2, that these operators are generated at tree-level within an appropriate UV completion. We can limit our attention to this scenario, as a loop suppression factor, Z ∼ 1/(16π^2), while clearly ameliorating the EDM constraints on the threshold, would not allow for the generation of the required baryon asymmetry unless the thresholds are too low, i.e. at or below v_{EW}.

On the left of Fig. 4, we consider the minimal scenario required for EWBG, namely a single additional CP -odd phase in the top-Higgs vertex. We see that the (recently updated) neutron EDM bound provides the strongest constraint, with the shaded region below the contour covering all of the viable parameter space. However, if we enforce the constraint of m_h [GeV]

Λ [GeV]

d_{Hg} d_{T l} d_n

η_{10} η_1 η_{0.1}

m_h [GeV]

Λ [GeV]

d_{T l} d_n η_{10} η_1 η_{0.1}

Figure 4: Contours of η_b – labelled as η_x where η_b/η_{exp} = x – and the EDMs over the Λ vs m_h plane,

with correlated thresholds, Λ_{CP} = Λ. The shaded region is excluded by the EDMs, primarily the neutron EDM bound in this case. On the left, we retain only a single CP -odd phase in the top-Higgs vertex, while on the right the full set required to retain the Standard Model flavor structure is introduced, which allows the d_n and d_{Hg} bounds to be weakened (the d_{Hg} contour actually lies below the 300 GeV ctuoff imposed on Λ and so does not appear on the right-hand plot).

having no new flavor structure, additional CP -odd sources are allowed, which necessarily allows for partial cancelations. Indeed, its clear in this case that there are a sufficient number of parameters available to cancel the contributions of Im(Z^u_{33}) – the phase relevant for baryogenesis – to the observable EDMs. This would be a tuned situation of course, and rather than map out the possible cancelations, we choose to consider just a generic example, given that the motivation to include additional CP -odd sources was to retain the structure of minimal flavor violation, and not to specifically consider the possibility of finetuning away the EDM constraints. With this viewpoint in mind, on the right of Fig. 4, we consider a characteristic example with Im(Z^u)=Im(Z^d)=Im(Z^e)=1. Partial cancelations, on the order of 50-70% in this mass range, are then sufficient to open up a significant allowed region where EWBG is viable, which interestingly tends to favor the region of low Higgs mass. The cancelations in this case predominantly affect the hadronic EDMs, d_n and d_{Hg} which are primarily determined by the quark color EDMs, while d_{T l} is less affected due to the additional impact of the W -loop . This illustrates the generic complementarity of the constraints, so that while partial cancelations may be quite generic, there is a limit to the suppression of the EDMs that may be achieved in this way, without very precise fine-tuning of a number of parameters.

Its worth noting here that the sign of the induced EDMs is actually predicted if there is a single CP -odd source, namely the top-Higgs coupling Z^u_{33}. Reproducing the correct baryon asymmetry requires that Arg(y^∗_t Z^u_{33}) < 0, so the induced neutron EDM, for example, would be negative. Of course, in practice, it would be difficult to separate such a minimal scenario from the more generic case with multiple CP -odd sources without further input from multiple EDM measurements.

5.2 Decoupled thresholds

On general grounds, it is more natural to decouple the two thresholds. To present the results, its convenient to fix the CP -odd threshold Λ_{CP} by imposing the required value for η_b given a choice of Λ and m_h. We again minimize the constraints by taking Im(Z^u)=Im(Z^d) which allows for partial cancelations, and in Fig. 5 exhibit the resulting plots of d_n versus m_h for various values of Λ. Similar, but slightly less constraining, plots can be obtained for the other EDMs. Note that the falloff of η_b with m_h is primarily the reason for the steep rise of the EDM for larger Higgs masses, due to the need to lower Λ_{CP} as η_b decreases. The curves shown indeed do not extend much further to the right before Λ_{CP} becomes too low for the EFT treatment to be reliable. There is also an excluded region in the lower section of the plot due to the fact that the phase transition becomes stronger for lower m_h, and ultimately the symmetric vacuum becomes metastable (see Fig. 1). Our thick-wall approximation actually breaks down somewhat before this point, and so the lower excluded region extends slightly further in Higgs mass than is apparent from the metastability line in Fig. 1. This constraint, in concert with the EDM bound, ensures that the plot exhibits a quite precisely defined viable region, bounded for low Higgs mass by the direct search bound, and for large Higgs mass by the EDMs, while also requiring a minimal value for the EDMs (in the absence of fine-tuning) which is less than an order of magnitude below the current sensitivity.^2 The allowed range for the CP -even threshold is limited to:

400 GeV < Λ < 800 GeV. (5.27)

As compared to the plots with correlated thresholds, this result does not dramatically alter the conclusions. This can be understood by taking a closer look at the CP -odd threshold scale within the viable region of Fig. 5, and noting that it does not differ significantly from the value of Λ. For example, for Λ = 500 GeV, within the viable range Λ_{CP} varies from about 900 GeV at m_h ∼ 150 GeV to around 400 GeV at m_h ∼ 165 GeV. The variation for other values of Λ is similar.

6 Concluding Remarks

Electroweak baryogenesis remains an interesting mechanism for many reasons, combining as it does various subtle features of the electroweak sector of the Standard Model with rather minimal new physics input. The fact that it is under strain from our current knowledge of the electroweak sector and existing EDM bounds, only serves to emphasize that since it

2Similar results were found for electroweak baryogenesis in the 2HDM [17].

m_h [GeV] d_n [3 × 10^{−26} ecm]

Λ_{600}

Λ_{550}

Λ_{500}

Λ_{450}

Figure 5: Fixing several values of Λ – labelled as Λ_x where Λ = x [GeV] – d_n is plotted against m_h,

with Λ_{CP} fixed to ensure that η_b matches its observed value. Note that the EDMs are only logarithmically dependent on m_h, and thus the primary dependence arises implicitly via η_b. The shaded upper region is excluded by the neutron EDM bound, while the shaded lower region is excluded by metastability of the symmetric vacuum.

relies on weak scale physics it is genuinely testable, in contrast to high-scale mechanisms such as leptogenesis.

In this paper, we discussed the current status of the EDM constraints on perhaps the minimal EWBG scenario where the required new physics emerges purely from higherdimensional operators in the Higgs sector. The situation is interesting as the existing constraints, while strong, still allow a reasonable range for the new thresholds, particularly with a light Higgs. Furthermore, the predictions for the level of sensitivity attainable in the next-generation of EDM experiments has profound implications for these scenarios. If, for the moment, we lock Λ_{CP} = Λ, then the sensitivity attainable in searches for the electron and neutron EDMs would correspond to a threshold sensitivity of

Λ_{CP} ∼ 3 TeV, (6.28)

over the relevant Higgs mass range, which is well beyond the viable region of (untuned) parameter space for this mechanism of EWBG. The sensitivity of the proposed search for the deuteron EDM is even more impressive, with sensitivity up to 30 TeV. Thus, even with a conservative treatment of the EDM precision, it seems clear that EWBG as realized in the form considered here will be put to the ultimate test with the next generation of experiments.

Acknowledgements

The work of M.P. and A.R. was supported in part by NSERC, Canada. Research at the Perimeter Institute is supported in part by the Government of Canada through NSERC and by the Province of Ontario through MEDT.

References

[1] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B155 (1985) 36;

for a recent review, see e.g. J. M. Cline, arXiv:hep-ph/0609145.

[2] M. B. Gavela, P. Hernandez, J. Orloff, O. Pene and C. Quimbay, Nucl. Phys. B 430, 382 (1994) [hep-ph/9406289].

[3] K. Kajantie, M. Laine, K. Rummukainen, M.E. Shaposhnikov, Phys. Rev. Lett.

77 (1996) 2887 [hep-ph/9605288], Nucl. Phys. B493 (1997) 413 [hep-lat/9612006]; F. Csikor, Z. Fodor and J. Heitger, Phys. Rev. Lett. 82 (1999) 21 [hep-ph/9809291].

[4] M. Carena, M. Quiros, C.E.M. Wagner, Phys. Lett. B380 (1996) 81 [hep-ph/9603420];

M. Carena, M. Quiro, M. Seco and C.E.M. Wagner, Nucl. Phys. B650 (2003) 24 [hep-ph/0208043]; T. Konstandin, T. Prokopec, M.G. Schmidt and M. Seco, Nucl. Phys. B738 (2006) 1 [hep-ph/0505103]; V. Cirigliano, S. Profumo and M. J. Ramsey-Musolf, JHEP 0607, 002 (2006) [arXiv:hep-ph/0603246]. S. Yaser Ayazi and Y. Farzan, Phys. Rev. D 74, 055008 (2006) [arXiv:hep-ph/0605272].

[5] N. Arkani-Hamed, S. Dimopoulos, G. F. Giudice and A. Romanino, Nucl. Phys. B 709, 3 (2005) [hep-ph/0409232].

[6] M. Fukugita and T. Yanagida, Phys. Lett. B174 (1986) 45.

[7] For a recent review, see e.g., W. Buchmüller, R.D. Peccei and T. Yanagida, Ann. Rev. Nucl. Part. Sci. 55 (2005) 311 [hep-ph/0502169].

[8] J. P. Archambault, A. Czarnecki and M. Pospelov, Phys. Rev. D 70 (2004) 073006 [hep-ph/0406089]; A. de Gouvea and S. Gopalakrishna, Phys. Rev. D 72, 093008 (2005) [hep-ph/0508148]; W. F. Chang and J. N. Ng, New J. Phys. 7, 65 (2005) [hep-ph/0411201].

[9] X. Zhang, Phys. Rev. D47 (1993) 3065 [hep-ph/9301277].

[10] X. Zhang, S.K. Lee, K. Whisnant and B.L. Young, Phys. Rev. D50 (1994) 7042 [hep-ph/9407259].

[11] C. Grojean, G. Servant and J.D. Wells, Phys. Rev. D71 (2005) 036001 [hep-ph/0407019].

[12] S.W. Ham and S.K. Oh, Phys. Rev. D70 (2004) 093007 [hep-ph/0408324]. [13] D. Bödeker, L. Fromme, S.J. Huber and M. Seniuch, JHEP 0502 (2005) 026 [hep-ph/0412366].

[14] G. D’Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, Nucl. Phys. B 645, 155 (2002) [hep-ph/0207036].

[15] M. Dine, P. Huet, R.L. Singleton and L. Susskind, Phys. Lett. B257 (1991) 351. [16] C. Arzt, M. B. Einhorn and J. Wudka, Nucl. Phys. B 433 (1995) 41 [hep-ph/9405214]. [17] L. Fromme, S. J. Huber and M. Seniuch, arXiv:hep-ph/0605242. [18] G.D. Moore, Phys. Rev. D59 (1999) 014503 [hep-ph/9805264].

[19] M. Joyce, T. Prokopec and N. Turok, Phys. Rev. Lett. 75 (1995) 1695, Erratum ibid.

75 (1995) 3375 [hep-ph/9408339]; Phys. Rev. D53 (1996) 2958 [hep-ph/9410282]. [20] J.M. Cline, M. Joyce and K. Kainulainen, JHEP 0007 (2000) 018 [hep-ph/0006119];

Erratum added online, Oct/2/2001.

[21] K. Kainulainen, T. Prokopec, M. G. Schmidt and S. Weinstock, Phys. Rev. D 66, 043502 (2002) [hep-ph/0202177].

[22] T. Prokopec, M.G. Schmidt and S. Weinstock, Ann. Phys. 314 (2004) 208 [hep-ph/0312110]; Ann. Phys. 314 (2004) 267 [hep-ph/0406140].

[23] L. Fromme and S.J. Huber, hep-ph/0604159.

[24] M. Pospelov and A. Ritz, Annals Phys. 318, 119 (2005) [hep-ph/0504231]. [25] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38 (1977) 1440. [26] B. C. Regan, E. D. Commins, C. J. Schmidt and D. DeMille, Phys. Rev. Lett. 88 (2002) 071805.

[27] M. V. Romalis, W. C. Griffith and E. N. Fortson, Phys. Rev. Lett. 86 (2001) 2505 [hep-ex/0012001].

[28] P. G. Harris et al., Phys. Rev. Lett. 82 (1999) 904; C. A. Baker et al., arXiv:hep-ex/0602020.

[29] J. S. M. Ginges and V. V. Flambaum, Phys. Rept. 397 (2004) 63 [physics/0309054]. [30] O. Lebedev and M. Pospelov, Phys. Rev. Lett. 89 (2002) 101801 [hep-ph/0204359];

D. A. Demir, O. Lebedev, K. A. Olive, M. Pospelov and A. Ritz, Nucl. Phys. B 680 (2004) 339 [hep-ph/0311314].

[31] M. Pospelov and A. Ritz, Phys. Rev. Lett. 83 (1999) 2526 [hep-ph/9904483];

Nucl. Phys. B 573 (2000) 177 [hep-ph/9908508]; Phys. Rev. D 63 (2001) 073015 [hep-ph/0010037].

[32] D. A. Demir, M. Pospelov and A. Ritz, Phys. Rev. D 67 (2003) 015007 [hep-ph/0208257].

[33] R. J. Crewther, P. Di Vecchia, G. Veneziano and E. Witten, Phys. Lett. B 88 (1979) 123 [Erratum ibid. B 91 (1980) 487]; A. Pich and E. de Rafael, Nucl. Phys. B 367, 313 (1991); T. Falk, K. A. Olive, M. Pospelov and R. Roiban, Nucl. Phys. B 560 (1999) 3 [hep-ph/9904393]; J. Hisano and Y. Shimizu, Phys. Rev. D 70, 093001 (2004) [hep-ph/0406091].

[34] I.B. Khriplovich and S.K. Lamoreaux, CP Violation Without Strangeness, Springer, 1997.

[35] L. I. Schiff, Phys. Rev. 132 (1963) 2194.

[36] V. A. Dzuba, V. V. Flambaum, J. S. M. Ginges and M. G. Kozlov, Phys. Rev. A 66 (2002) 012111 [hep-ph/0203202].

[37] V. F. Dmitriev and R. A. Sen’kov, Phys. Atom. Nucl. 66 (2003) 1940 [Yad. Fiz. 66 (2003) 1988] [nucl-th/0304048].

[38] M. Pospelov, Phys. Lett. B 530 (2002) 123.

[39] K. A. Olive, M. Pospelov, A. Ritz and Y. Santoso, Phys. Rev. D 72, 075001 (2005) [hep-ph/0506106].

[40] D. DeMille et al., Phys. Rev. A 61 (2000) 052507.

[41] J. J. Hudson, B. E. Sauer, M. R. Tarbutt and E. A. Hinds, Phys. Rev. Lett. 89 (2002) 023003 [hep-ex/0202014].

[42] S. K. Lamoreaux, arXiv:nucl-ex/0109014; C. Y. Liu and S. K. Lamoreaux, Mod. Phys.

Lett. A 19 (2004) 1235.

[43] R. Golub and K. Lamoreaux, Phys. Rept. 237 (1994) 1; S. Lamoreaux et al., talk at:

6th Conference on the Intersections of Particle and Nuclear Physics (CIPANP 97), Big Sky, MT, 27 May - 2 Jun. (1997); see e.g. http://p25ext.lanl.gov/edm/edm.html, see also http://minoserv.maps.susx.ac.uk/∼nedm/index.htm, and http://ucn.web.psi.ch/.

[44] Y. K. Semertzidis et al. [EDM Collaboration], AIP Conf. Proc. 698 (2004) 200 [hep-ex/0308063].

[45] O. Lebedev, K. A. Olive, M. Pospelov and A. Ritz, Phys. Rev. D 70 (2004) 016003 [hep-ph/0402023].

[46] S. M. Barr and A. Zee, Phys. Rev. Lett. 65, 21 (1990) [Erratum-ibid. 65, 2920 (1990)]. [47] D. Chang, W. Y. Keung and T. C. Yuan, Phys. Rev. D 43, 14 (1991). [48] S. M. Barr, Phys. Rev. Lett. 68 (1992) 1822; Phys. Rev. D 47 (1993) 2025. [49] D.N. Spergel et. al. [WMAP Collaboration], Astrophys. J. Suppl. 148 (2003) 175 [arXiv:astro-ph/0302209].