LC-PHSM-2003-085

Anomalous quartic boson couplings via γγ → W^+W^− and γγ → W^+W^−Z at the TESLA kinematics

Author I. Marfin NCHEP 153 Bogdanovitcha str.,220040 Minsk, Belarus E-mail: marfin@hep.by

Author V. Mossolov NCHEP 153 Bogdanovitcha str.,220040 Minsk, Belarus E-mail: mos@hep.by

Author T. Shishkina NCHEP 153 Bogdanovitcha str.,220040 Minsk, Belarus E-mail: shishkina@hep.by

Abstract. The production of two and three electroweak gauge bosons in the highenergy γγ collisions allows to check anomalous quartic gauge boson couplings. The influence of five possible anomalous couplings on the cross sections of W^+W^−, W^+W^−γ, W^+W^−Z productions has been investigated at the TESLA kinematics ( √ S ∼ 1 TeV).

There is the significant discrimination between various anomalous contributions.

1. Introduction

The multiple vector-boson production would be a crucial test of the gauge structure of the Standard Model because the triple and quartic vector-boson couplings involved in this kind of reaction are constrained by the SU(2) ⨂ U(1) gauge invariance. The production of several vector bosons is one of the useful processes to search directly for any anomalous behavior of triple and quartic couplings.

Any small deviation from the Standard Model predictions for these couplings reduces the cancellations of the various diagrams contributions at high energies, giving rise to an anomalous growth of the cross section with energy [1]. So it is important to estimate the vector-boson selfcouplings and measure deviations from the Standard Model (SM).

The triple and quartic gauge boson couplings affect different aspects of the electroweak interactions. The triple couplings directly test deviations from the non-Abelian structures of the SM [2]. On the contrary, the quartic gauge boson couplings lead to direct electroweak symmetry breaking, in particular in the scalar sector of the theory or, more generally, to ”new physics” of electroweak gauge bosons.

In addition there is the possibility (for the purpose of simplification) that only quartic couplings have values deviated from their SM values while the triple couplings don’t anomalously affect on the W^+W^− and W^+W^−Z (W^+W^−γ) productions [3]. Since the mechanism of symmetry breaking isn’t revealed completely so anomalous quartic gauge bosons interaction can explain and provide the first evidence of ”new physics” in this sector of the electroweak theory.

At future high-energy linear e^+e^−-colliders, one can obtain the colliding γe and γγ beams with almost the same energies as in e^+e^−- collisions and with high luminosity [1]. Processes γγ → W^+W^− and γγ → W^+W^−Z at high energies will give the unique possibility of quartic couplings investigation due to relatively large cross sections and low background for W W and W W Z productions. In this paper boson productions will be considered at energy √ S about 1 TeV corresponding to the TESLA kinematics.

In the next section we review the various types of anomalous quartic couplings that might be expected beyond the SM. In the section 3 the numerical results and conclusions are presented illustrating the effect of the anomalous couplings on the W W and W W Z cross sections.

2. Feynman rules for anomalous quartic gauge boson couplings

In order to construct the structures contained anomalous quartic gauge boson couplings where at least one photon is involved one has to consider the operators with the lowest dimension of 6 [4, 5]. That is required for a custodial SU(2)_c symmetry to have the ρ =

M^2_W /(M^2_Z cos^2 θ_W ) parameter closed to 1. Thus we consider the 6-dimensional operators [5]

L_0 = − e^2 16Λ^2 a_0F^{μν}F_{μν}W̄^αW̄_α,

L_c = − e^2 16Λ^2 a_cF^{μα}F_{μβ}W̄^βW̄^α, L̃_0 = − e^2 16Λ^2 ã_0F^{μα}F̃_{μβ}W̄^βW̄^α,

L_n = − e^2 16Λ^2 a_nϵ_{ijk}F^{μν}W^i_{μα}W^j_ν W^{α, k}, L̃_n = − e^2 16Λ^2 ã_nϵ_{ijk}F̃^{μν}W^i_{μα}W^j_ν W^{α, k},

(1)

where we introduce the triplet of gauge bosons

W̄_μ = ( 1 √ 2 (W^+_μ + W^−_μ ), i √ 2 (W^+_μ − W^−_μ ), 1 cos θ_W Z_μ ) (2) and the field-strength tensors F_{μν} = ∂_μA_ν − ∂_νA_μ, W^i_{μν} = ∂_μW^i_ν − ∂_νW^i_μ,

F̃_{μν} = 1 2 ϵ_{μνρσ}F^{ρσ}. (3)

The scale Λ is introduced to keep the coupling constant a_i dimensionless [6]. In practice Λ are specified in the frame of the chosen model for ”new physics” supported anomalous quartic gauge boson couplings. In our calculations Λ are fixed by value of M_W (∼ 80 GeV). As one can see the operators L_0 and L_c are C-, P -, CP -invariant. L_n violates both C- and CP -invariance. L̃_0 is the P - and CP -violating operator. L̃_n conserves CP -invariance but violates C- and P -invariance separately.

Equations (1) – (3) allow to obtain Feynman rules involving anomalous quartic gauge boson couplings.

A_μ, k_1 W^+_α , p_3

A_ν , k_2 W^−_β , p_4

= e^2 8Λ^2 ( 4a_0g^{αβ}((k_1k_2)g^{μν} − k^ν_1 k^μ_2 ) + a_c((k^α_1 k^β_2 + k^β_1 k^α_2 )g^{μν} + (k_1k_2)(g^{μα}g^{νβ} + g^{να}g^{μβ})−

−k^ν_1 (k^β_2 g^{μα} + k^α_2 g^{μβ}) − k^ν_2 (k^β_1 g^{μα} + k^α_1 g^{μβ})) + 4ã_0g^{αβ}k_{1ρ}k_{2σ} ϵ^{μρνσ} ) . (4)

A_μ, k_1 W^+_α , p_3

Z_ν, k_2 W^−_β , p_4

= e^2 16Λ^2 cos θ_W ( a_n(−(k_1k_2)(g^{μα}g^{νβ} − g^{μβ}g^{να}) − (k_1p_3)(g^{μβ}g^{να} − g^{μν}g^{αβ})− −(k_1p_4)(g^{μν}g^{αβ} − g^{μα}g^{νβ})+ +k^μ_2 (k^α_1 g^{νβ} − k^β_1 g^{να}) + p^μ_3 (k^β_1 g^{να} − k^β_1 g^{να}) + p^μ_4 (k^ν_1 g^{βα} − k^α_1 g^{νβ})− −g^{μν}(k^β_1 p^α_3 − k^α_1 p^β_4 ) − g^{μα}(k^ν_1 p^β_4 − k^β_1 k^ν_2 ) − g^{μβ}(k^α_1 k^ν_2 − k^ν_1 k^α_3 ))+ ã_nk_{1ρ}((k_1 + k_2)^ν ϵ^{αβμρ} + (k_1 + p_3)^αϵ^{βνμρ} + (k_1 + p_4)^βϵ^{ναμρ}− −(k_2 − k_1)_σ g^{να}ϵ^{σβμρ} − (p_3 − p_4)_σ g^{βα}ϵ^{σνμρ} − (p_4 − k_2)_σg^{νβ}ϵ^{σαμρ}).

(5)

All momenta of bosons are supposed to be coming into a boson vertex. Feynman diagrams for the γγ → W^+W^− and γγ → W^+W^−Z processes involving quartic gauge boson couplings are presented in fig.1 and fig.2 (in the case of γγ → W^+W^−Z one needs in addition to consider the case of interchanged initial photons).

γ_2 W^+ γ_1 W^−

γ_2 W^− γ_1 W^+

γ_2 γ_1

W^+

W^−

Fig. 1. The Feynman diagrams for W^+W^−-production γ_1

γ_2

W^+ Z W^− 1 γ_1

γ_2

W^− Z W^+ 2 γ_1

γ_2

W^+ Z W^− 3 γ_1

γ_2

W^− W^+ Z 4 γ_1

γ_2

W^+ W^− Z 5 γ_1

γ_2 W^−

W^+ Z

6 γ_1

γ_2 W^+

W^− Z

7 Fig. 2. The first-order Feynman diagrams for W^+W^−Z-production For the SM triple and quartic gauge boson couplings see for example ref. [7].

3. Numerical Results

In the section we consider the cross sections dependence for γγ → W^+W^− and γγ → W^+W^−Z on the five anomalous couplings studied in the Section 2.

We start from the explicit expression for the amplitude of the process γγ → W^+W^− M =G_vϵ_μ(k_1)ϵ_ν(k_2)ϵ_α(p_+)ϵ_β (p_−)M^{μναβ}_T , (6) where M^{μναβ}_T = 3∑ i=1 M^{μναβ}_i , (7) k_1, k_2, p_+, p_− are four-momenta for the γ, γ, W^+, W^− and ϵ_μ(k_1), ϵ_ν(k_2), ϵ_α(p_+), ϵ_β (p_−) – their polarizations respectively. G_v = e^3 cot θ_W .

It is convenient to define the SM triple-gauge-boson coupling as Γ^{αβγ}_3 (P_1, P_2) =[(2P_1 + P_2)^β g^{αγ} − (2P_2 + P_1)^αg^{βγ} + (P_2 − P_1)^γ g^{αβ}], (8) the SM quartic-gauge-boson coupling as Γ^{μναβ}_4 =g^{μα}g^{νβ} + g^{μβ}g^{να} − 2g^{μν}g^{αβ}, (9) and the propagator tensor for the vector boson as D^{μν} (k) =

(g^{μν} − k^μk^ν/m^2) k^2 − m^2

. (10) Anomalous quartic boson couplings are defined by eqs. (4) and (5). Using the expression presented above, the contributions of the three Feynman diagrams (see fig. 1) for the W W - production can be written in the following form M^{μναβ}_1 =Γ^{μαξ}_3 (−k_1, p_+)D_{ξλ}(p_+ − k_1)Γ^{νβλ}_3 (−k_2, p_−), (11)

M^{μναβ}_2 =Γ^{μβξ}_3 (−k_1, p_−)D_{ξλ}(p_− − k_1)Γ^{ναλ}_3 (−k_2, p_+), (12)

M^{μναβ}_3 =Γ^{μναβ}_4 . (13) The expressions of amplitudes [7] for a triple boson production (see fig. 2) have the next form: M^{μναβγ} 1 =Γ^{αγξ}_3 (p_+, k_3)D_{ξσ}(p_+ + k_3)Γ^{μσρ}_3 (k_1, −(p_+ + k_3))

D_{ρλ}(p_− − k_2)Γ^{βνλ}_3 (−p_−, k_2) + [k_1 ↔ k_2; μ ↔ ν], (14)

M^{μναβγ} 2 =Γ^{γβξ}_3 (k_3, p_−)D_{ξσ}(p_− + k_3)Γ^{σνρ}_3 (−(p_− + k_3), k_2)

D_{ρλ}(k_1 − p_+)Γ^{αμλ}_3 (−p_+, k_1) + [k_1 ↔ k_2; μ ↔ ν], (15)

M^{μναβγ} 3 =Γ^{μαξ}_3 (k_1, −p_+)D_{ξσ}(k_1 − p_+)Γ^{γσρ}_3 (−k_3, (k_1 − p_+)) D_{ρλ}(p_− − k_2)Γ^{νβλ}_3 (−k_2, p_−) + [k_1 ↔ k_2; μ ↔ ν], (16)

M^{μναβγ} 4 =Γ^{βνξ}_3 (−p_−, k_2)D_{ξλ}(k_2 − p_−)Γ^{λαμγ}_4 + [k_1 ↔ k_2; μ ↔ ν], (17)

M^{μναβγ} 5 =Γ^{μαξ}_3 (k_1, −p_+)D_{ξλ}(k_1 − p_+)Γ^{λβνγ}_4 + [k_1 ↔ k_2; μ ↔ ν], (18)

M^{μναβγ} 6 =Γ^{αγξ}_3 (p_+, k_3)D_{ξλ}(k_3 + p_+)Γ^{λβνμ}_4 , (19)

M^{μναβγ} 7 =Γ^{γβξ}_3 (k_3, p_−)D_{ξλ}(−k_3 − p_−)Γ^{λανμ}_4 , (20) where [k_1 ↔ k_2; μ ↔ ν] denotes the crossed contributions of the initial photons. Through

Fig. 3. The comparison of the dependencies of the cross sections σ(W^+W^−) Solid line presents a_0-, dashed line – a_c-, dotted line – ã_0-dependence

the Monte-Carlo method of integration [8] we obtain the cross section of γγ → W^+W^− at various values of √ S σ = ∑ λ_1λ_2λ_3λ_4 1 2S ∫ |M_{λ1λ2λ3λ4} |^2dΓ, (21)

where M_{λ1 λ2λ3λ4} is the total amplitude of the process γγ → W^+W^−. λ_1, λ_2, λ_3, λ_4 are the polarizations of initial photons and final bosons respectively. The cross section σ of W^+W^− production at √ S = 1TeV amounts 110pb but in case of γγ → W^+W^−Z it is equal to 12pb. We assume existence of the following experimental conditions: unpolarized γγ beams at √ S = 1 TeV with luminosity L = 100fb^{−1}/year according to TESLA TDR [9]. Note that σ(W^+W^−) depends on a_0, a_c and ã_0, but σ(W^+W^−Z) has additional dependence on a_n and ã_n. Figure 3 demonstrates the dependencies of three total cross sections σ(W^+W^−) on anomalous parameters. The fact that the curves’ minima are closed to the SM point a_i = 0 means very small interference between the anomalous and the standard part of the matrix element. The anomalous part of the cross section ranges from 0.6σ_{SM} to −0.35σ_{SM} in a_0’s interval from 0.05 to −0.05, in cases of a_c and ã_0 the values of anomalous cross section are significantly smaller. It stands for great sensitivity of the σ(W^+W^−) cross section to a_0 anomalous coupling. In the figure 4 the dependencies of the total cross sections σ(W^+W^−Z) for W^+W^−Z production are shown. Comparing two sets of figures one can conclude that the triple boson production weakly depends on the anomalous couplings at all.

Processes of e^+e^− annihilation with multiple boson production: W^+W^−γ, ZZγ, Zγγ could be an another instrument beside γγ scattering to probe anomalous quartic boson interaction. Undoubtedly it would be interesting to compare results obtained from e^+e^− annihilation and γγ scattering, and then to choose one process over another in some kinematic region provided by an experiment. In ref. [6] graphs of σ/σ_{SM} ratio and contour plots for different

Fig. 4. Comparison of the dependencies of the cross sections σ(W^+W^−Z) Solid line presents a_0-, dashed line – a_c-, dotted line – ã_0-dependence

pair of anomalous couplings in e^+e^− → W^+W^−γ, ZZγ, Zγγ processes were plotted. One can conclude that in experiments of probing anomalous quartic boson interaction at high energies one should prefer rather γγ → W^+W^−, W^+W^−Z than e^+e^− → W^+W^−γ, ZZγ, Zγγ. Because anomalous contribution to cross sections of γγ scattering is larger than in the case of e^+e^− collisions at the same restrictions on anomalous constants.

The influences a_n and ã_n to σ(W^+W^−Z) are shown in figures 5 – 6. They are negligible in comparison with a_0, a_c. The couplings a_n and ã_0 have almost the same order.

The contour plots for different deviations from the SM of γγ → W^+W^− and γγ → W^+W^−Z total cross sections at √ S = 1 TeV, when two of the five anomalous couplings are non-zero, are the most interesting for investigation of anomalous couplings. Figures 7 – 14 presents contour plots for different pairs of a_i. Here δ means a statistical error of total cross section. Statistical error δ of boson pair production amounts 0.3% and it comes to 2% in γγ → W^+W^−Z process.

We have investigated the sensitivity of γγ → W^+W^− and γγ → W^+W^−Z to genuine anomalous quartic couplings: a_0, a_c, ã_0, a_n, ã_n at the centre-of-mass energy √ S = 1TeV.

We have assumed that all other couplings obtained from 6-dimensional operators and triple couplings are equal to zero. If the last one are non-zero [3] one would expect that limits obtained on the quartic couplings can been affected.

Note that the sensitivities of W^+W^− and W^+W^−Z productions to the anomalous constants in γγ collisions are large in comparison with multiple boson productions in e^+e^− annihilation. It means that at high energies TESLA has the great chance to reveal ”new physics” in the bosonic sector of the electroweak theory.

Fig. 5. Anomalous effect from a_n coupling on the cross section σ(W^+W^−Z) normalized to the SM values

Fig. 6. Anomalous effect from ã_n coupling on the cross section σ(W^+W^−Z) normalized to the SM values

Fig. 7. Contour plots on (a_0, a_c) for +2δ, +3δ deviations of σ(W^+W^−)

Fig. 8. Contour plots on (a_0, ã_0) for +2δ, +3δ deviations of σ(W^+W^−)

References

[1] K. Hagiwara, R. D. Peccei et al., Nucl. Phys. B282 (1987) p.253

Fig. 9. Contour plots on (a_c,ã_0) for +2δ, +3δ deviations of σ(W^+W^−)

Fig. 10. Contour plots on (a_0, a_c) for +2δ, +3δ deviations of σ(W^+W^−Z)

Fig. 11. Contour plots on (a_0, ã_0) for +2δ, +3δ deviations of σ(W^+W^−Z)

Fig. 12. Contour plots on (a_c,ã_0) for +2δ, +3δ deviations of σ(W^+W^−Z)

[2] G. Belanger, F. Boudjema, Y. Kurihara et al., Eur. Phys. J. C13 (2000) p.283 hep-ph/9908254

[3] G. Gounaris et al., ’Physics at LEP2’v.1 (1992) p.525 hep-ph/9601233

Fig. 13. Contour plots on (a_0, a_n) for +2δ, +3δ deviations of σ(W^+W^−Z)

Fig. 14. Contour plots on (a_0, ã_n) for +2δ, +3δ deviations of σ(W^+W^−Z)

[4] A. Denner, S. Dittmaier, M. Roth, D. Wackeroth, Nucl. Phy. B560(1999) p.33 hep-ph/9904472 [5] A. Denner, S. Dittmaier, M. Roth, D. Wackeroth, EPJ C20(2001) p.201, hep-ph/0104057 [6] W.J. Stirling, A. Werthenbach, Eur. Phys. J. C14 (2000) p.103 hep-ph/9903315 [7] F. Brandt et al., Nucl. Phys. B450 (1994) p.223 hep-ph/9308353 [8] S. Weinzierl, NIKHEF-00-012 hep-ph/0006269 [9] B. Badelek et al., DESY-01-011E hep-ex/0108012