arXiv:hep-ph/0105106 11 May 2001

SLAC-PUB-8831 May 2001

Indirect Signatures of CP Violation in the Processes γγ → γγ, γZ, and ZZ^∗ JoAnne L. Hewett and Frank J. Petriello

Stanford Linear Accelerator Center Stanford University Stanford CA 94309, USA

Abstract

This paper studies the utility of the processes γγ → γγ, γZ, and ZZ in searching for sources of CP violation arising from energy scales beyond the production thresholds of planned future colliders. In the context of an effective Lagrangian approach we consider the most general set of CP odd SU(2) × U(1) operators that give rise to genuinely quartic gauge boson couplings which can be probed in 2 → 2 scattering processes at a γγ collider. We study each process in detail, emphasizing the complementary information that is obtained by varying the initial beam polarizations. Finally, we compare our results to other constraints in the literature on CP odd gauge boson interactions and quartic gauge boson couplings; the search reaches obtained here are typically stronger and nicely complement previous studies which have focused primarily on W boson, top quark, or Higgs production.

∗Work supported by the Department of Energy, Contract DE-AC03-76SF00515

1 Introduction

Future e^+e^− colliders will likely have the option of operating in γγ or eγ collision modes [1]. These modes are reached by Compton scattering laser light off one or more of the incoming fermion beams, and then colliding the resulting high energy photons with the remaining fermion beam or with each other. There is a large potential for eγ and γγ collisions to elucidate possible physics beyond the Standard Model; previous investigations have focused on anomalous couplings [2], searches for extra dimensions [3], properties of supersymmetry [4], and a broad host of other topics.

One subject that deserves further study is CP -violating gauge boson self-couplings. CP violation is one of the most poorly understood aspects of the Standard Model (SM). Present data merely fixes the value of the CP violating phase in the CKM matrix, and cannot test if this phase constitutes the only source for CP violation. In fact, studies of baryogenesis within the SM suggest that additional CP violating terms are required in order to generate the observed baryon asymmetry in the universe [5]. Most discussions of CP violation at photon colliders work within the context of models such as supersymmetry, and focus upon either Higgs or top quark production [6]. However, since almost every extension of the SM contains new CP violating phases, it is desirable to eliminate any possible theoretical bias by studying CP violation within the generic context of an effective Lagrangian approach, without assuming any underlying mechanisms. A handful of such works have been performed in the past [7, 8], concentrating on γγ → H, γγ → W^+W^−, or top quark production. Here, we extend these studies by examining possible CP violating quartic gauge boson couplings. γγ colliders are particularly suited to studying such couplings; they can be probed in 2 → 2 scattering processes, unlike at e^+e^− colliders.

The SM contributions to the processes γγ → γγ, γγ → γZ, and γγ → ZZ, including electroweak contributions, were first computed in [9]. Recently, they have been reexamined [10, 11, 12, 13], and shown to exhibit several interesting features that motivate our analysis. The SM amplitudes vanish at tree level, and may therefore be quite sensitive to the effects of new physics. At one loop they acquire large imaginary parts, completely dominated at high energies by the helicity amplitudes M_{±±±±} , M_{±∓±∓} , and M_{±∓∓±}, where ± denotes the direction of transverse polarization relative to the beam direction. Such amplitudes can interfere strongly with CP violating contributions from new sources, yielding greatly enhanced sensitivity to these new effects. In addition, the ability to polarize both the initial laser light and fermion beams allows the construction of observables which are sensitive only to these interference effects. These properties, together with the experimental cleanliness of γγ → γγ, γZ, and ZZ scattering, suggest that these processes might provide powerful tools in searches for new physics.

In this paper we will show that γγ → γγ, γZ, and ZZ at a photon collider can provide sensitive tests of CP violation in the gauge boson sector. We limit our study to genuinely quartic gauge boson operators, as contributions to the two point functions are strongly excluded by current data and the three point functions are likely better tested elsewhere. We consider manifestly SU(2) × U(1) invariant operators constructed from the appropriate field strength tensors, making no assumptions as to the origin of electroweak symmetry breaking. As a result, our operators are of dimension eight. Throughout the paper we will identify features of our analysis that might be useful for other new physics searches using these processes.

The paper is organized as follows. We first present the density matrix formalism for photon-photon collisions in some detail, both for completeness and to motivate the expression for the ensemble average of the scattering amplitude, which will be used throughout our analysis. We then briefly discuss the construction of the anomalous CP violating operators we have studied. Our results for the three processes considered are presented next, including discussions of the various initial laser and fermion beam polarizations. Finally, we present our conclusions, including a comparison of our resulting sensitivity to these effects with others in the literature.

2 γγ Collisions

In this section we present the density matrix formalism for photon-photon collisions. Our discussion is similar to that found in the literature (see, for example, [8]), but is included here to provide motivation for eq. (9), which is used throughout our analysis.

Consider a photon moving along the z axis; its polarization vectors for positive and negative helicities are given by

ϵ^± = 1 √ 2 (0, ∓1, −i, 0) . (1)

We will denote the photons corresponding to states with these polarizations by |±⟩. The most general photon state can be written in this basis as |α, ϕ⟩ = −cos(α)e^{iϕ}|+⟩ + sin(α)e^{−iϕ}|−⟩ , (2) where 0 ≤ α ≤ π/2 and −π ≤ ϕ ≤ π. Writing this state in 4-vector form demonstrates that the choices α = 0 and α = π/2 lead to circularly polarized states, while α = π/4 leads to a linearly polarized state. The angle ϕ describes the direction of linear polarization in the x − y plane.

The experimental setup in γγ colliders has been described in detail elsewhere [1]; briefly, one Compton scatters laser photons off fermion beams, and then collides the backscattered photons. When observing the scattering process γγ → X, the energies or helicities of the incoming photons are not known; they will be statistically distributed, with the specific distribution being determined by the details of the Compton scattering process. When measuring the differential cross section, one no longer determines | ⟨ϕ_{f inal}|M|ϕ_{initial}⟩ |^2, but rather the ensemble average of M: | M |^2_{ens}= ∑ i w^i | ⟨ϕ_{f inal}|M|ϕ^i_{nitial}⟩ |^2 , (3)

where the sum over i sums over all possible initial states weighted by w^i, the probability of their occurrence. We can write this in the form | M |^2_{ens}= ∑ j,k ⟨ϕ_{f inal}|M|λ_j ⟩⟨λ_k |M|ϕ_{f inal}⟩ ρ_{jk} , (4)

where we have introduced the density matrix for the incoming photons in the basis defined by λ_j : ρ_{jk} = ∑ i w^i⟨λ_j |ϕ^i_n⟩⟨ϕ^i_n|λ_k ⟩ . (5)

Let us compute the density matrix for the laser photon of eq. (2); introducing the notation P_c = cos(2α) and P_t = sin(2α), we have

ρ = 1 2 ( 1 + P_c −P_t e^{2iϕ} −P_t e^{−2iϕ} 1 − P_c ) . (6)

P_c and P_t measure the amounts of circular and linear polarization, respectively. This is consistent with the polarizations for the values α = π/2 and α = π/4 noted before. After the Compton scattering process, the degrees of linear and circular polarization are described by distributions which are dependent upon the fraction of the fermion beam energy the laser photons acquire. Denoting this fraction by x, and the helicity distribution functions by ξ_{c,t}(x), the density matrix becomes

ρ = 1 2 ( 1 + ξ_c(x) −ξ_t(x)e^{2iϕ} −ξ_t(x)e^{−2iϕ} 1 − ξ_c(x) ) . (7)

The eigenvalues of this matrix are

μ_± = 1 ± √ ξ^2_t + ξ^2_c ; (8)

we no longer have a pure state unless ξ^2_t + ξ^2_c = 1.

As the processes considered in this paper involve two Compton scattered photons, the complete density matrix will be the tensor product of the density matrix for each photon. Also, since one of the initial laser photons will be moving along the −z axis, we must take ϕ → −ϕ in its density matrix. Referring back to eqs. (4) and (7), we can write the ensemble average for the process γγ → X as

| M |^2_{ens} = 1 4 { | M_{++} |^2 + | M_{−−} |^2 + | M_{+−} |^2 + | M_{−+} |^2

+ξ_c(x_1) [ | M_{++} |^2 − | M_{−−} |^2 + | M_{+−} |^2 − | M_{−+} |^2 ]

+ξ_c(x_2) [ | M_{++} |^2 − | M_{−−} |^2 − | M_{+−} |^2 + | M_{−+} |^2 ]

+ξ_c(x_1)ξ_c(x_2) [ | M_{++} |^2 + | M_{−−} |^2 − | M_{+−} |^2 − | M_{−+} |^2 ]

+2ξ_t(x_1)ξ_t(x_2) Re [ M_{+−}M^∗_{−+}e^{2i(ϕ1+ϕ2 )} + M_{++}M^∗_{−−}e^{2i(ϕ1−ϕ2 )} ]

−2ξ_t(x_1) Re [ M_{++}M^∗_{−+}e^{2iϕ1} + M_{+−}M^∗_{−−}e^{2iϕ1} ]

−2ξ_t(x_2) Re [ M_{+−}M^∗_{++}e^{2iϕ2} + M_{−−}M^∗_{−+}e^{2iϕ2} ]

+2ξ_t(x_1)ξ_c(x_2) Re [ M_{+−}M^∗_{−−}e^{2iϕ1} − M_{++}M^∗_{−+}e^{2iϕ1} ]

+2ξ_c(x_1)ξ_t(x_2) Re [ M_{−−}M^∗_{−+}e^{2iϕ2} − M_{+−}M^∗_{++}e^{2iϕ2} ] } , (9)

where, for example, M_{+−} denotes the helicity amplitude for incoming photons with helicities +1 and −1. We have suppressed the final state X; depending upon the process considered the observable final state might require a sum over various helicities. This expression will be used to construct observables for all the processes considered in this paper.

The physical cross section involves a convolution of this scattering amplitude with the photon number density function of each photon. The explicit form of this function, as well as the forms for the linear and circular helicity distribution functions, can be found in the Appendix.

3 Constructing CP Violating Operators

Here we construct the most general set of operators that contribute to neutral gauge boson self-interactions, subject to the following constraints. We consider only SU(2) × U(1) invariant operators, and further restrict these to CP -odd terms. As the effects of CP -odd trilinear operators have been extensivley studied [14], we consider only those terms that lead to quartic or higher gauge boson interactions. We also make no assumption as to the mechanism of electroweak symmetry breaking. These restrictions lead us to the following set of seven dimension eight operators constructed from the W and B field strength tensors:

O_{(BB)(BB)} = (B_{μν} B^{μν} )(B^{ρσ ∼}B_{ρσ} ), O_{(W W )(W W )} = (W_{aμν} W^{μν}_a )(W^{ρσ}_b^∼W_{bρσ} ), O_{(BB)(W W )} = (B_{μν} B^{μν} )(W^{ρσ}_a^∼W_{aρσ}), O_{(W W )(BB)} = (W_{aμν} W^{μν}_a )(B^{ρσ ∼}B_{ρσ}), O_{(BW )(BW )} = (B_{μν} W^{μν}_a )(B^{ρσ ∼}W_{aρσ}), O_{W BW B} = W^{μν}_a B_{νρ}W^{ρσ}_a^∼B_{σμ}, O_{BW BW} = B^{μν} W_{aνρ}B^{ρσ ∼}W_{aσμ} . (10) Here W^{μν}_a is the SU(2) field strength tensor and B^{μν} the U(1) field strength tensor. We have introduced the notation ∼ Bμν = 1 2 ϵ_{μνρσ} B^{ρσ} , (11) and our convention for the ϵ tensor is ϵ_{0123} = 1. A brief comment on the completeness of these operators is in order. CP violating operators containing three ϵ tensors are reducible to those containing only one such tensor, as the product of two ϵ tensors can be written as a determinant of metric tensors. Operators such as ϵ_{μνρσ} A^{μα}B^ν_αC^{ρβ} D^σ_β , where the ϵ tensor contracts an index on each field strength tensor, are reducible to those where the ϵ tensor fully contracts one of the field strength tensors through use of the Schouten identity (see the first reference in [14], [15]), g_{αβ} ϵ_{μνρσ} + g_{αμ}ϵ_{νρσβ} + g_{αν} ϵ_{ρσβμ} + g_{αρ}ϵ_{σβμν} + g_{ασ} ϵ_{βμνρ} = 0 , (12) which states that no tensor antisymmetric in five indices exists in four dimensions. Similarly, the operators B^{μν} B_{νρ}B^{ρσ ∼}B_{σμ}, W^{μν}_a W_{aνρ}W^{ρσ}_b^∼W_{bσμ}, W^{μν}_a W_{aνρ}B^{ρσ ∼}B_{σμ}, B^{μν} B_{νρ}W^{ρσ}_a^∼W_{aσμ} , (13) can be reduced to those listed in eq. (10) through use of the identity

ϵ_{μαβγ} F^{να}F^{βγ} = 1 4 g^μ_ν ϵ_{αβγδ}F^{αβ}F^{γδ} . (14) This is true for F^{μν} antisymmetric in four-dimensional spaces (an analog holds in arbitrary dimensions [16]). Finally, since the processes considered here only involve W^{μν}_3 , the operators (W_{aμν} W^{μν}_b )(W^{ρσ}_a^∼W_{bρσ}), W^{μν}_a W_{bνρ}W^{ρσ}_a^∼W_{bσμ} (15) become equivalent to the second operator in eq. (10) through use of the above identity, while the operators ϵ_{abc}(W_{aμν} W^{μν}_b )(B^{ρσ ∼}W_{cρσ} ), ϵ_{abc}(B_{μν} W^{μν}_a )(W^{ρσ}_b^∼W_{cρσ}), ϵ_{abc}W^{μν}_a W_{bνρ}W^{ρσ}_c^∼B_{σμ}, ϵ_{abc}B^{μν} W_{aνρ}W^{ρσ}_b^∼W_{cσμ} (16) only contribute to processes involving W^±. We thus see that the seven operators delineated in eq. (10) form a complete and independent set.

Each of these operators will give rise to a number of different γγγγ, γγγZ, and γγZZ operators, as well as other quartic operators involving three or more Z bosons and various quintic terms. In this paper we will concentrate on those quartic operators relevant for the scattering processes γγ → γγ, γZ, and ZZ; the other terms cannot be probed in 2 → 2 scattering, and the resulting constraints obtainable on the operators of eq. (10) would be weakened. Denoting the operators to be studied by O^{γγ}_i , O^{γZ}_i , and O^{ZZ}_i , each SU(2) × U(1) operator will have an expansion of the form O^{SU (2)×U (1)} α = a^i_αO^{γγ}_i + b^i_αO^{γZ}_i + c^i_αO^{ZZ}_i + . . . , (17) where the a, b, and c are functions of the weak mixing angle and the ellipsis denotes the neglected quartic and quintic terms. To determine the independent γγ, γZ, and ZZ structures, we set B^{μν} = cos(θ_W ) F^{μν} − sin(θ_W ) Z^{μν} , W^{μν}_3 = sin(θ_W ) F^{μν} + cos(θ_W ) Z^{μν} , (18) where F_{μν} = ∂_μA_ν − ∂_ν A_μ , Z_{μν} = ∂_μZ_ν − ∂_ν Z_μ . (19) Doing so, and making use of the identity in eq. (14), leads to the following forms for the O^X_i :

O^{γγ}_1 : (F_{μν} F^{μν} )(F^{ρσ ∼}F_{ρσ} ) , O^{γZ}_{1−3} : (F_{μν} F^{μν} )(F^{ρσ ∼}Z_{ρσ}) , (F_{μν} Z^{μν} )(F^{ρσ ∼}F_{ρσ} ) , F^{μν} F_{νρ}F^{ρσ ∼}Z_{σμ} ,

O^{ZZ}_{1−5} : (F_{μν} F^{μν} )(Z^{ρσ ∼}Z_{ρσ} ) , (Z_{μν} Z^{μν} )(F^{ρσ ∼}F_{ρσ}) , (F_{μν} Z^{μν} )(F^{ρσ ∼}Z_{ρσ}) , F^{μν} Z_{νρ}F^{ρσ ∼}Z_{σμ} , Z^{μν} F_{νρ}Z^{ρσ ∼}F_{σμ} . (20) We will present the coefficients a, b, and c when we discuss the relevant process.

We will organize our study as follows. A section will be devoted to each of the processes γγ → γγ, γγ → γZ, and γγ → ZZ. In each section we will discuss the properties of the relevant O^X_i , focusing on the observable asymmetries associated with each operator and the role of varying the initial polarization states. We will then discuss the measurement of the various O^{SU (2)×U (1)} α , and estimate the sensitivity to these operators that can be obtained at a photon collider. We will bound each of these operators separately; each is multiplied by an arbitrary coefficient that could cause contributions from different operators to cancel, but we will ignore this possibility. To preview what we will observe, it will turn out that in certain O^{SU (2)×U (1)} α the structures of eq. (20) will interfere destructively, while in others they will combine constructively, leading to widely varying sensitivity to the O^{SU (2)×U (1)}_α . 4 γγ → γγ In this section we consider the process γ(k_1) + γ(k_2) → γ(p_1) + γ(p_2). We also present and motivate the various parameterizations and approximations used throughout the paper. A detailed presentation of the Standard Model amplitudes can be found in [10, 11]; we focus here only upon those features relevant to our analysis.

Let us first discuss the properties of the CP violating amplitudes we are considering. The detailed expressions for these amplitudes, and those for the other processes considered in this paper, can be found in the Appendix. Bose symmetry implies the relations M^{CP}_{abcd}(s, t, u) = M^{CP}_{bacd}(s, u, t) = M^{CP}_{badc}(s, t, u) , (21) where s, t, and u are the usual Mandelstam invariants: s = (k_1 + k_2)^2, t = (k_1 − p_1)^2, and u = (k_1 − p_2)^2. We have denoted the CP violating amplitudes with the superscript CP . The operators considered in this paper are odd under both P and T , which implies M^{CP}_{abcd}(s, t, u) = −M^{CP}_{−a−b−c−d}(s, t, u) = −M^{CP}_{cdab}(s, t, u) . (22) In addition, the standard crossing symmetries hold. These relations immediately imply M^{CP}_{±±±±} = M^{CP}_{±∓±∓} = M^{CP}_{±∓∓±} = 0 . (23)

The only non-vanishing amplitudes are M^{CP}_{±±∓∓} . The Standard Model amplitudes are dominated at high energies by the amplitudes M^{SM}_{±±±±} , M^{SM}_{±∓±∓} , and M^{SM}_{±∓∓±}. These amplitudes are primarily imaginary, although the real parts are non-negligible; features of all γγ → γγ amplitudes are discussed in [10]. All of the CP odd asymmetries that can be constructed involve the interference of M^{CP}_{±±∓∓} with a Standard Model amplitude; to increase our sensitivity to the anomalous interaction we should attempt to define an observable with interference between M^{CP}_{±±∓∓} and one of the dominant Standard Model terms. Unfortunately, no observable exists which contains such an interference with one of the large imaginary SM amplitudes. We can, however, construct the following observable which contains an interference with one of the real pieces of the SM amplitudes:

A_{γγ} = ∫_{2π} 0 ∫_{2π} 0 dϕ_1 dϕ_2 [(_{dσ} dΩ ) δ(ϕ_1 − ϕ_2 − π/4) − (_{dσ} dΩ ) δ(ϕ_1 − ϕ_2 + π/4) ] ∫_{2π} 0 ∫_{2π} 0 dϕ_1 dϕ_2 [(_{dσ} dΩ ) δ(ϕ_1 − ϕ_2 − π/4) + (_{dσ} dΩ ) δ(ϕ_1 − ϕ_2 + π/4)

] , (24)

where ϕ_1, ϕ_2 denote the angles of linear polarization introduced in our discussion of the density matrix formalism. The experimental determination of this asymmetry requires several measurements, as indicated in eq. (24) by the integration over linear polarization directions. The delta functions in A_{γγ} denote the need to maintain a fixed angle between the linear polarization directions of the initial beams. This observable has been considered previously in [7, 8]. Referring to eq. (9), and implementing the relations in eqs. (21-22), we can show that the numerator of this asymmetry contains the term

A_{γγ} ∝ ξ_t(x_1)ξ_t(x_2) Re ( M^{SM}_{++++} ) Im ( M^{CP}_{−−++} ) . (25)

As shown in the Appendix, the CP violating amplitudes are purely imaginary, leading to a non-vanishing result. As this observable is sensitive only to the degree of linear polarization, we will use the following set of initial parameters:

P_{c1} = P_{c2} = 0 ; P_{t1} = P_{t2} = 1 ; (26)

we note that with no circular polarization the fermion beam polarizations do not enter any expression. We can simultaneously measure another independent quantity, the denominator of A_{γγ} . This is the unpolarized cross section d σ_{unpol} d cos(θ) = 1 256πs ( | M_{++} |^2 + | M_{−−} |^2 + | M_{+−} |^2 + | M_{−+} |^2 ) , (27)

the form of which can also be obtained from eq. (9).

We will now consider the operator relevant to γγ final states in eq. (20). We write it in the form O^{γγ}_1 = g^2_{ef f} e^2 (Λ_1)^4

(F_{μν} F^{μν} )(F^{ρσ ∼}F_{ρσ} ) , (28)

where Λ_1 is the energy scale of the physics leading to these operators, and g_{ef f} the associated coupling constant. We will hereafter set g_{ef f} = 1, effectively absorbing this coupling constant into the definition of Λ_1. Although we will quote our sensitivity in terms of the energy scale that can be probed, the reader should realize that this is not exactly the scale associated with the new physics leading to these anomalous couplings. We have also ignored a possible

±1 appearing in front; the unpolarized cross section is unaffected by this sign, and A_{γγ} only acquires an overall sign change.

In our analysis, we have used the approximate SM amplitudes found in [11], valid for m^2_W /{s, t, u} < 1, which holds for the collider energies considered here. We will use similar approximate expressions when considering γγ → γZ and γγ → ZZ. The features of the SM amplitudes noted earlier occur when the energy of the process becomes greater than several hundred GeV. In accordance with this approximation we employ the cuts

| cos(θ) |≤ 0.866, √ 0.4 < x_i < x_{max} . (29) Throughout this paper, we take the e^+e^− center of mass energy to be √ s = 1000 GeV when obtaining our search reaches. In this case, at the endpoints of this region, where x_1 = x_2 = √ 0.4 and cos(θ) = 0.866, we have m^2_W / | t |∼ 0.24; this value becomes much smaller as we approach the center of the parameter region, thus validating our approximation. Although a more detailed analysis taking into account detector properties and experimental cuts would need to use the complete SM expressions, our study captures the salient points.

We show the total cross section and asymmetry versus √ s for this operator in fig. (1) for a “typical” value of Λ_α for purposes of demonstration. In presenting these results we have assumed an e^+e^− integrated luminosity L = 500 fb^{−1} , which is the quoted yearly integrated luminosity for planned linear colliders [17]. However, a determination of A_{γγ} requires several separate measurements, and it is certainly not expected that colliders will operate primarily with purely linearly polarized beams, or even primarily in a photon collision mode. These numbers should be interpreted as results coming from several years of operation and are intended for purposes of illustration. To provide a more conservative outlook, our quoted sensitivity will be given as a function of integrated luminosity, beginning at the modest value L = 50 fb^{−1}. We have also assumed the value α = 1/137.036 in this and all other numerical results presented.

At the luminosity L = 500 fb^{−1} , the asymmetry is much smaller than the associated errors, and only a change in the total counting rate is statistically observable. Such an effect can arise from a variety of sources, and the identification of CP violation requires higher luminosities to observe a non-vanishing asymmetry.

The transcription of these results into statements about the SU(2) × U(1) operators is simplified by there being only one γγ operator. The coefficients a^1_{SU (2)×U (1)} are

a^1_{(BB)(BB)} = c^4_W , a^1_{(W W )(W W )} = s^4_W , a^1_{(BB)(W W )} = a^1_{(W W )(BB)} = a^1_{(BW )(BW )} = c^2_W s^2_W ,

a^1_{BW BW} = a^1_{W BW B} = 1 4 c^2_W s^2_W , (30)

where c_W , s_W = cos(θ_W ), sin(θ_W ). The SU(2) × U(1) operators of eq. (10) take the form

O_α = a_αe^2 (Λ_α)^4

(F_{μν} F^{μν} )(F^{ρσ ∼}F_{ρσ} ) . (31)

To estimate the value of Λ_α that can be probed at a γγ collider we have performed a combined least-squares fit to the total cross section and asymmetry. We have assumed standard statistical errors and an additional 1 % luminosity error in the integrated cross section. The fit was performed with √ s = 1000 GeV; approximate results for other energies can be obtained by scaling these numbers. As can be seen from eq. (30) there are only four different results for this process; these are presented in fig. (2).

Although this asymmetry is not particularly sensitive to CP violation as parameterized by the operators we consider, we note that it is a good test of any CP violating amplitude for which any of the real amplitudes M^{CP}_{±±∓∓} , M^{CP}_{±∓±∓} , or M^{CP}_{±∓∓±} are non-vanishing. In these cases terms of the form

ξ_t(x_1)ξ_t(x_2) Im ( M^{SM} ) Re ( M^{CP} ) (32)

appear in the fifth line of eq. (9), leading to a large A_{γγ} .

5 γγ → γZ In this section we study the effects of anomalous CP violating operators in γ(k_1) + γ(k_2) → γ(p_1) + Z(p_2). A detailed study of the SM amplitudes for this process can be found in [12].

As in γγ → γγ, the γZ amplitudes satisfy certain relations dictated by Bose symmetry; the anomalous couplings considered satisfy additional relations because of their transformations under P . Let λ_Z = 0, ±1 denote either longitudinal or transverse Z polarizations. Bose symmetry implies M^{CP}_{abcλZ} (s, t, u) = (−1)^{1−λZ} M^{CP}_{bacλZ} (s, u, t) , (33) and oddness under P requires M^{CP}_{abcλZ} (s, t, u) = (−1)^{λZ} M^{CP}_{−a−b−c−λZ} (s, t, u) . (34) Since the initial and final states are different in this process, the transformation properties under T do not imply any relations between the amplitudes. The explicit computation of the amplitudes is presented in the Appendix. Unlike in γγ → γγ, there are several surviving amplitudes.

The structure of the SM amplitudes for γγ → γZ is similar to that for γγ → γγ, and even more pronounced. At high energies the process is dominated by the imaginary

Figure 1: Total cross section (top) and asymmetry (bottom) for the anomalous γγ operator, with Λ_1 = 2 TeV and L = 500 fb^{−1} . The bars correspond to the statistical error plus a 1 % luminosity uncertainty in the event rate; the solid line represents the SM event rate.

Figure 2: Sensitivity to Λ_α for each SU(2) × U(1) operator as a function of integrated luminosity at the 95% CL.

parts of the amplitudes M^{SM}_{±±±±} , M^{SM}_{±∓±∓}, and M^{SM}_{±∓∓±} ; all other amplitudes are completely negligible [12]. As before, we must construct an observable that contains an interference of a CP odd amplitude with one of the dominant SM terms. The asymmetry considered in the previous section contains only interference with the real parts of the SM amplitudes, and is therefore unacceptable. For interference effects between imaginary CP odd and CP even amplitudes, we must consider the following asymmetry which is measurable with circularly polarized beams:

A_{γZ} = (_{dσ} dΩ ) + − (_{dσ} dΩ ) − (_{dσ} dΩ ) + + (_{dσ} dΩ ) − . (35)

This asymmetry has been considered previously in [7]. The subscripts ± denote the initial polarization states of the laser and fermion beams, which we will now discuss. Setting P_{t1} = P_{t2} = 0, we are left with four parameters describing the inital state polarization:

P_{e1}, P_{e2}, P_{l1}, and P_{l2}. We will set |P_e| = 0.9 and |P_l| = 1.0, consistent with the expected capabilities of future facilities [17], and label our inital states as (P_{e1}, P_{l1}, P_{e2}, P_{l2}). In the SM, there are six independent states: (+ + ++), (+ + +−), (+ + −−), (+ − +−), (− + +−), and (+ − −−), where, for example, (+ − +−) means P_{e1} = 0.9, P_{l1} = −1.0, P_{e2} = 0.9, and P_{l2} = −1.0. States obtained by an overall sign flip are identical; for example, (+ − +−) and (− + −+) lead to the same observables. This is not true when CP violating interactions are present. The asymmetry of eq. (35), where the subscript + refers to a given inital state and − to the state obtained by flipping the signs of the polarizations, will vanish in the SM and be non-zero in the presence of the anomalous couplings. In addition to this asymmetry we can simultaneously measure another independent quantity, the denominator of the asymmetry. Referring to the ensemble average in eq. (9) and using the relations in eqs. (33-34), we see that this denominator is just twice the polarized cross section, dσ_{pol} dcos(θ) = 1 128πs [ (1 + ξ_c(x_1)ξ_c(x_2)) ( | M_{++} |^2 + | M_{−−} |^2 )

+ (1 − ξ_c(x_1)ξ_c(x_2)) ( | M_{+−} |^2 + | M_{−+} |^2 ) ] . (36)

The operators relevant to γZ final states can be found in eq. (20); we will write them as follows:

O^{γZ}_1 = e^2 (Λ_1)^4

(F_{μν} F^{μν} )(F^{ρσ ∼}Z_{ρσ} )

O^{γZ}_2 = e^2 (Λ_2)^4

(F_{μν} Z^{μν} )(F^{ρσ ∼}F_{ρσ} )

O^{γZ}_3 = e^2 (Λ_3)^4 F^{μν} F_{νρ}F^{ρσ ∼}Z_{σμ} . (37)

Our philosophy in parameterizing these operators is identical to that discussed in the γγ → γγ section; there is again a coupling constant g_{ef f} associated with each operator that we have set equal to 1, and a possible factor of ±1 appearing in each operator that we have ignored. The detailed amplitudes are presented in the Appendix; here we will discuss several properties relevant to our analysis. The first is that the amplitudes for longitudinally polarized Z states are suppressed relative to those with transverse Z states by a factor of m_Z / √ s, as dictated by the Goldstone boson equivalence theorem. This, and the fact that the tagging efficiency for longitudinal states is at best 10% , means that we will not explore the effect of selecting final state polarizations in our analysis.

Before presenting our results, let us examine A_{γZ} in more detail. Our discussion will illustrate the complementary information that can be obtained from examining all of the possible initial polarizations. Concentrating on the numerator of A_{γZ} , we see that

A_{γZ} ∝ (ξ_c(x_1) + ξ_c(x_2)) [ | M_{++} |^2 − | M_{−−} |^2 ]

+ (ξ_c(x_1) − ξ_c(x_2)) [ | M_{+−} |^2 − | M_{−+} |^2 ] , (38)

where a sum over final state helicities is implied. The first term is symmetric under the interchange of the two initial photons, which implies symmetry under the transformation cos(θ) ↔ −cos(θ) and under the interchange of the initial polarization states, (P_{e1}, P_{l1}) ↔ (P_{e2}, P_{l2}). The second term is antisymmetric under both of these exchanges. By selecting an appropriate initial polarization state, we can isolate each term. For example, the choice (++++) is symmetric under the interchange of the two initial polarizations; with this choice only the first term of A_{γZ} will contribute, whereas the choice (− + +−) is antisymmetric under interchange of the two initial polarizations, and with this selection only the second term contributes. A choice such as (+ − −−) is of mixed symmetry, and is sensitive to both terms in A_{γZ} . Such a variation of the inital states allows us to isolate the various anomalous amplitudes which contribute to A_{γZ} is sensitive; with symmetric initial polarizations it is sensitive to M^{CP}_{±±±±} , while with antisymmetric polarizations it is sensitive to M^{CP}_{±∓±∓} and M^{CP}_{±∓∓±} . The four largest asymmetries for O_1 are presented in fig. (3) as a function of cos(θ), employing the same cuts as used in γγ → γγ. At L = 500 fb^{−1} and Λ_1 = 2 TeV, the “symmetric” asymmetries are statistically significant throughout the entire angular region, while the “antisymmetric” asymmetries are significant in the outer regions. In fig. (4) we present the total cross section versus √ s for each inital polarization state, and the integrated asymmetry versus √ s for the four symmetric initial states. Although a deviation in the cross section is not seen in any polarization state until high energies, the integrated asymmetry becomes quite large at low energies, suggesting that it provides a sensitive test of the anomalous couplings under consideration. So far we have only considered the operator O^{γZ}_1 ; the distributions for the other two operators differ only in relative sign and overall magnitude at high energies. The asymmetries for polarization states (+ − +−) and (− + +−) for all three operators are shown in fig. (5); those for O^{γZ}_1 and O^{γZ}_2 are of similar magnitude but opposite sign. This can be understood in a simple way. At high energies, a transversely polarized Z effectively looks like a photon. When computing the amplitudes for the various operators in eq. (37), we must include all possible permutations of the three photons, as they are identical particles (for example, denoting the field strength tensors of the three photons by 1,2, and 3, the six permutations required to compute O^{γZ}_1 become (12)(3Z), (21)(3Z), (13)(2Z), (31)(2Z), (23)(1Z), and (32)(1Z)). The permutations required for O^{γZ}_1 and O^{γZ}_2 are identical to the permutations necessary to compute the amplitudes for the four photon operator of eq. (28); we can verify using the explicit forms of the amplitudes in the Appendix that the sum of M^{γZ}_1 (λ_1, λ_2; λ_3, λ_4) and M^{γZ}_2 (λ_1, λ_2; λ_3, λ_4) gives M^{γγ}_1 (λ_1, λ_2; λ_3, λ_4), up to an overall constant. Since T violation leads to vanishing of the amplitudes M^{CP}_{±±±±}, M^{CP}_{±∓±∓} b^i_α O^{γZ}_1 O^{γZ}_2 O^{γZ}_3 O_{(BB)(BB)} −2s_W c^3_W −2s_W c^3_W 0 O_{(W W )(W W )} 2c_W s^3_W 2c_W s^3_W 0 O_{(BB)(W W )} 2s_W c^3_W −2c_W s^3_W 0 O_{(W W )(BB)} −2c_W s^3_W 2s_W c^3_W 0 O_{(BW )(BW )} c_W s_W (c^2_W − s^2_W ) c_W s_W (c^2_W − s^2_W ) 0 O_{BW BW} 0^1_4 (s_W c^3_W − 2c_W s^3_W ) s_W c^3_W O_{W BW B} 0 −^1_4 (c_W s^3_W − 2s_W c^3_W ) −c_W s^3_W Table 1: Coefficients b^i_α relating the O^{SU (2)×U (1)}_α to the O^{γZ}_i .

and M^{CP}_{±∓∓±} in γγ → γγ, the asymmetries for O^{γZ}_1 and O^{γZ}_2 must therefore be of opposite sign. SU(2) × U(1) operators whose coefficients b^1_α, b^2_α are of the same sign will see destructive interference between O^{γZ}_1 and O^{γZ}_2 , while those whose coefficients have opposite signs will see constructive interference. We will see similar behavior when investigating γγ → ZZ.

Table (1) presents the coefficients b^i_α relating the O^{SU (2)×U (1)}_α to the O^{γZ}_i . The γZ operators will interfere destructively in O_{(BB)(BB)}, O_{(W W )(W W )}, and O_{(BW )(BW )} and constructively in O_{(BB)(W W )} and O_{(W W )(BB)}. To estimate the value of Λ_α that can be probed at a γγ collider we have performed a combined least-squares fit to the normalized binned cross section, binned asymmetry, and total cross section, with √ s = 1000 GeV for the two polarization states (+ − +−) and (− + +−). These two choices are chosen to illustrate the sensitivities obtainable from both symmetric and asymmetric initial polarizations; the search reaches from the remaining polarization states are similar. The results are presented in fig. (6). Here, we have included only five of the SU(2) × U(1) operators; O_{(BB)(W W )} and O_{(W W )(BB)} differ only in the sign of their asymmetries, as do O_{BW BW} and O_{W BW B}, and hence have identical discovery regions. Remembering that our operators are of dimension eight, and that the anomalous amplitudes therefore scale as M ∼ s^2/Λ^4, we see that the process γγ → γZ is quite sensitive to the CP violating operators whose asymmetries interfere constructively. The attractiveness of this process is enhanced by the ease with which it can be experimentally reconstructed.

In summary, we find that this process is a sensitive probe of CP violation in the gauge boson sector. The asymmetry considered here would be useful for any anomalous amplitudes M^{CP}_{±±±±} , M^{CP}_{±∓±∓} and M^{CP}_{±∓∓±} which contain imaginary parts.

6 γγ → ZZ In this section we will discuss the measurement of CP violation in γ(k_1) + γ(k_2) → Z(p_1) + Z(p_2). A detailed description of the SM process is given in [13].

We first briefly review the constraints imposed upon the ZZ amplitudes by Bose symmetry and parity violation. Let λ_i = 0, ±1 denote the Z polarizations. Bose symmetry implies M^{CP}_{abλ1λ2} (s, t, u) = (−1)^{λ1−λ2} M^{CP}_{baλ1λ2} (s, u, t) = M^{CP}_{abλ2λ1} (s, u, t) , (39) while oddness under P implies M^{CP}_{abλ1λ2} (s, t, u) = (−1)^{λ1−λ2−1}M^{CP}_{−a−b−λ1 −λ2} (s, t, u) . (40)

These relations lead to the vanishing of the amplitudes M^{CP}_{±∓±∓} and M^{CP}_{±∓∓±} . However, unlike in γγ → γγ, the amplitude M^{CP}_{±±±±} is non-zero. Explicit formulae for these amplitudes

Figure 3: “Primarily symmetric” asymmetries (top) and “primarily antisymmetric” asymmetries (bottom) for O^{γZ}_1 , with Λ_1 = 2 TeV, L = 500 fb^{−1}, and √ s = 1000 GeV. The bars indicate the corresponding statistical error.

Figure 4: Total (polarized) counting rate (top) and integrated asymmetry (bottom) versus √ s for O^{γZ}_1 , with Λ_1 = 2 TeV and L = 500 fb^{−1} . The bars indicate the corresponding statistical error, as well as a 1 % luminosity uncertainty in the event rate. The solid curves represent the SM event rates.

Figure 5: Comparison of A_{γZ} for the polarization states (+ − +−) (top) and (− + +−) (bottom), with Λ_i = 2 TeV and L = 500 fb^{−1}. Here, the statistical error bars have been suppressed.

Figure 6: Search reach for Λ^{γZ}_α for polarization state (+−+−) (top), and (−++−) (bottom). All of the quoted sensitivities are at the 95 % CL.

are given in the Appendix.

The SM amplitudes for this process are similar to those for γγ → γγ and γγ → γZ in that they are completely dominated at high energies by the imaginary parts of M^{SM}_{±±±±}, M^{SM}_{±∓±∓} , and M^{SM}_{±∓∓±}. However, they differ in one important aspect. At one loop they receive contributions from the Higgs sector through the one loop hγγ vertex, and are therefore not independent of the mechanism of electroweak symmetry breaking. The contributions to this process from a neutral Higgs, such as the one present in the SM, have been given in [13]; for a Higgs mass m_h < 2m_Z (which includes the value m_h ∼= 115 GeV suggested by LEP), this contribution is negligible. For larger values of the Higgs mass, the two Z bosons will reconstruct to m_h for this contribution, making it separable from continuum ZZ production. We thus neglect the Higgs contribution in our analysis.

The structure of both the SM and the anomalous amplitudes are similar to those in γγ → γZ; in particular, the relevant asymmetry that contains interference between the large imaginary SM amplitudes and the anomalous amplitudes is again given by

A_{ZZ} = (_{dσ} dΩ ) + − (_{dσ} dΩ ) − (_{dσ} dΩ ) + + (_{dσ} dΩ ) − . (41)

Varying the intial polarization state (P_{e1}, P_{l1}, P_{e2}, P_{l2}) yields less information than in γγ → γZ, however, for reasons discussed below. The numerator of the asymmetry again takes the form

A_{ZZ} ∝ (ξ_c(x_1) + ξ_c(x_2)) [ | M_{++} |^2 − | M_{−−} |^2 ]

+ (ξ_c(x_1) − ξ_c(x_2)) [ | M_{+−} |^2 − | M_{−+} |^2 ] , (42)

but the vanishing of M^{CP}_{±∓±∓} and M^{CP}_{±∓∓±} implies that the second term in eq. (42) equals zero. We will only observe the “symmetric” asymmetries, and the “antisymmetric” asymmetries for the initial states (− + +−) and (+ + −−) will vanish. We can again simultaneously measure the polarized differential cross section, dσ_{pol} dcos(θ) = 1 256πs [ (1 + ξ_c(x_1)ξ_c(x_2)) ( | M_{++} |^2 + | M_{−−} |^2 )

+ (1 − ξ_c(x_1)ξ_c(x_2)) ( | M_{+−} |^2 + | M_{−+} |^2 ) ] . (43)

The anomalous structures relevant for the interaction γγ → ZZ can be found in eq. (20). We will write them in the now familiar form

O^{ZZ}_1 = e^2 (Λ_1)^4 (F_{μν} F^{μν} )(Z^{ρσ ∼}Z_{ρσ})

O^{ZZ}_2 = e^2 (Λ_2)^4

(Z_{μν} Z^{μν} )(F^{ρσ ∼}F_{ρσ} )

O^{ZZ}_3 = e^2 (Λ_3)^4 (F_{μν} Z^{μν} )(F^{ρσ ∼}Z_{ρσ})

O^{ZZ}_4 = e^2 (Λ_4)^4 F^{μν} Z_{νρ}F^{ρσ ∼}Z_{σμ}

O^{ZZ}_5 = e^2 (Λ_5)^4 Z^{μν} F_{νρ}Z^{ρσ ∼}F_{σμ} . (44)

We have again set g_{ef f} = 1, where g_{ef f} is the coupling constant associated with each operator. The detailed amplitudes are presented in the Appendix. As in γγ → γZ, those with one longitudinal Z are suppressed by a factor of m_Z / √ s, and we will not attempt to reconstruct them. Amplitudes with two longitudinal Zs are O(m^2_Z /s), and hence negligible in our approximation, which again entails the use of the asymptotic SM expressions presented in [13]. The amplitudes M^{CP}_{±±±±} vanish for O^{ZZ}_3 , and therefore this operator does not contribute to A_{ZZ} .

The experimental reconstruction of this process is more difficult than for γγ → γγ or γγ → γZ, as there is no high p_T photon to tag. Event reconstruction will likely require demanding a leptonic Z decay or possibly a Z → bb̄ decay for one of the Z bosons, resulting in a detection efficiency of roughly 40 ∼ 45%. However, it is beyond the scope of this paper to present a detailed ZZ reconstruction analysis; such a study should also make use of the complete SM amplitudes and detector efficiencies. An appropriate scaling of the integrated luminosity when observing the quoted sensitivities is sufficient to estimate the effects of imperfect reconstruction.

The binned asymmetries for the symmetric initial polarizations of O^{ZZ}_1 are shown in fig. (7). They are typically larger than those for γγ → γZ. Note that the central value of the (+ − −−) asymmetry displays a peculiar peaked shape. The integrated asymmetries and total cross sections for the same initial polarization states are shown in fig. (8). Again, the integrated asymmetry becomes large at low energies for all initial polarization states, suggesting that this asymmetry is a sensitive test of these anomalous operators. The asymmetries for O^{ZZ}_2 are of similar magnitude as those for O^{ZZ}_1 , but have the opposite sign. Similarly, the asymmetries for O^{ZZ}_4 and O^{ZZ}_5 possess opposite signs, and are somewhat smaller in magnitude than those for O^{ZZ}_1 . SU(2) × U(1) operators whose coefficients c^1_α, c^2_α have the same sign will exhibit destructive interference between O^{ZZ}_1 and O^{ZZ}_2 , while those with coefficients of opposite signs will see constructive interference; the same interference pattern exists for the coefficients c^4_α and c^5_α.

To convert these results into statements regarding the sensitivity of this process to the various SU(2) × U(1) operators we need the coefficients c^i_α presented in table (2). Unlike the situation in γγ → γZ, we see that all of the interference effects are destructive, given the relative signs of the c^i_α for each operator. However, since c^4_W ∼ 0.59 and s^4_W ∼ 0.053, a c^i_α O^{ZZ}_1 O^{ZZ}_2 O^{ZZ}_3 O^{ZZ}_4 O^{ZZ}_5 O_{(BB)(BB)} s^2_W c^2_W s^2_W c^2_W 4s^2_W c^2_W 0 0 O_{(W W )(W W )} s^2_W c^2_W s^2_W c^2_W 4s^2_W c^2_W 0 0 O_{(BB)(W W )} c^4_W s^4_W −4s^2_W c^2_W 0 0 O_{(W W )(BB)} s^4_W c^4_W −4s^2_W c^2_W 0 0 O_{(BW )(BW )} −c^2_W s^2_W −c^2_W s^2_W (c^2_W − s^2_W )^2 0 0 O_{BW BW} −^1_2 c^2_W s^2_W −^1_2 c^2_W s^2_W 0 c^4_W s^4_W O_{W BW B} −^1_2 c^2_W s^2_W −^1_2 c^2_W s^2_W 0 s^4_W c^4_W Table 2: Coefficients c^i_α relating the O^{SU (2)×U (1)}_α to the O^{ZZ}_i .

complete cancellation does not occur except for the three operators O_{(BB)(BB)}, O_{(W W )(W W )}, and O_{(BW )(BW )}. We have performed a combined least-squares fit to the normalized binned cross section, binned asymmetry, and total cross section, with √ s = 1000 GeV, for the polarization state (+ − +−) to estimate the value of Λ_α that can be probed in this process at a photon collider. The search reaches obtainable from the other symmetric polarization states are similar. The results are presented in fig. (9). We only display results for the operators O_{(BB)(BB)}, O_{(BW )(BW )}, O_{(BB)(W W )}, and O_{BW BW} ; the sensitivity to O_{(BB)(BB)} and O_{(W W )(W W )} is identical at high energies. Similarly, O_{(BB)(W W )} and O_{(W W )(BB)} differ only in the sign of their asymmetries, as do O_{BW BW} and O_{W BW B}, and hence yield identical search reaches. We see that overall, this process is not quite as sensitive to the anomalous operators as γγ → γZ due to the destructive interference arising from the SU(2) × U(1) embedding of the γγZZ vertex structures. However, those operators for which the asymmetry does not vanish can still be constrained quite stringently.

In conclusion, the sensitivity of A_{ZZ} to interference with the large SM amplitude M_{±±±±} renders this process a sensitive probe of CP violation appearing in gauge boson self couplings.

7 Conclusion

In this paper we have examined the possibility of using the processes γγ → γγ, γZ, and ZZ to search for sources of CP violation that manifest themselves at energy scales above those of future colliders. We have parameterized these effects by an effective Lagrangian containing the complete and independent set of CP -odd, SU(2) × U(1) invariant quartic gauge boson operators relevant to these interactions. The considered processes vanish at tree level in the SM, and at one loop are completely dominated by the imaginary parts of the amplitudes M_{±±±±} , M_{±∓±∓}, and M_{±∓∓±} . The fact that they might be powerful tools in indirect searches for new physics was pointed out in [10, 11, 12, 13], where their sensitivity to supersymmetric loop effects was discussed. Our results show that they are also of utility in searches for sources of CP violation that contribute to self interactions of gauge bosons.

To demonstrate that these processes are indeed sensitive probes of the gauge boson sector, we compare our results with four others found in the literature. We first note that while our operators are of dimension eight, those with which we compare are of dimension six. Although our comparisons are for the search reaches for the new physics scale Λ, the reader should be aware that a given limit on Λ translates into a greater sensitivity to a dimension eight operator, which scales as s^2/Λ^4, than a dimension six operator, which scales as s/Λ^2, for √ s < Λ. We also note that the constraints on the anomalous SU(2) × U(1) operators obtained in this paper are stronger than those implied by unitarity. We first contrast our search reaches with the direct bounds on quartic gauge boson couplings given recently by the LEP experiments [18]. They consider operators of the form (e^2a_i/16Λ^2) O, and obtain bounds

Figure 7: Binned asymmetries for symmetric initial polarizations for O^{ZZ}_1 , with Λ_1 = 2 TeV, L = 500 fb^{−1}, and √ s = 1000 GeV. The bars indicate the corresponding statistical error.

Figure 8: Total (polarized) counting rate (top) and integrated asymmetry (bottom) versus √ s for O^{ZZ}_1 , with Λ_1 = 2 TeV and L = 500 fb^{−1} . The bars indicate the corresponding statistical error, as well as a 1 % luminosity uncertainty in the event rate. The solid curves represent the SM event rates.

Figure 9: Sensitivity to Λ_α for the polarization state (+ − +−), at the 95 % CL.

of a_i/16Λ^2 < 10^{−3} GeV^2 on CP -conserving W^+W^−γγ, W^+W^−Zγ, and ZZγγ vertices. The operators considered in this paper are of the form (e^2/Λ^4) O (with g_{ef f} = 1), and therefore our search reach for 1/Λ^4 are to be contrasted with their bounds on a_i/16Λ^2. As expected, our sensitivity at a higher energy and higher luminosity collider are very significantly better. We next compare our results with those of a study of these same operators at a 500 GeV e^+e^− collider with an integrated luminosity of 500 fb^{−1} [19]. In this study the operators are parameterized in the form (κe^4)/(4s^2_W c^2_W Λ^2) O, and bounds of (κe^2)/(4s^2_W c^2_W Λ^2) < 0.13 × 10^{−5} GeV^2 obtained on vertices such as the ZZγγ vertex. Setting κ = 1, this results in Λ > 800 ∼ 900 GeV, at the 3σ level. The sensitivities obtained in this paper, normalized to the appropriate luminosity and energy are Λ > 800 ∼ 1700 GeV, where the better constraints are for those operators contributing to one of the considered asymmetries. The search reaches obtained here on Λ, after adjusting the statistical significances, are still stronger, even though the operators we consider are of dimension eight. The sensitivity of future hadron colliders such as the LHC to these anomalous CP -even γγZZ and γγW^+W^− has been studied in [20].

This paper obtains search reaches of Λ > 800 ∼ 1100 at the 95 % CL, which are again somewhat weaker than those we have presented. Finally, the authors of [8] consider CP -odd dimension six operators contributing to the process γγ → W^+W^− at √ s = 1 TeV assuming 20 fb^{−1} of integrated luminosity. They cast their operators in the form (Y/m^2_W ) O, and obtain bounds of Y < 2 × 10^{−3} ∼ 4 × 10^{−5}. Note the we have improved their results by a factor of 2.5 to simulate the search reach assuming 50 fb^{−1} of integrated luminosity. These translate into limits of Λ > 500 ∼ 4100 GeV in our notation, at the 1σ level. The relevant limits in this paper to compare to are those assuming 50 fb^{−1} of integrated luminosity, which range from Λ > 800 GeV to Λ > 2500 GeV at the 95 % CL. Our constraints on the new physics scale Λ are not quite as strong, which is not too surprising considering the large cross section for γγ → W^+W^− and the fact that their operators are of dimension six while ours are of dimension eight, although the differences are lessened after accounting for the greater statistical significance of our results. However, the processes considered are complementary; they study the charged gauge boson production process γγ → W^+W^− while we examine the neutral gauge boson processes γγ → γγ, γZ, and ZZ.

In summary, the processes γγ → γγ, γZ, and ZZ are sensitive probes of CP violation in the gauge boson sector. The sensitivities obtained here to the anomalous CP -odd operators affecting these interactions compare favorably with similar limits on anomalous gauge boson couplings found in the literature. In addition, the examination of these processes nicely complements previous studies that have focused primarily on W boson, top quark, or Higgs production. Their utility in other indirect physics searches at future photon colliders should certainly be studied in more detail.

Acknowledgements

It is a pleasure to thank Hooman Davoudiasl for several useful conversations, and

Tom Rizzo for suggesting this project and for many helpful discussions. The work of F. P.

was supported in part by an NSF Graduate Research Fellowship.

Appendix

We collect here formulae describing the various photon distribution functions; deriva-

tions are given in [1]. We first define the auxiliary functions

C(x) ≡ 1 1 − x + (1 − x) − 4r(1 − r) − P_e P_l r z(2r − 1)(2 − x), (45)

where r = x/[z(1 − x)], and

σ_C = ( 2πα^2 m^2_e z ) [( 1 − 4 z − 8 z^2 ) ln(z + 1) + 1 2 + 8 z − 1 2(z + 1)^2 ]

+ P_e P_l ( 2πα^2 m^2_ez ) [( 1 + 2 z ) ln(z + 1) − 5 2 + 1 z + 1 − 1 2(z + 1)^2 ] . (46)

Here z is a variable describing the laser photon energy, and is given by z = 4E_eE_l/m^2_e,

where E_e is the electron beam energy and E_l the laser energy. Varying z changes the

maximum value of the backscattered photon beam energy x_{max}, where x_{max} = z/(1 + z).

We will set z = 2(1 + √ 2), which maximizes x_{max} while preventing interactions between the

backscattered photons and laser beam. In terms of these functions and variables the photon

number and helicity distributions take the form

f(x, P_e, P_l; z) = ( 2πα^2 m^2_e zσ_C ) C(x)

ξ_c(x, P_e, P_l; z) = 1 C(x) { P_e [ x 1 − x + x(2r − 1)^2 ] − P_l (2r − 1) ( 1 − x + 1 1 − x )} .

ξ_t(x, P_e, P_l, P_t; z) = 2r^2P_t C(x) . (47) f is the photon number density function, while ξ_c and ξ_t are respectively the circular and linear helicity distribution functions. We can now write the observable differential cross section as dσ dΩ = 1 64π^2n! ∫ ∫ dx_1dx_2 f(x_1)f(x_2)

x_1x_2s

| M |^2_{ens} , (48)

where s = 4E^2_e and n! accounts for any final state Bose symmetries.

Here we present the kinematics and amplitudes used for the processes in this paper. The generic interaction considered is F_1(k_1, ϵ_1) + F_2(k_2, ϵ_2) → V_1(p_1, V_1) + V_2(p_2, V_2), where F_1, F_2 are the incoming photons and V_1, V_2 the outgoing gauge bosons. The momenta and polarization vectors take the following form in the c.m.s. frame:

k_{1μ} =^{√ŝ}_2 (1, 0, 0, 1) p_{1μ} =^{√ŝ}_2 (1, βs_θ, 0, βc_θ) ϵ^μ_1 = −^{1√}_2 (0, λ_1, i, 0) V^{μ∗}_{1L} =^{√ŝ}_{2m} (−β, s_θ, 0, c_θ) V^{μ∗}_{1T} =^{1√}_2 (0, −λ_3c_θ, i, λ_3s_θ) k_{2μ} =^{√ŝ}_2 (1, 0, 0, −1) p_{2μ} =^{√ŝ}_2 (1, −βs_θ, 0, −βc_θ) ϵ^μ_2 =^{1√}_2 (0, −λ_2, i, 0) V^{μ∗}_{2L} = −^{√ŝ}_{2m} (β, s_θ, 0, c_θ ) V^{μ∗}_{2T} =^{1√}_2 (0, −λ_4c_θ , −i, λ_4s_θ )

(49)

with s_θ = sin θ, c_θ = cos θ, β_V = √ 1 − 4m^2_V /ŝ, and ŝ = (k_1 + k_2)^2 = (p_1 + p_2)^2. Given these expressions, it is straightforward to compute the amplitudes for the operators of eq. (20). As mentioned in the text we neglect terms of O(m^2_W /ŝ, m^2_Z /ŝ), as the SM amplitudes we use also omit terms of this order. We find that this approximation is numerically valid for the energies considered here. The amplitude for the anomalous γγ operator of eq. (20) takes the form

M^{γγ}_1 (λ_1, λ_2; λ_3, λ_4) = ie^2ŝ^2 2(Λ^{γγ}_1 )^4 [ (λ_3 + λ_4)(1 + λ_1λ_2) − (λ_1 + λ_2)(1 + λ_3λ_4) ] ( 3 + c^2_θ ) . (50)

This amplitude is exact, as m_Z and m_W appear only in the SM amplitudes. Note that this amplitude is odd under the interchange (λ_1, λ_2) ↔ (λ_3, λ_4); this is a consequence of T violation and the fact that the two final state particles are the same as the initial states.

The anomalous amplitudes for the process γγ → γZ (with V_2 = Z) are, neglecting terms of

O(m^2_Z /ŝ),

M^{γZ}_1 (λ_1, λ_2; λ_3, λ_4) = ie^2ŝ^2 8(Λ^{γZ}_1 )^4 [ 4(λ_3 + λ_4)(1 + λ_1λ_2) + 2(λ_4 + λ_1λ_2λ_3) − (λ_1 + λ_2)(1 + λ_3λ_4)

+2(λ_2 − λ_1)(1 − λ_3λ_4)c_θ + ( 2(λ_4 + λ_1λ_2λ_3) − (λ_1 + λ_2)(1 + λ_3λ_4) ) c^2_θ ]

M^{γZ}_1 (λ_1, λ_2; λ_3, 0) = ie^2m_Zŝ 2(Λ^{γZ}_1 )^4 s_θ √ ŝ 2 [ λ_3(λ_1 − λ_2) + ( 2 − λ_3(λ_1 + λ_2) ) c_θ ]

M^{γZ}_2 (λ_1, λ_2; λ_3, λ_4) = ie^2ŝ^2 8(Λ^{γZ}_2 )^4 [ − 5(λ_1 + λ_2)(1 + λ_3λ_4) + 2(λ_3 + λ_1λ_2λ_4)

−2(λ_2 − λ_1)(1 − λ_3λ_4)c_θ + ( 2(λ_3 + λ_1λ_2λ_4) − (λ_1 + λ_2)(1 + λ_3λ_4) ) c^2_θ ]

M^{γZ}_2 (λ_1, λ_2; λ_3, 0) = ie^2m_Zŝ 2(Λ^{γZ}_2 )^4 s_θ √ ŝ 2 [ λ_3(λ_2 − λ_1) + ( 2λ_1λ_2 − λ_3(λ_1 + λ_2) ) c_θ ]

M^{γZ}_3 (λ_1, λ_2; λ_3, λ_4) = ie^2ŝ^2 32(Λ^{γZ}_3 )^4 [ 3(λ_1 + λ_2)(1 + λ_3λ_4) + 12(λ_4 + λ_1λ_2λ_3) + 6(λ_3 + λ_1λ_2λ_4)

+6(λ_2 − λ_1)(1 − λ_3λ_4)c_θ + ( 2(λ_4 + λ_1λ_2λ_3) − (λ_1 + λ_2)(1 + λ_3λ_4)

+(λ_4 − λ_3)(1 − λ_1λ_2) ) c^2_θ ]

M^{γZ}_3 (λ_1, λ_2; λ_3, 0) = ie^2m_Zŝ 8(Λ^{γZ}_3 )^4 s_θ √ ŝ 2 [ λ_3(λ_1 − λ_2) + ( 4 − 2λ_1λ_2 − λ_3(λ_1 + λ_2) ) c_θ ] . (51)

Again neglecting terms of O(m^2_Z /ŝ), the ZZ amplitudes become

M^{ZZ}_1 (λ_1, λ_2; λ_3, λ_4) = ie^2ŝ^2 (Λ^{ZZ}_1 )^4

(λ_3 + λ_4) (1 + λ_1λ_2)

M^{ZZ}_2 (λ_1, λ_2; λ_3, λ_4) = − ie^2ŝ^2 (Λ^{ZZ}_2 )^4

(λ_1 + λ_2) (1 + λ_3λ_4)

M^{ZZ}_3 (λ_1, λ_2; λ_3, λ_4) = ie^2ŝ^2 8(Λ^{ZZ}_3 )^4 [ (λ_3 + λ_4)(1 + λ_1λ_2) − (λ_1 + λ_2)(1 + λ_3λ_4) ] ( 1 + c^2_θ )

M^{ZZ}_3 (λ_1, λ_2; λ_3, 0) = ie^2m_Zŝ 2(Λ^{ZZ}_3 )^4 s_θ √ ŝ 2 [ (1 + λ_1λ_2) − λ_3(λ_1 + λ_2) ] c_θ

M^{ZZ}_4 (λ_1, λ_2; λ_3, λ_4) = ie^2ŝ^2 32(Λ^{ZZ}_4 )^4 [ 6(λ_1 + λ_2)(1 + λ_3λ_4) + 2(λ_3 + λ_4)(1 + λ_1λ_2)

+2 ( − (λ_1 + λ_2)(1 + λ_3λ_4) + (λ_3 + λ_4)(1 + λ_1λ_2) ) c^2_θ ]

M^{ZZ}_4 (λ_1, λ_2; λ_3, 0) = ie^2m_Zŝ 4(Λ^{ZZ}_4 )^4 s_θ √ ŝ 2 [ (1 + λ_1λ_2) − λ_3(λ_1 + λ_2)c_θ ]

M^{ZZ}_5 (λ_1, λ_2; λ_3, λ_4) = ie^2ŝ^2 32(Λ^{ZZ}_5 )^4 [ − 6(λ_3 + λ_4)(1 + λ_1λ_2) − 2(λ_1 + λ_2)(1 + λ_3λ_4)

+2 ( (λ_3 + λ_4)(1 + λ_1λ_2) − (λ_1 + λ_2)(1 + λ_3λ_4) ) c^2_θ ]

M^{ZZ}_5 (λ_1, λ_2; λ_3, 0) = ie^2m_Zŝ 4(Λ^{ZZ}_5 )^4 s_θ √ ŝ 2 [ (1 + λ_1λ_2) − λ_3(λ_1 + λ_2)c_θ ] (52)

Amplitudes with two longitudinal Z bosons are of O(m^2_Z /ŝ), and hence are negligible in our

approximation.

References

[1] I. F. Ginzburg, G. L. Kotkin, V. G. Serbo and V. I. Telnov, Nucl. Instr. Methods 205

(1983) 47; I. F. Ginzburg, G. L. Kotkin, S. L. Panfil, V. G. Serbo and V. I. Telnov, Nucl.

Instr. Methods 219 (1984) 5.

[2] G. Bélanger and F. Boudjema, Phys. Lett. B288 (1992) 210; K. A. Peterson and S. Godfrey, hep-ph/9302297; O. J. P. Éobli, M. C. Gonzaléz-García and S. F. Novaes, Nucl. Phys. B411 (1994) 381, hep-ph/9306306; O. J. P. Éobli, M. B. Magro, P. G. Mercandante and S. F. Novaes, Phys.Rev. D52 (1995) 15, hep-ph/9503432; S. Godfrey, hep-ph/9505252; G. J. Gounaris, F. M. Renard, Z. Phys. C69 (1996) 513, hep-ph/9505429; G. J. Gounaris, J. Layssac, F. M. Renard, Z. Phys. C69 (1996) 505, hep-ph/9505430; M. Baillargeon, G. Bélanger and F. Boudjema, Nucl.Phys. B500 (1997) 224, hep-ph/9701372; E. Boos. et. al., hep-ph/0103090.

[3] T. G. Rizzo, Phys. Rev. D60 (1999) 115010, hep-ph/9904380; K. Cheung, Phys. Rev.

D61 (2000) 015005, hep-ph/9904266; H. Davoudiasl, Phys. Rev. D60 (1999) 084022, hep-ph/9904425; Phys. Rev. D61 (2000) 044018, hep-ph/9907347.

[4] S. Hesselbach and H. Fraas, Phys. Rev. D55 (1997) 1343, hep-ph/9604439; V. Barger, T. Han, and J. Kelly, Phys. Lett. B419 (1998) 233, hep-ph/9709366; S. Berge, M. Klasen and Y. Umeda, Phys.Rev. D63 (2001) 035003, hep-ph/0008081; K. Hagiwara, hep-ph/0011360; M. M. Mühlleitner, M. Krämer, M. Spira and P. M. Zerwas, hepph/0101083; M. M. Mühlleitner, hep-ph/0101263.

[5] G. R. Farrar and M. E. Shaposhnikov, Phys. Rev. Lett. 70 (1993) 2833; Erratum-ibid.

71 (1993) 210; Phys. Rev. D50 (1994) 774; hep-ph/9406387; M.B. Gavela, P.Hernández, J. Orloff, O.Pène, Mod. Phys. Lett. A9 (1994) 795; hep-ph/9407403; P. Huet and E. Sather, Phys. Rev. D51 (1995) 379, hep-ph/9404302.

[6] H. Anlauf, W. Bernreuther and A. Brandenburg, Phys.Rev. D52 (1995) 3803, Erratumibid. D53 (1996) 1725, hep-ph/9504424; P. Poulose ans S. D. Rindani, Phys.Rev. D57 (1998) 5444, Erratum-ibid. D61 (2000) 119902, hep-ph/9709225; S. Y. Choi and J. S.

Lee, Phys.Rev. D62 (2000) 036005, hep-ph/9912330; I. F. Ginzburg and I. P. Ivanov, hep-ph/0004069; D. Atwood, S. Bar-Shalom, G. Eilam and A.Soni, hep-ph/0006032.

[7] G. Bélanger and G. Couture, Phys. Rev. D49 (1994) 5720; S. Choi and K. Hagiwara, Phys. Lett. B359 (1995) 369, hep-ph/9506430; G. J. Gounaris and G. P. Tsirigoti, Phys.Rev. D56 (1997) 3030, Erratum-ibid. D58 (1998) 059901, hep-ph/9703446; M.S. Baek, S.Y. Choi and C.S. Kim, Phys. Rev. D56 (1997) 6835, hep-ph/9704312; I. F. Ginzburg and I. P. Ivanov, hep-ph/0004069; E. Asakawa, S.Y. Choi, K. Hagiwara and J. S. Lee, Phys. Rev. D62 (2000) 115005, hep-ph/0005313.

[8] S. Y. Choi, K. Hagiwara and M. S. Baek, Phys.Rev. D54 (1996) 6703, hep-ph/9605334.

[9] G. Jikia and A. Tkabladze, Phys. Lett. B323 (1994) 453; Phys. Lett. B332 (1994) 441;

G. Jikia, Nucl. Phys. B405 (1993) 24; Phys. Lett. B298 (1993) 224.

[10] G. J. Gounaris, P. I. Porfyriadis, and F. M. Renard, Phys. Lett. B452 (1999) 76, hepph/9812378.

[11] G. J. Gounaris, P. I. Porfyriadis, and F. M. Renard, Eur. Phys. J. C9 (1999) 673, hep-ph/9902230.

[12] G. J. Gounaris, J. Layssac, P. I. Porfyriadis, and F. M. Renard, Eur. Phys. J. C10 (1999) 499, hep-ph/9904450.

[13] G. J. Gounaris, J. Layssac, P. I. Porfyriadis, and F. M. Renard, Eur. Phys. J. C13 (2000) 79, hep-ph/9909243.

[14] K. Hagiwara, R. D. Peccei, D. Zeppenfeld, and K. Hikasa, Nucl. Phys. B282 (1987) 253; M. Baillargeon, G. Bélanger, and F. Boudjema, Nucl. Phys. B500 (1997) 224, hep-ph/9701372; F. Berends et. al., J. Phys. G24 (1998) 405, hep-ph/9709413; G. J. Gounaris, J. Layssac, and F. M. Renard, Phys. Rev. D61 (2000) 073013.

[15] A. Denner, S. Dittmaier, M. Roth, and D. Wackeroth, hep-ph/0104057.

[16] D. Lovelock and H. Rund, Tensors, Differential Forms, and Variational Principles, New York: Dover Publications, 1989.

[17] B. Badelek et. al., The Photon Collider at TESLA, http://www.desy.de/l̃cnotes/tdr/;

J. Bagger et. al., hep-ex/0007022.

[18] The OPAL Collaboration, G. Abbiendi et al, Phys. Lett. B471 (1999) 293, hepex/9910069; The L3 Collaboration, M. Acciarri et. al., Phys. Lett. B490 (2000) 187, hep-ex/0008022; The L3 Collaboration, M. Acciarri et. al., hep-ex/0102024.

[19] G. Bélanger, F. Boudjema, Y. Kurihara, D. Perret-Gallix and A. Semenov, Eur. Phys.

J. C13 (2000) 283, hep-ph/9908254.

[20] O. J. P. Éobli, M. C. Gonzaléz-García, S. M. Lietti, and S. F. Novaes, Phys. Rev. D63 (2001) 075008, hep-ph/0009262.