arXiv:hep-ph/0702068v3 24 Jul 2007

Preprint typeset in JHEP style - HYPER VERSION

A T-odd observable sensitive to CP violating phases in squark decay

Paul Langacker^{(a)}, Gil Paz^{(a)}, Lian-Tao Wang^{(b)} and Itay Yavin^{(b)}

(a) School of Natural Sciences, Institute for Advanced Study, Einstein Drive Princeton, NJ 08540 (b) Department of Physics, Princeton University, Princeton NJ. 08544

Abstract: We present a new observable sensitive to a certain combination of CP violating phases in supersymmetric extensions of the Standard Model, viz. a triple product of momenta in the cascade decay of a heavy squark via an on-shell neutralino and off-shell slepton. We investigate the regions of parameter space in which the signal is strong enough to be detectable at the LHC with ∼ ( 10^2−10^3 ) / sin^2(2Δφ) identified events, where Δφ is a certain combination of phases in the MSSM presented in the text.

Keywords: CP violation, Large Hadron Collider, Supersymmetry.

1. Introduction

In the past decade it became clear that the Standard Model cannot account for electroweak baryogenesis (for recent reviews, see [1, 2, 3, 4]). The CP violating phases (the CKM phase and the strong phase) are too small, and with the Higgs mass constrained by LEP2 to be m_H > 115 GeV the electroweak phase transition is not strong enough to suppress the sphaleron process.

However, it is still possible that baryogenesis is connected with electroweak scale physics and has to do with the other missing ingredient from the Standard Model, which is the mechanism for stabilizing the electroweak scale. If that mechanism is supersymmetry, then many new possibilities open up. The new supersymmetric sectors contain, in principle, many new phases. Also, there are many more contributions to the Higgs potential, and the electroweak phase transition can be made stronger.

In the context of the MSSM, there is only a small window in parameter space left to accommodate electroweak baryogenesis [5, 6, 7, 8]. One difficulty arises because there are no cubic terms in the tree-level Higgs potential, and the bounds from LEP2 on the Higgs and stop masses severely restrict the loop-induced contributions and disfavor a strong firstorder phase transition. Nonetheless, there seems to be no difficulty in generating a strong first order transition in slightly more general supersymmetric models, such as those involving extra singlet Higgs in which there can be cubic terms at tree-level [9, 10, 11, 12, 13, 14, 15]. The other difficulty is in ensuring sufficiently large CP violating phases, given the stringent bounds on certain combinations of such phases from electron and neutron electric dipole moment (EDM) experiments [16, 17, 18, 19]. Since the operator responsible for EDM involves a helicity flip, these bounds mostly constrain the phase combination involving the μ-parameter and the wino M_2 phases. The same phase combination is responsible for the dominant electroweak baryogenesis mechanisms in the MSSM, leading to tension with the EDM constraints. This may also be relaxed in extended models involving additional phases [9]-[15],[20].

Motivated by the possible abundance of CP violating phases in supersymmetric extensions of the Standard Model [21], their relevance to baryogenesis, and their impact on Higgs and sparticle spectra [22, 23] it is important to explore them in a variety of ways. In particular, there have been a number of suggestions for their direct detection in collider experiments [24, 25, 26, 27, 28, 29, 30, 31, 32].

The MSSM soft lagrangian contains many different phases, however, not all are physical. As emphasized in [33], the physical phases are those which are invariant under both U_R(1) and U_{P Q}(1) symmetries. There are several obvious such invariant: (i) the phases in the off diagonal elements of the soft scalar masses; (ii) the relative phases between the gaugino masses; (iii) the relative phases between the different A parameters. The phases which are affected by the R and P Q rotations are ϕ_μ, ϕ_b (the phases of the μ and b terms), ϕ_{Ma} and ϕ_{Ãf} , the overall phases of the A parameters. One can then build reparameterization invariant linear combinations of these phases which appear in physical processes (for one such parameterization see [34])

EDM experiments are sensitive to linear combinations of phases involving ϕ_μ since the dominant diagram involves the chargino exchange (see for example [18]). In this paper we present a new observable which is sensitive to a different combination of the phases than is probed in the EDM experiments. It involves the phases in the couplings of the neutralinos to the sleptons, and in a typical limiting case depends on the difference between the phases of the bino and wino mass parameters M_1 and M_2 (which can differ for nonuniversal gaugino masses). Since it requires no higgsino insertion it is insensitive to the phase of the μ-parameter.

We propose an asymmetry parameter related to the usual, T-violating, triple product ⟨⃗p_1 · (⃗p_2 × ⃗p_3)⟩, with ⃗p_i being 3 independent vectors in a given reaction. This quantity constitutes a direct measurement of T-invariance violation, which, in the context of CPT invariant theories, is a measurement of CP-violation.

As can be expected on general grounds, any such asymmetry parameter is the result of interfering diagrams. As such, it is usually suppressed with respect to the leading noninterfering contribution. In the case of a reaction which proceeds through an on-shell cascade decay, interference terms are suppressed with respect to the on-shell amplitudes by a factor of the width. However, if some part of the reaction is forced to proceed off-shell, the interference terms are comparable to the leading amplitudes. We exploit this fact in the decay of a squark into a quark and two leptons q̃ → q + Ñ_2 → q + l^+ + l^− + Ñ_1, where Ñ_{1,2} are neutralinos and we assume that Ñ_1 is the lightest supersymmetric particle (LSP). We show that in regions of parameter space where the decay of Ñ_2 is through an off-shell slepton the asymmetry parameter, η (defined below), can be very large, η ∼ O(1).

The number of events required for determining η scales as N ∝ 1/η^2 (assuming Gaussian statistics). This calls for as precise a theoretical estimate of η as possible, since a factor of 3 reduction can translate into an order of magnitude more events. Clearly, the actual number of events needed is affected by many experimental considerations as well. Reduction of the signal due to mis-tagging, detector resolution, tagging efficiency, etc., will inevitably increase the number of events required. After presenting the theoretical results we attempt to estimate the signal reduction due to experimental limitations and present the number of events needed to determine the existence of a CP asymmetry.

The paper is organized as follows: In section 2 we present a general discussion of the T, CP, and P-violating triple product and the relevant observables. In section 3 we consider the reaction t̃ → t + l^+ + l^− + Ñ_1 and show that it contains appropriate observables sensitive to certain CP-phases in the MSSM. However, we find that if the reaction proceeds through an on-shell cascade decay, the signal is too small to be measured. It is also possible for the reaction to proceed via an off-shell cascade. In that case, as we shall see in section 4, the effect is greatly enhanced and the signal may be large enough to be detectable. In section 5 we attempt to estimate the reduction in the signal strength due to experimental limitations and section 6 contains our conclusions.

2. General discussion

In this paper we will concentrate on CP-violating effects present in cascade decays of heavy supersymmetric particles. When an unstable particle decays through a reaction involving 4 other particles, it is possible that the expression for the rate contains a contribution of the form^1 ϵ_{μναβ} p^μ_0 p^ν_1 p^α_2 p^β_3 , where p_i are four independent momenta. In the rest frame of the decaying particle, p_0 = (M_0, 0, 0, 0), this term is the usual P and T-odd observable given by the expectation value of the triple product

T = −M_0 ⃗p_1 · (⃗p_2 × ⃗p_3) , (2.1)

where M_0 is the mass of the decaying particle. As is well known [35], any measurement of a non-zero expectation value ⟨T ⟩ implies both P violation and either T violation or a “strong phase”. Assuming that CPT invariance is unbroken, T violation is equivalent to the nonconservation of CP, and is manifested by a CP-violating phase in the Lagrangian. A strong phase refers to a CP-conserving phase, due, e.g., to a strong or electromagnetic final state interaction or the phase associated with the width in the propagator of an unstable particle. The two effects can in principle be separated by measuring the expectation values of both T and T , where T = −M_0⃗p_1^c · (⃗p_2^c × ⃗p_3^c) is the corresponding triple product for the decay of the antiparticle, and p_i^c are the physical momenta of the antiparticles in the final state. Since T is both P and T-odd a non-zero ⟨T ⟩ requires the interference of two contributions to the amplitude involving different phases and different parity, i.e., the amplitude in the rest frame ⃗p_0 = 0 must contain ⟨⃗p_i|H|⃗p_0⟩ = A(⃗p_i)e^{i(ρA +ϕA)} + B(⃗p_i)e^{i( π2 +ρB +ϕB )}, (2.2) where ⃗p_i refers collectively to the final momenta, and, A(−⃗p) = A(⃗p) (2.3) B(−⃗p) = −B(⃗p). ϕ_{A,B} and ρ_{A,B} are respectively the so-called weak and strong phases, which do (do not) change sign in the CP-conjugate process^2. The phase π/2 in the second term could have been absorbed in ρ_B, but is instead pulled out for convenience. It always occurs in the relevant interference term between the parity even and odd amplitudes for ⟨T ⟩ when one sums over the spins [35]. For the example considered in this paper, it is just the explicit factor of i occurring in the trace of γ^5γ_μγ_ν γ_αγ_β. Using (2.2), it is then straightforward to show that

⟨T ⟩ = 2K [sin(ρ_A − ρ_B ) cos(ϕ_A − ϕ_B ) + cos(ρ_A − ρ_B ) sin(ϕ_A − ϕ_B )] , (2.4)

where K is proportional to the phase space integral ∫ dP S(T AB). The first (second) term in (2.4) requires a nonzero difference between the strong (weak) phases. Using CP, the

1Our conventions are gμν = diag(1, −1, −1, −1) and ϵ0123 = −1. 2For a more thorough discussion of these phases see the excellent textbooks [36, 37].

corresponding amplitude for the antiparticle decay is ⟨⃗p_i^c|H|⃗p_0^c⟩ = A(−⃗p_i^c)e^{i(ρA−ϕA)} + B(−⃗p_i^c)e^{i( π2 +ρB −ϕB )}, (2.5) up to an irrelevant overall phase associated with our CP conventions. Comparing with (2.2) and using the parities of A and B in (2.3), one sees that ⟨T ⟩ differs from ⟨T ⟩ by an overall sign (due to the fact that the observable is P-odd) and by ϕ_{A,B} → −ϕ_{A,B},

⟨T ⟩ = −2K [sin(ρ_A − ρ_B) cos(ϕ_A − ϕ_B ) − cos(ρ_A − ρ_B) sin(ϕ_A − ϕ_B )] . (2.6)

In particular, the T-odd term can be isolated by summing the particle and antiparticle asymmetries ⟨T ⟩ + ⟨T ⟩ = 4K cos(ρ_A − ρ_B) sin(ϕ_A − ϕ_B ). (2.7)

In this paper we will present a manifestation of these general considerations in the particular supersymmetric cascade decays

t̃ → t + Ñ_a → t + l^+ + l^− + Ñ_1, (2.8)

and their CP conjugates t̃^c → t^c + Ñ_a → t^c + l^− + l^+ + Ñ_1, where Ñ_a (which we usually take to be Ñ_2) is assumed to be on-shell. These reactions have enough independent momenta and, as we shall show below, lead to non-vanishing expectation values for the triple product, Eq. (2.1), made of the top and di-lepton momenta. T and T refer respectively to the observables −M_{t̃} ⃗p_t · (⃗p_l+ × ⃗p_l− ) and −M_{t̃} ⃗p_tc · (⃗p_l− × ⃗p_l+ ). It proves useful to formulate the discussion in terms of a dimensionless parameter embodying the CP asymmetry. This parameter is closely related to the triple product with the added advantage of allowing for a straightforward evaluation of the number of events needed. As shown in Fig. 1, in the rest frame of the on-shell Ñ_a, the incoming t̃ and outgoing top define a z-axis. Momentum conservation forces the outgoing anti-lepton, lepton and the LSP to define a plane. A non-zero expectation value of T implies a non-zero average angle between the plane and the z-axis. We therefore define the asymmetry parameter η = N_+ − N_− N_+ + N_− = N_+ − N_− N_{total} , (2.9)

where N_+ =

∫_1 0 dΓ d cos θ d cos θ, N_− =

∫_0 −1 dΓ d cos θ d cos θ. (2.10)

Below, we derive an exact expression for η in the neutralino’s rest frame. Clearly, η is not a relativistically invariant variable. If the LSP escapes detection it is impossible to reconstruct the neutralino’s rest frame. Therefore, η can only be constructed in the lab frame (i.e., detector frame), which inevitably affects the signal. In section 5 we show that this lack of knowledge of the correct frame gives rise to a dilution factor D, similar to that encountered in B physics experiments, η_{exp} = Dη_{th}. (2.11)

Figure 1: The reaction geometry in the rest frame of Ñ_a for t̃ → t + l^+ + l^− + Ñ_1. θ is the angle between ⃗p_t and ⃗p_l+ × ⃗p_l− . For t̃^c → t^c + l^− + l^+ + Ñ_1, θ is the angle between ⃗p_tc and ⃗p_l− × ⃗p_l+ .

Assuming Gaussian statistics, the number of events needed to make a statistically significant measurement is given by N = 1 η^2_{exp} = 1 D^2η^2_{th}

. (2.12)

The dilution factor, as its name implies, leads to an increase in the number of events needed. In what follows we evaluate the asymmetry parameter η_{th} and show that in certain kinematical regimes it can be rather large O(1). Also, we find that the dilution factor D need not be very small and in fact does not present a very serious obstacle.

3. CP-violation in the stop cascade decay via an on-shell slepton

In this section we compute the expectation value of ϵ_{μναβ}p^μ_{t̃} p^ν_t p^α_{l+} p^β_{l−} for the cascade decay t̃ → t + l^+ + l^− + Ñ_1 via the two diagrams shown in Fig. 2 and written explicitly in the appendix.

The relativistically invariant expectation value is given by

⟨ϵ_{μναβ} p^μ_{t̃} p^ν_t p^α_l+ p^β_{l−} ⟩ = ∫ dΓϵ_{μναβ} p^μ_{t̃} p^ν_t p^α_{l+} p^β_{l−} ∫ dΓ , (3.1)

Figure 2: The Feynman diagrams corresponding to the matrix elements iM_a (left) and iM_b (right). The full matrix element is iM = iM_a + iM_b.

where p_{t̃}, p_t, p_l+ and p_l− are the four-momenta of the squark, quark, anti-lepton and lepton, respectively, and dΓ is the differential decay width.

Assuming that the neutralino Ñ_a is on-shell the expectation value can be evaluated exactly; the details are presented in the appendix. Considering only flavor diagonal interactions, the numerator in Eq. (3.1) is ∫ dΓϵ_{μναβ} p^μ_{t̃} p^ν_t p^α_l+ p^β_{l−} = 1 3 M^4_{Ña} |⃗p_t|^2

256π^3 ( M_{Ña} Γ_{Ña} ) (∫ dP S_2 2M_{t̃} ) (3.2) × ( |g^{qa}_L |^2 − |g^{qa}_R |^2 )

× ( 2 Im ( g^{la∗}_R g^{la∗}_L g^{l1}_R g^{l1}_L ) + M_{Ñ1} M_{Ña} Im [( g^{la∗}_R )_2 ( g^{l1}_R )_2 + R ↔ L ])

× ∫ dx_+dx_−f(x_+, x_−), where |⃗p_t|^2 = 1 4M^2_{Ña} ( (M^2_{t̃} − M^2_{Ña} − M^2_t )^2 − 4M^2_{Ña} M^2_t ) . (3.3)

The dimensionless function f(x_+, x_−) is given by

f(x_+, x_−) = (1 − μ_1 − x_+ − x_− + x_+x_−) (x_+ + x_− + μ_1 − 1) (3.4) × ( (1 − μ_{l̃} − x_+)(1 − μ_{l̃} − x_−) + μ^2_{l̃} γ_{l̃} ) ( (1 − μ_{l̃} − x_+)^2 + μ^2_{l̃} γ_{l̃} ) ( (1 − μ_{l̃} − x_−)^2 + μ^2_{l̃} γ_{l̃} ) ,

where

μ_{l̃} =

M^2_{l̃} M^2_{Ña}

, μ_1 =

M^2_{Ñ1} M^2_{Ña} and γ_{l̃} =

Γ^2_{l̃} M^2_{l̃}

. (3.5)

To arrive at an expression for the expectation value we need the total width of the reaction. In the narrow-width limit the computation is straightforward and can be carried out analytically. The result is given by ∫ dΓ =

M^2_{Ña} 256π^2 1 Γ_{l̃}M_{l̃} ( M_{Ña} Γ_{Ña} ) (∫ dP S_2 2M_{t̃} ) 1 μ_{l̃} ( μ_{l̃} − μ_1

)_2 ( 1 − μ_{l̃} )_2 (3.6)

× ( |g^{l1}_L |^2 + |g^{l1}_R |^2 ) ( |g^{la}_L |^2 + |g^{la}_R |^2 )

× ( (M^2_{t̃} − M^2_{Ña} − M^2_t ) ( |g^{qa}_L |^2 + |g^{qa}_R |^2 ) + 4M_tM_{Ña} Re(g^{qa}_L g^{qa∗}_R ) ) . Clearly, the general expression for the expectation value is fairly complicated. It is instructive to consider some limits where it simplifies. For example, if we assume there is no suppression from the kinematical factors (e.g. (1 − μ_{l̃}) ∼ 1) in Eq. (3.6), and considering the limit where Ñ_a is a pure wino and Ñ_1 a pure bino, the final expression is, ⟨ϵ_{μναβ} p^μ_{t̃} p^ν_t p^α_l+ p^β_{l−} ⟩ = 1 24 M^2_{t̃} M^2_{Ña} ( 1 π Γ_{l̃} M_{l̃} ) √ μ_1 ∫ dx_+dx_−f(x_+, x_−) (3.7)

× sin ( 2φ^{l1}_L − 2φ^{la}_L )

where we have written the complex couplings as g^{l1}_L = |g^{l1}_L | exp(iφ^{l1}_L ), etc. This expression is suppressed by the width of the slepton and one additional phase-space factor. This is simply a reflection of the fact that the signal is the ratio of an off-shell process to an on-shell one, i.e., the two diagrams in Fig. 2 cannot simultaneously be on-shell except for a set of measure zero. The integral over f(x_+, x_−) is of order unity and cannot enhance the signal. If the LSP is mostly a bino then the slepton decay width is roughly 1 π Γ_{l̃} M_{l̃} ∼ α_e π ∼ 1 300 . (3.8)

In order to reliably estimate the number of events needed to reach experimental sensitivity one must form a dimensionless quantity, such as the asymmetry variable presented in the previous section, Eq. (2.9). The dimensionful phase-space factors in Eq.(3.7) roughly cancel out in such an observable. Therefore we expect that the quantity in (3.8) gives us a good order of magnitude estimate for the number of events needed. Without even taking experimental limitations into account we need at least 10^5 events to reach statistical significance.

However, if one is close to the decay threshold such that M^2_{Ña} − M^2_{l̃} ≲ M_{l̃}Γ_{l̃}, the decay rate is suppressed and the asymmetry is enhanced. A more likely possibility is a spectrum where the slepton is forced to be off-shell. In this case there is no width suppression. We explore this possibility in the next section and show that indeed the signal is greatly enhanced.

4. Stop cascade decay via an off-shell slepton

In this section we consider the case where M_{l̃} > M_{Ña} . The neutralino may decay through the 3-body channel Ñ_a → l^+ + l^− + Ñ_1 via an off-shell slepton. While most of the results hold for general Ñ_a, to simplify the discussion we will often take Ñ_a to be approximately wino. In general, there may be additional decay paths to consider, and in particular the neutralino can decay directly into Ñ_1 and a Z-boson. If M_{Ña} − M_{Ñ1} > M_Z then the Z is on-shell and this channel dominates over the 3-body mode. However, if M_{Ña} − M_{Ñ1} < M_Z then the Z is off-shell and this reaction might compete with the diagram involving an off-shell slepton. Which is dominant is a detailed question depending on the spectrum. The coupling ¯Ñ_aÑ_1Z is a result of mixing with the higgsino component. For a = 2 it is therefore governed by the size of the μ term compared with the gaugino masses M_1 and M_2 and is decoupled in the limit of large μ. Our major goal is to illustrate the possibility of measuring a CP-violating effect rather than to exhaustively examine all of parameter space. In what follows we will therefore ignore the possible contribution of the ¯Ñ_aÑ_1Z vertex. In the more general case the interference with the Z diagram could enhance or reduce the effect.

We expect the signal to have no parametric suppression as in the case of an on-shell decay discussed in the previous section. Also, to evaluate the number of events needed we concentrate on the asymmetry parameter η defined in Eq. (2.9). The details are very similar to the previous section except that the interference terms in the width cannot be neglected. Therefore, for integrated luminosity L the total number of events is given by

N_{total} L = ∫ dP S_4 2M_{t̃} ( |M_a|^2 + |M_b|^2 + 2Re(M_aM^∗_b ) ) . (4.1)

The evaluation of the phase-space integrals is presented in the appendix. The difference between the number of events in the upper and lower hemispheres is given by

N_+ − N_− L = 1 256π^3 ( M_{Ña} Γ_{Ña} ) (∫ dP S_2 2M_{t̃} ) ( |⃗p_t| M_{Ña} ) ( |g^q_R|^2 − |g^q_L|^2 ) (4.2) × ( M_{Ña} M_{Ñ1} Im [( g^{la∗}_R )_2 ( g^{l1}_R )_2 + R ↔ L ] + 2M^2_{Ña} Im ( g^{la∗}_R g^{la∗}_L g^{l1}_R g^{l1}_L ))

× ∫ dx_+dx_− ( (1 − μ_1 − x_+ − x_− + x_+x_−) (x_+ + x_− + μ_1 − 1) )_{1/2} ( 1 − x_+ − μ_{l̃} ) ( 1 − x_− − μ_{l̃} ) .

The integrals evaluate to ∫ dP S_4 2M_{t̃} ( |M_a|^2 + |M_b|^2 ) = 1 256π^3 ( M_{Ña} Γ_{Ña} ) (∫ dP S_2 2M_{t̃} ) (4.3) × ( |g^{l1}_L |^2 + |g^{l1}_R |^2 ) ( |g^{la}_L |^2 + |g^{la}_R |^2 )

× (( M^2_{t̃} − M^2_{Ña} − M^2_t ) ( |g^{qa}_L |^2 + |g^{qa}_R |^2 ) + 4M_tM_{Ña} Re ( g^{qa}_L g^{qa∗}_R ))

× ∫_{1−μ1} 0 dx x^2(1 − x − μ_1)^2 1 − x 1 (1 − x − μ_{l̃})^2 and ∫ dP S_4 2M_{t̃} (2Re(M_aM^∗_b )) = 1 256π^3 ( M_{Ña} Γ_{Ña} ) (∫ dP S_2 2M_{t̃} ) (4.4) × (( M^2_{t̃} − M^2_{Ña} − M^2_t ) ( |g^{qa}_L |^2 + |g^{qa}_R |^2 ) − 4M_tM_{Ña} Re ( g^{qa}_L g^{qa∗}_R )) × ∫ dx_+dx_− 1 (1 − x_+ − μ_{l̃})(1 − x_− − μ_{l̃}) × (√ μ_1 (μ_1 + x_+ + x_− − 1) Re ( g^{l1}_L g^{l1}_L g^{la∗}_L g^{la∗}_L + g^{l1}_R g^{l1}_R g^{la∗}_R g^{la∗}_R )

− 2(1 − x_+ − x_− + x_+x_− − μ_1)Re ( g^{l1}_L g^{l1}_L g^{la∗}_R g^{la∗}_R )) . The entire expression is relativistically invariant, except for the limits in Eq. (2.10) used to derive Eq. (4.2), which are computed in the rest frame of Ñ_a. However, since N_+ (N_−) involves an integration over the entire upper (lower) hemisphere, these expressions are still invariant under boosts in the stop’s direction which do not flip the direction of the top. In particular, the asymmetry parameter is unmodified when boosting to the rest frame of the stop. This is an important fact. It implies that the signal one constructs in the lab is only degraded by one’s ignorance of the initial boost of the stop in the lab frame.

In the case of an off-shell slepton the asymmetry variable η is an O(1) number. The exact expression is given by the ratio of Eq. (4.2) to Eq. (4.1). There are several limiting cases where the final result is extremely simple. In particular, in the case where Ñ_a is a pure wino and Ñ_1 is a pure bino, assuming there are no strong kinematical suppressions and μ_{l̃} ≫ 1, the expression simplifies to η = √ μ_1 2 ( F (μ_1) G_1(μ_1) + G_2(μ_1) cos(2Δφ) ) sin(2Δφ), (4.5)

where we expressed the complex couplings as g^{la}_L = |g^{la}_L | exp(iφ^{la}_L ) and

Δφ = φ^{l1}_L − φ^{la}_L . (4.6)

In the approximation of ignoring slepton mixings this is just the difference between the original phases of the neutralino masses before they were absorbed into the couplings. The kinematic functions in Eq. (4.5) are given by

F (μ_1) = ∫ dx_+dx_− ( (1 − μ_1 − x_+ − x_− + x_+x_−) (x_+ + x_− + μ_1 − 1) )_{1/2}

G_1(μ_1) = 1 6 ( 1 − 8μ_1 + 8μ^3_1 − μ^4_1 ) − μ^2_1 log(μ^2_1)

G_2(μ_1) = √ μ_1 6 ( (1 − μ_1)(1 + 10μ_1 + μ^2_1) + 6μ_1(1 + μ_1) log(μ_1) )

In Fig. 3 we plot the asymmetry parameter η vs. μ_1 for several choice of Δφ. As claimed above, when the slepton is off-shell the asymmetry η can be very large, proportional to the phase times an O(1) number as shown in Eq. (4.5). For example, if we take M_{Ñ1} /M_{Ña} ≳ 0.7 we find that, ignoring experimental limitations, the number of events needed to make a determination of CP-violation in this cascade decay is approximately N = 1 η^2_{th} ∼ 100 sin^2(2Δφ)

. (4.7)

In Table 1 we present the t̃_Lt̃^c_L production cross-section for several choices of the stop mass. We also show the actual number of t ℓ^+ ℓ^− events, taking into account the branching ratio for the reaction t̃ → t+Ñ_a → t+l^++l^−+Ñ_1, for an integrated luminosity of L = 300 fb^{−1} and for a possible upgrade with L = 1 ab^{−1}. For a stop mass below 800 GeV the prospects for such a measurement look promising.

M_{t̃L} σ (fb) N[tℓ^+ℓ^−] L = 300fb^{−1} (1 ab^{−1}) 500 GeV 300 7300 (24000) 800 GeV 20 560 (1800) 1 TeV 4 120 (400) 1.2 TeV 1 30 (100)

Table 1: The production cross-section for t̃_Lt̃^c_L is shown in the middle column. The branching ratio for the reaction t̃ → t + Ñ_a → t + l^+ + l^− + Ñ_1 was calculated using M_{l̃} = 300 GeV, M_{Ñ2} = 140 GeV, M_{Ñ1} = 100 GeV, and assuming that the gluino and squarks are sufficiently heavy to have little effect. (Under these assumptions and wino/bino dominated Ñ_{2,1} the branching ratio for t̃ → tÑ_2 is slightly less then 1/3 because of the top’s mass, and those for Ñ_2 → e^+e^−Ñ_1 or μ^+μ^−Ñ_1 are about 1/6 each.) The number of t ℓ^+ ℓ^− events is then presented in the last column for two different integrated luminosities. The effective number of events is doubled if one combines the tℓ^+ℓ^− and t^cℓ^−ℓ^+asymmetries.

In the next section we take into account the experimental difficulties in making such a determination. We propose ways of overcoming these limitations and try to evaluate the corresponding reduction in signal sensitivity.

Figure 3: The asymmetry parameter η is plotted against μ_1 = M^2_{Ñ1} /M^2_{Ña} for several choices of the CP-phase Δφ. As expected, η diminishes as the CP-phase decreases.

5. Experimental limitations

In this section we consider the degradation of the signal due to experimental limitations. First, we address an issue already mentioned above, namely that the triple product is measured in the lab frame, and if the LSP escapes detection there is no way to reconstruct the rest frame of the stop. In other words, the asymmetry parameter η was computed in the neutralino frame, which cannot be reconstructed.

Let’s imagine an event where the momenta are such that in the neutralino’s rest frame we have, ⃗p_t · (⃗p_l+ × ⃗p_l− ) = p^z_t ( p^x_l+ p^y_{l−} − p^y_{l+} p^x_l− ) > 0 This is a contribution to N_+. This quantity is still positive even in the stop’s rest frame since the boost is only along the z-axis and it cannot flip the direction of the top momenta. If the stop was produced at rest in the lab frame the signal would be unaltered. However, the stop itself is in general boosted with respect to the lab frame. An arbitrary boost can turn this contribution to N_+ in the stop’s frame into a contribution to N_− in the lab frame. It can either flip the sign of ⃗p_t or it can change the transverse orientation of ⃗p_l+ with respect to ⃗p_l− .

The stop - anti-stop pair is produced mainly via gluon fusion and so, owing to the gluon distribution function, the stops are produced very close to threshold. However, the overall center of mass can be quite boosted with respect to the lab. Therefore, while the stop has very little transverse momenta, it does carry a non-negligible momentum along the beam direction. In Fig. 4 we used Pythia [38] to produce a plot of the distribution of stop longitudinal velocity in the lab frame for several choices of stop mass.

Figure 4: The stop velocity distribution in the lab frame for several choices of stop’s mass. All distributions are normalized to unit area. As the stop’s mass increases the distributions peak at a lower β, in agreement with expectations based on the PDF.

Therefore, we must account for the possible flip of N_+ into N_− (and vice-versa) due to the initial boost of the stop. If we denote by w the probability flip then the asymmetry parameter η in the lab frame is given by

η_{lab} = N^{(lab)}_+ − N^{(lab)}_− N^{(lab)}_+ + N^{(lab)}_− = D N (Ñ)

+ − N^{(Ñ)}_− N^{(Ñ)}_+ + N^{(Ñ)}_−

, (5.1)

where the dilution factor D is simply

D = 1 − 2w. (5.2)

One might expect that w → 0 as the stop’s mass increases since the initial boost is diminished. However, this limit holds true only if the mass difference m_{t̃} − m_{Ña} remains fixed. When this mass difference increases, w increases as well. To understand this point, notice that when the difference m_{t̃} − m_{Ña} increases, all the momenta defining N_+ are on average increased. So, while it is true that it becomes harder to change the sign of ⃗p_t, it is easier to change the orientation of ⃗p_l+ with respect to ⃗p_l− . In Fig. 5 we plot the probability for a flip, w, as a function of the stop’s mass (keeping m_{t̃} − m_{Ña} fixed) as well as a function of the mass difference itself (keeping m_{t̃} fixed).

From Fig. 5 it is clear that the dilution factor does not present a very serious problem. Unless there is a very large splitting between the stop and neutralino masses the probability of flip is about w ≳ 0.33. This will translate into a dilution factor of about D^2 ≲ 0.1 which represents an increase in the number of events needed of about an order of magnitude.

Figure 5: In the left pane the probability w of N_+ in the neutralino’s rest frame to flip into N_− in the lab frame (or N_− into N_+) is plotted as a function of the stop mass keeping m_{t̃} − m_{Ña} fixed. In the right pane, w is plotted as a function of the mass difference, keeping m_{t̃} fixed.

There are several related issues concerning the efficiency of identifying the top or antitop, determining its charge^3 and momentum, determining whether the l^+l^− from the decay is associated with the initial t̃ or the t̃^c (assuming they are pair produced), separating the cascade leptons from others in the process, etc. These questions, and how they affect the number of identified events, will require an extensive and careful numerical simulation. While we do not attempt such a study here but leave it for future research, we would like to make a number of comments relevant for such a study. A favorable situation is that in which Ñ_1 and Ñ_2 are dominantly bino and wino, respectively, and the gluino is heavy. Then the dominant decays of the t̃_L should be into b C̃^+ and t Ñ_2, with relative rates ∼ 2 : 1. When one of the stops decays to a chargino and the other cascades, it may optimistically be possible to identify the t or t^c and determine its charge by tagging on the charge of the lepton from the chargino decay (especially if it is of a different flavor from the dilepton). In this case, one can combine the asymmetries from t̃ and t̃^c decays; i.e., in analogy to Eq. (2.9) define η_{sum} = N_+(t̃) + N_+(t̃^c) − N_−(t̃) − N_−(t̃^c) N_+(t̃) + N_+(t̃^c) + N_−(t̃) + N_−(t̃^c)

, (5.3)

where the θ angles for the t̃ and t̃^c events are defined in the caption to Fig. 1. It is easy to show that the theoretical expectation for η_{sum} is the same as for η (except for removing the strong phase term), while effectively doubling the number of available events, i.e., the required (D^2η^2_{th})^{−1} is the total number of t ℓ^+ℓ^− and t^cℓ^−ℓ^+ cascades.

Events in which the associated top decays semi-leptonically provide another handle on its identification and charge, but at the expense of possible additional confusion about which lepton is from the top, and missing the neutrino momentum, which renders the reconstruction

3Averaging over both the top and anti-top processes, which correspond to ⟨T ⟩ − ⟨T ⟩ in Section 2, cancels the CP-violating effects and just leaves the strong phase contribution.

of the top’s momentum impossible. None of the observables above really require the top’s momentum, but only its direction in the lab frame. If the top is highly boosted, it may not be necessary to fully reconstruct its momentum to infer its direction in the lab frame. More generally, the reduction in signal due to an imprecise determination of the top’s direction is a detailed numerical question involving an event simulator which we leave for future investigation.

There may also be a non-negligible number of events in which the t̃ decays to t Ñ_2 and the t̃^c to t^cÑ_1, or vice versa. Assuming that one determines the charge of t or t^c by its leptonic decay, there is still the ambiguity of whether the dilepton is correlated with the top or anti-top. One possibility is to simply include the wrong pairing (calculating T (T ) for the pairing with the t (t^c)), and argue that on average it does not contribute to any CP violating observable. This effectively sums the asymmetries from the t ℓ^+ℓ^− and t^cℓ^−ℓ^+ cascades, but without gaining the factor two statistical advantage discussed above in the case of one chargino decay. It is possible that the combinatorics can be resolved with a more sophisticated analysis involving isolation cuts, energy cuts, etc. For example, if the anti-stop decays directly into an anti-top and the LSP, the anti-top is on average more energetic than the top coming from the other branch. Ordering the jets according to their p_T may reduce the combinatorics and help identify the correct pairing. Again, such schemes will require a careful numerical simulation.

Another possibility is to use bottom quarks instead of tops, i.e., consider the reaction b̃ → b + Ñ_2 → b + l+ + l− + Ñ_1. In this case one could reconstruct the full b momentum. However, the efficiency of directly determining the b charge is low. These issues could be resolved if the opposite side b̃ or b̃^c decays to t C̃^− or t^c C̃^+, but it may be difficult to know whether one began with stops or sbottoms if they are close in mass. For example, if one observed t b^cl^{′−}ℓ^+ℓ^−, the ℓ^+ℓ^− could be associated either with t̃ → t ℓ^+ ℓ^− or with b̃c → bc ℓ− ℓ+. The asymmetries expected from each possibility would be the same for a wino-dominated Ñ_2. Similar to the discussion of t^cÑ_1 above, one could count each event twice, once for each possibility, assuming that the wrong pairing does not contribute to the asymmetry. The required sum of identified t and b^c cascades is twice the expression in Eq. (2.12), but this number could include the t^c and b cascades if the t^cbℓ^{′+}ℓ^−ℓ^+ events are combined appropriately.

A third possibility is to use the asymmetry between quarks and anti-quarks in the parton distribution function (PDF) of the proton. When considering stop pair-production the dominant mode is gluon fusion since there are practically no tops in the proton PDF. In this case, stops and anti-stops are produced in equal amounts. However, when considering the production of ũ’s and d̃’s there are many more relevant channels. The valence quarks play a significant role and associated production (g + q → g̃ + q̃) can dominate. Since valence quarks in a proton-proton collider are mostly quarks and not anti-quarks, it is considerably more likely to produce a squark than an anti-squark. Therefore, in effect, we know that we are observing the reaction and not its CP conjugate. There are several problems with such an approach. First, we must include the contribution from all partons (mostly u’s and d’s).

This is in principle easy to incorporate into the present calculation and amounts to a trivial addition of the different contributions. The more serious problem is the existence of multijets in the event and a reduction of the signal due to combinatorics.

There is also the problem of the strong phases discussed in Section 2, which in principle contribute to the expectation value of the triple-product. One source involves the exchange of a photon between the two leptons in the cascade. However, this is of O(α/π), and not competitive unless the CP-violating phases are small. Another is associated with the phases in the slepton propagators from their finite width. This leads to a non-trivial effect in the on-shell case for fixed lepton energies, but vanishes when integrated over their energies, as commented in the appendix. It is negligible in the more interesting off-shell case. In general, the strong phase effect can be eliminated by combining the asymmetries for t̃ and t̃^c, as in Eq. (2.7) or (5.3). However, if one relies on the asymmetry between quarks and anti-quarks in the PDF, one cannot form such a combination. In this case, one must rely on the theoretical estimate that the strong phases effects are small.

6. Conclusions

The triple product and the related asymmetry parameter observable presented in this paper are sensitive to CP-phases in the cascade decay of stops, t̃ → t + l^+ + l^− + Ñ_1. The phase combination that appears in this reaction involves the phase difference between the winoslepton-lepton and bino-slepton-lepton (more generally, Ñ_2 and Ñ_1) couplings. As pointed in the introduction, this phase combination is not bounded directly by EDM experiments since it does not require a higgsino insertion and is therefore independent of the μ-parameter’s phase.

In the case of an on-shell cascade decay, the signal is too small to be observable, requiring more than 10^5 events to reach experimental sensitivity. However, if the spectrum is such that the reaction proceeds via an off-shell slepton, the signal is greatly enhanced. We find that about (10^2 − 10^3)/ sin^2(2Δφ) events are needed to constrain the CP-phase Δφ. This number may improve dramatically if some experimental difficulties discussed in the text are resolved or may increase if these turn out to be more severe. At any rate, this number is low enough to be taken seriously as a viable observable for probing some of the MSSM’s CP-phases at the LHC. Rough estimates for the required number of events are given in Table 1. For large CP phases the effect may be observable for stop mass as large as 800 GeV prior to a luminosity upgrade and even higher thereafter. A possible luminosity upgrade and a favorable spectrum will place the signal well within the experimental sensitivity and help probe a combination of the phases which is currently inaccessible via the EDM experiments.

Our goal has been to illustrate the general possibility and point out the difficulties, not to examine the full parameter space. A more systematic study, including a full numerical simulation of the events and detector performances, would be very useful. Similar effects might also be observable in other channels which may cover different regions of parameter space.

Acknowledgments: We would like to thank G. Kane and T. Han for useful discussions in the early stages of this project. The work of L.W. and I.Y. is supported by the National Science Foundation under Grant No. 0243680 and the Department of Energy under grant # DE-FG02-90ER40542. P.L is supported by the Friends of the IAS and by the NSF grant PHY-0503584. The work of G.P. was supported in part by the Department of Energy # DE-FG02-90ER40542 and by the United States-Israel Bi-national Science Foundation grant # 2002272. Any opinions, findings, and conclusions or recommendations expressed in this material are those of the author(s) and do not necessarily reflect the views of the National Science Foundation.

A. A derivation of the asymmetry parameter η in the neutralino’s rest frame

In this appendix we give the details of the calculation of the asymmetry η in the neutralino’s rest frame (defined in Eq.(2.9)). A computation of the expectation value ⟨ϵ_{μναβ} p^μ_{t̃} p^ν_t p^α_{l+} p^β_{l−} ⟩ is a straightforward modification of the derivation below.

The differential decay width for the reaction is

dΓ = ∑ spin |M| 2 2M_{t̃} dP S_4, (A-1)

where M is the invariant amplitude. The Feynman rule for the sfermion-fermion-neutralino coupling is

= i ( G^{fL}_{isl} P_L + G^{fR}_{isl} P_R ) . (A-2)

Our notation follows that of [39], where the explicit expressions for the G’s in terms of the mixing matrices can be found.

The invariant amplitude consists of two parts, corresponding to the Feynman diagrams of Fig. 2. (There are two diagrams contributing to the process as a result of the Majorana nature of the neutralinos). Ignoring the masses of the external leptons and allowing them to have different flavors the two parts are

iM_a = iū(p_t) ( G^{tR∗}_{tt̃a} P_L + G^{tL∗}_{tt̃a} P_R ) ( −/q + M_{Ña} q^2 − M^2_{Ña} ) ( G^{lR∗}_{jka} P_L + G^{lL∗}_{jka} P_R ) v(p_l−_j ) ( 1 k^2_1 − M^2_{l̃k} ) ū(p_{Ñ1} ) ( G^{lL}_{ik1}P_L + G^{lR}_{ik1}P_R ) v(p_l+_i )

iM_b = −iū(p_t) ( G^{tR∗}_{tt̃b} P_L + G^{tL∗}_{tt̃b} P_R ) ( −/q + M_{Ñb} q^2 − M^2_{Ñb} ) ( G^{lL}_{ilb}P_L + G^{lR}_{ilb} P_R ) v(p_l+_i ) ( 1 k^2 − M^2_{l̃l} ) ū(p_{Ñ1} ) ( G^{lR∗}_{jl1} P_L + G^{lL∗}_{jl1} P_R ) v(p_l−_j ), (A-3)

where q = p_{t̃} − p_t, k_1 = p_l+_i + p_{Ñ1} , k_2 = p_l−_j + p_{Ñ1} , and the masses are taken to be real (i.e., all the complex phases are absorbed into the couplings). In deriving A-3 we have used some of the identities of Appendix C of [33].

The asymmetry η depends on the terms proportional to the Levi-Civita tensor ϵ_{μναβ} . Terms in the reaction containing a non-vanishing ϵ_{μναβ} can only come from the interference terms and must contain 4 independent vectors. We find

2 Re ∑ spin

M_aM^∗_b ⊃ 4 Im (a_R − a_L) ϵ_{μναβ} p^μ_{t̃} p^ν_t p^α_l+_i p^β_{l−j} (A-4)

× [ 1 q^2 − M^2_{Ña} − iΓ_{Ña} M_{Ña} · 1 q^2 − M^2_{Ñb} + iΓ_{Ñb} M_{Ñb} · 1 k^2_1 − M^2_{l̃k} − iΓ_{l̃k} M_{l̃k} · 1 k^2 − M^2_{l̃l} + iΓ_{l̃l} M_{l̃l}

+ c.c ] ,

where a_R is given by

a_R = −q^2 ( G^{tL∗}_{tt̃a} G^{tL}_{tt̃b}G^{lR∗}_{jka} G^{lL∗}_{ilb} G^{lL}_{ik1}G^{lR}_{jl1} ) (A-5)

+ M_{Ña} M_{Ñ1} ( G^{tR∗}_{tt̃a} G^{tR}_{tt̃b}G^{lR∗}_{jka} G^{lR∗}_{ilb} G^{lR}_{ik1}G^{lR}_{jl1} )

+ M_{Ñb} M_{Ñ1} ( G^{tR∗}_{tt̃a} G^{tR}_{tt̃b}G^{lL∗}_{jka} G^{lL∗}_{ilb} G^{lL}_{ik1}G^{lL}_{jl1} )

+ M_{Ña} M_{Ñb} ( G^{tR∗}_{tt̃a} G^{tR}_{tt̃b}G^{lR∗}_{jka} G^{lL∗}_{ilb} G^{lL}_{ik1}G^{lR}_{jl1} ) , and a_L is simply given by a_R with L ↔ R. In principle, there is also a term proportional to Re (a_R − a_L) from the finite width part of the slepton propagators (see Section 6). In the flavor diagonal case this term is proportional to the difference between the l^+ and l^− energies, and vanishes when integrated over phase space.

If we neglect all the off-diagonal mixing matrix elements, and take the neutralino Ñ_a = Ñ_b to be on-shell (q^2 = M^2_{Ña} ), the expression simplifies to

Im (a_R − a_L) = 2M^2_{Ña} ( |g^{qa}_R |^2 − |g^{qa}_L |^2 ) Im ( g^{la∗}_R g^{la∗}_L g^{l1}_R g^{l1}_L ) (A-6)

+ M_{Ña} M_{Ñ1} ( |g^{qa}_R |^2 − |g^{qa}_L |^2 ) Im [( g^{la∗}_R )_2 ( g^{l1}_R )_2 + ( g^{la∗}_L )_2 ( g^{l1}_L )_2] , where we have defined G^{tR}_{tt̃a} ≡ g^{qa}_R , G^{lR}_{ika} ≡ g^{la}_R , G^{lR}_{ik1} ≡ g^{l1}_R , (A-7) and similarly for the left handed couplings. Writing each coupling constant as g = |g|e^{iφ} (A-6) can be expressed in terms of the complex phases iφ as

Im (a_R − a_L) = 2M^2_{Ña} ( |g^{qa}_R |^2 − |g^{qa}_L |^2 ) |g^{la}_R | |g^{la}_L | |g^{l1}_R | |g^{l1}_L | sin ( φ^{l1}_R + φ^{l1}_L − φ^{la}_R − φ^{la}_L ) ) (A-8)

+ M_{Ña} M_{Ñ1} ( |g^{qa}_R |^2 − |g^{qa}_L |^2 ) [ |g^{la}_R |^2 |g^{l1}_R |^2 sin ( 2(φ^{l1}_R − φ^{la}_R ) ) + (R → L) ] . The event geometry in the neutralino’s rest frame is depicted in Fig. 1. The incoming stop and outgoing top define a z-axis with the top pointing in the positive direction. This z-axis is in an arbitrary orientation with respect to the lab frame’s beam pipe-line axis (since the stop is a scalar its decay is isotropic). Momentum conservation in the neutralino’s rest frame forces the di-lepton and the LSP to lie in the same plane. In other words, the di-lepton defines an orthogonal to the plane,

n̂ = p̂_l+ × p̂_l− , (A-9)

where n̂ itself is oriented with respect to the z-axis,

n̂ · p̂_t = cos θ. (A-10)

We say that n̂ is in the upper-hemisphere (N_+) if cos θ > 0 or the lower-hemisphere (N_−) if cos θ < 0.

A non-zero expectation value for ⃗p_t·(⃗p_l+ ×⃗p_l− ) translates into a non-zero expectation value for N_+ − N_−. As far as this difference is concerned the only relevant part of the amplitude is the one involving the ϵ_{μναβ} piece. We are left with evaluating the integral

N_+ ∝ ∫_{π/2} θ=0 dP S_4 [ 4 Im (a_R − a_L) ϵ_{μναβ} p^μ_{t̃} p^ν_t p^α_l+ p^β_{l−} ] (A-11) × 1 (q^2 − M^2_{Ña} )^2 + Γ^2_{Ña} M^2_{Ña} Re ( 1 k^2_1 − M^2_{l̃} − iΓ_{l̃}M_{l̃} · 1 k^2 − M^2_{l̃} + iΓ_{l̃}M_{l̃} ) . A similar expression holds for N_− only with the limits on the integrals being (π/2, π). In the neutralino’s rest frame ⃗p_{t̃} = ⃗p_t, and therefore ϵ_{μναβ} p^μ_{t̃} p^ν_t p^α_l+ p^β_{l−} = E_{t̃} ⃗p_t · (⃗p_l+ × ⃗p_l− ) − E_t ⃗p_{t̃} · ( ⃗p_l+ × ⃗p_{l−} ) (A-12) = M_{Ña} ⃗p_t · (⃗p_l+ × ⃗p_l− ) = M_{Ña} |p_t| |p_l+ | |p_l− | cos θ sin ϕ, where cos θ is defined as above and ϕ is the angle between ⃗p_l+ and ⃗p_l− .

The four-body phase space can be written as

dP S_4(p_{t̃} → p_t + p_l+ + p_l− + p_{Ñ1} ) = dP S_2(p_{t̃} → p_t + q) dq^2 2π (A-13)

× dP S_3(q → p_l+ + p_l− + p_{Ñ1} ),

where the 2-body phase space integral is given by

dP S_2(p_{t̃} → p_t + q) = (2π)^4δ^{(4)}(p_{t̃} − p_t − q) d^3p_t (2π)^32E_t d^3q (2π)^32E_q

(A-14)

The 3-body phase-space integral can be written in terms of dimensionless variables (see for example [40])

dP S_3(q → p_l+ + p_l− + p_{Ñ1} ) =

M^2_{Ña} 256π^3 dx_+dx_− d cos θ, (A-15)

where x_+ =

2E_l+ M_{Ña} and x_− = 2E_l− M_{Ña} , (A-16)

and the limits of integration are

0 < x_− < 1 − μ_1, 1 − μ_1 − x_− < x_+ < 1 − μ_1 1 − x_− , (A-17)

where μ_1 = M^2_{Ñ1} /M^2_{Ña} . Despite its appearance, the integration domain is symmetric over x_+ ↔ x_−.

In the narrow-width approximation, the neutralino’s propagator is 1 (q^2 − M^2_{Ña} )^2 + Γ^2_{Ña} M^2_{Ña} → π Γ_{Ña} M_{Ña} δ(q^2 − M^2_{Ña} ), (A-18)

and the dq^2 integration can be done trivially, setting q^2 = M^2_{Ña} everywhere else in the expression. Conservation of momentum fixes the angle between ⃗p_l+ and ⃗p_l− to be

x_+x_− sin ϕ = 2 ((1 − μ_1 − x_+ − x_− + x_+x_−)(x_+ + x_+ + μ_1 − 1))^{1/2} . (A-19)

Noting that k^2_1 = (q−p_l− )^2 = M^2_{Ña} (1−x_−) and k^2 = (q−p_l+ )^2 = M^2_{Ña} (1−x_+), the expression for N_+ simplifies to

N_+ ∝ (∫ dP S_2 2M_{t̃} ) 1 256π^3 M_{Ña} |⃗p_t| Γ_{Ña} M_{Ña} Im (a_R − a_L) (A-20) × ∫_1

cos θ=0

cos θd (cos θ) ∫ dx_+dx_− x_+x_− sin ϕ ( 1 − x_+ − μ_{l̃} ) ( 1 − x_− − μ_{l̃} ), where μ_{l̃} = M^2_{l̃} /M^2_{Ña} .

Integrating over cos θ, we arrive at the result quoted in the text for the difference N_+ −N_− for a given integrated luminosity L,

N_+ − N_− L = 1 256π^3 ( M_{Ña} Γ_{Ña} ) (∫ dP S_2 2M_{t̃} ) ( |⃗p_t| M_{Ña} ) Im (a_R − a_L) (A-21)

× ∫ dx_+dx_− ( (1 − μ_1 − x_+ − x_− + x_+x_−)(x_+ + x_+ + μ_1 − 1) )_{1/2} ( 1 − x_+ − μ_{l̃} ) ( 1 − x_− − μ_{l̃} ) . For the total number of events N_+ + N_− we must include the entire amplitude

N_{total} L = ∫ dP S_4 2M_{t̃} ( |M_a|^2 + |M_b|^2 + 2Re(M_aM^∗_b ) ) . (A-22)

Following the same path outlined above it is straightforward to arrive at the result quoted in Eqs.(4.3) and (4.4).

References

[1] M. Trodden, Electroweak baryogenesis, Rev. Mod. Phys. 71 (1999) 1463–1500, [hep-ph/9803479].

[2] A. Riotto and M. Trodden, Recent progress in baryogenesis, Ann. Rev. Nucl. Part. Sci. 49 (1999) 35–75, [hep-ph/9901362].

[3] W. Bernreuther, Cp violation and baryogenesis, Lect. Notes Phys. 591 (2002) 237–293, [hep-ph/0205279].

[4] M. Dine and A. Kusenko, The origin of the matter-antimatter asymmetry, Rev. Mod. Phys. 76 (2004) 1, [hep-ph/0303065].

[5] M. Carena, M. Quiros, and C. E. M. Wagner, Opening the window for electroweak baryogenesis, Phys. Lett. B380 (1996) 81–91, [hep-ph/9603420].

[6] M. Carena, M. Quiros, and C. E. M. Wagner, Electroweak baryogenesis and higgs and stop searches at lep and the tevatron, Nucl. Phys. B524 (1998) 3–22, [hep-ph/9710401].

[7] M. Carena, J. M. Moreno, M. Quiros, M. Seco, and C. E. M. Wagner, Supersymmetric cp-violating currents and electroweak baryogenesis, Nucl. Phys. B599 (2001) 158–184, [hep-ph/0011055].

[8] M. Carena, M. Quiros, M. Seco, and C. E. M. Wagner, Improved results in supersymmetric electroweak baryogenesis, Nucl. Phys. B650 (2003) 24–42, [hep-ph/0208043].

[9] M. Pietroni, The electroweak phase transition in a nonminimal supersymmetric model, Nucl.

Phys. B402 (1993) 27–45, [hep-ph/9207227].

[10] A. T. Davies, C. D. Froggatt, and R. G. Moorhouse, Electroweak baryogenesis in the next to minimal supersymmetric model, Phys. Lett. B372 (1996) 88–94, [hep-ph/9603388].

[11] S. J. Huber and M. G. Schmidt, Susy variants of the electroweak phase transition, Eur. Phys. J.

C10 (1999) 473–481, [hep-ph/9809506].

[12] S. J. Huber and M. G. Schmidt, Electroweak baryogenesis: Concrete in a susy model with a gauge singlet, Nucl. Phys. B606 (2001) 183–230, [hep-ph/0003122].

[13] J. Kang, P. Langacker, T.-j. Li, and T. Liu, Electroweak baryogenesis in a supersymmetric u(1)’ model, Phys. Rev. Lett. 94 (2005) 061801, [hep-ph/0402086].

[14] A. Menon, D. E. Morrissey, and C. E. M. Wagner, Electroweak baryogenesis and dark matter in the nmssm, Phys. Rev. D70 (2004) 035005, [hep-ph/0404184].

[15] S. J. Huber, T. Konstandin, T. Prokopec, and M. G. Schmidt, Electroweak phase transition and baryogenesis in the nmssm, Nucl. Phys. B757 (2006) 172–196, [hep-ph/0606298].

[16] S. Pokorski, J. Rosiek, and C. A. Savoy, Constraints on phases of supersymmetric flavour conserving couplings, Nucl. Phys. B570 (2000) 81–116, [hep-ph/9906206].

[17] T. Ibrahim and P. Nath, Large cp phases and the cancellation mechanism in edms in susy, string and brane models, Phys. Rev. D61 (2000) 093004, [hep-ph/9910553].

[18] V. D. Barger et al., Cp-violating phases in susy, electric dipole moments, and linear colliders, Phys. Rev. D64 (2001) 056007, [hep-ph/0101106].

[19] M. Pospelov and A. Ritz, Electric dipole moments as probes of new physics, Annals Phys. 318 (2005) 119–169, [hep-ph/0504231].

[20] D. A. Demir and L. L. Everett, Cp violation in supersymmetric u(1)’ models, Phys. Rev. D69 (2004) 015008, [hep-ph/0306240].

[21] M. Brhlik and G. L. Kane, Measuring the supersymmetry lagrangian, Phys. Lett. B437 (1998) 331–336, [hep-ph/9803391].

[22] S. Mrenna, G. L. Kane, and L.-T. Wang, Measuring gaugino soft phases and the lsp mass at fermilab, Phys. Lett. B483 (2000) 175–183, [hep-ph/9910477].

[23] G. L. Kane and L.-T. Wang, Implications of supersymmetry phases for higgs boson signals and limits, Phys. Lett. B488 (2000) 383–389, [hep-ph/0003198].

[24] J. F. Donoghue and G. Valencia, Searching for cp violation in jet physics, Phys. Rev. Lett. 58 (1987) 451.

[25] C. J. C. Im, G. L. Kane, and P. J. Malde, Could large cp violation be detected at colliders?, Phys. Lett. B317 (1993) 454–461, [hep-ph/9302255].

[26] S. Dawson and G. Valencia, Looking for cp violation in w production and decay, Phys. Rev. D52 (1995) 2717–2723, [hep-ph/9504209].

[27] N. Arkani-Hamed, J. L. Feng, L. J. Hall, and H.-C. Cheng, Cp violation from slepton oscillations at the lhc and nlc, Nucl. Phys. B505 (1997) 3–39, [hep-ph/9704205].

[28] O. Nachtmann and C. Schwanenberger, Cp violation in the 3 jet and 4 jet decays of the z boson at gigaz, Eur. Phys. J. C32 (2004) 253–260, [hep-ph/0308198].

[29] A. Bartl, E. Christova, K. Hohenwarter-Sodek, and T. Kernreiter, Triple product correlations in top squark decays, Phys. Rev. D70 (2004) 095007, [hep-ph/0409060].

[30] G. Valencia and Y. Wang, New cp-odd observable in h goes to t anti-t, Phys. Rev. D73 (2006) 053009, [hep-ph/0512127].

[31] K. Kiers, A. Szynkman, and D. London, Cp violation in supersymmetric theories: stop(2) goes to stop(1) tau- tau+, Phys. Rev. D74 (2006) 035004, [hep-ph/0605123].

[32] A. Szynkman, K. Kiers, and D. London, Cp violation in supersymmetric theories: stop2 goes to stop1 h h, stop2 goes to stop1 z z, stop2 goes to stop1 w+ w-, stop2 goes to stop1 z h,

hep-ph/0701165.

[33] D. J. H. Chung et al., The soft supersymmetry-breaking lagrangian: Theory and applications, Phys. Rept. 407 (2005) 1–203, [hep-ph/0312378].

[34] O. Lebedev, Cp-violating invariants in supersymmetry, Phys. Rev. D67 (2003) 015013, [hep-ph/0209023].

[35] S. Gasiorowicz, Elementary particle physics. Wiley (1966) 613 p.

[36] G. C. Branco, L. Lavoura, and J. P. Silva, CP violation. Oxford, UK: Clarendon (1999) 511 p.

[37] I. I. Y. Bigi and A. I. Sanda, Cp violation, Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol. 9 (2000) 1–382.

[38] T. Sjostrand, S. Mrenna, and P. Skands, Pythia 6.4 physics and manual, JHEP 05 (2006) 026, [hep-ph/0603175].

[39] M. Drees, R. Godbole, and P. Roy, Theory and phenomenology of sparticles: An account of four- dimensional N=1 supersymmetry in high energy physics. Hackensack, USA: World Scientific (2004) 555 p.

[40] V. D. Barger and R. J. N. Phillips, Collider Physics. Redwood City, USA: Addison-Wesley (1987) 592 p. (Frontiers in Physics, 71).