arXiv:1009.4354v4 [hep-ph] 1 Jul 2011

Bounds on the anomalous HZγ vertex arising from the process e^+e^− → τ^+τ^−γ

A. Gutiérrez-Rodríguez,^1 J. Montaño,^2 and M. A. Pérez^2 1Facultad de Física, Universidad Autónoma de Zacatecas Apartado Postal C-580, 98060 Zacatecas, México.

2Departamento de Física, CINVESTAV.

Apartado Postal 14-740, 07000, México D.F., México. (Dated: July 4, 2011)

Abstract

We obtain limits on the anomalous coupling HZγ through data published by the L3 Collaboration on the process e^+e^− → τ^+τ^−γ. Our analysis leads to bounds on this coupling of order 10^{−2}, for an intermediate mass Higgs boson 115 < M_H < 145 GeV , two orders of magnitude above the Standard Model prediction.

PACS numbers: 14.60.Fg, 12.60.-i Keywords: taus, anomalous couplings, models beyond the standard model. E-mail:^1alexgu@fisica.uaz.edu.mx,^2mperez@fis.cinvestav.mx

I. INTRODUCTION

In the Standard Model (SM) of electroweak interactions there are no couplings at the tree level among three neutral bosons involving photons, such as HZγ. These couplings only appear at the one-loop level through fermion and charged vector bosons [1–3]. In the SM it is dominated by W gauge boson and top quark loops and the branching ratio for the decay mode H → Zγ reaches its maximum value of order 10^{−3} for an intermediate-mass Higgs boson (115 < M_H < 140 GeV ) [3]. The study of this vertex has attracted much attention because its strength can be sensitive to scales beyond the SM. The interest in this type of couplings thus lies in the additional contributions that may appear in extensions of the SM. This is the case, for example, for contributions coming from new charged scalar and vector bosons in Left-Right (L-R) symmetric gauge models [4], or Two Higgs Doublet Models (THDM) [5, 6], as well as charginos and neutralinos in the Minimal Supersymmetric Standard Model (MSSM) [5, 6]. The SM and L-R symmetric models predict an anomalous HZγ vertex of order 10^{−4} [1–3], the MSSM may induce a suppression effect [5, 6] but an effective Lagrangian approach leaves room for an enhancement effect [5, 7]. It has been found also that the QCD corrections in the SM are well under control [8]. A measurement of this vertex thus may be used to distinguish among theories beyond the SM.

The sensitivity to the HZγ vertex has been studied in processes like e^−γ → e^−H and e^+e^− → Hγ [3, 9, 10], rare Z and H decays [11–13], pp collisions via the basic interaction qq → qqH [13] and the annihilation process e^+e^− → HZ [10, 14, 15]. It has been found that the latter reaction with polarized beams may lead to the best sensitivity to the HZγ vertex [14] while an anomalous HZγ coupling may enhance partial Higgs decays widths by several orders of magnitude that would lead to measurable effects in Higgs signals at the LHC [13].

The general aim of the present paper is to obtain limits on the HZγ vertex coming from the LEP-I data on the reaction e^+e^− → τ^+τ^−γ [16, 17]. We will find limits of order 10^{−2}, which are better by an order of magnitude than the bounds obtained from the known limits on the partial decay widths of the Z boson [13], but still two orders of magnitude above the SM prediction [3, 5]. The L3 collaboration has obtained also limits on the HZγ vertex using now LEP-II data for events with photons and a Z vector boson in the final state [18]. In this case they have used an analysis that involves the Higgs boson decay modes H → γγ, Zγ. We have found that our analysis with a tau-lepton pair in the final state induces more stringent limits on the HZγ vertex.

In Fig. 1, we show the Feynman diagrams which give rise to the process e^+e^− → τ^+τ^−γ in the SM at tree level and with the anomalous HZγ vertex when the Z vector boson is produced on mass-shell. We do not include the contribution coming from initial photon bremsstrahlung because the L3 data considered the appropriate energy cuts to reduce this contribution.

The paper is organized as follows. In Section II we present the calculation of the respective cross section and in Section III we presented our results and conclusions.

II. CROSS SECTIONS

The anomalous V^μ_1 (p_1) − V^ν_2 (p_2) − H(p_H ) vertex function is given by [7, 10]

Γ^{HV1V2} μν (p_H , p_1, p_2) = g_Z M^2_Z [ h^{V1V2}_1 g_{μν} + h^{V1V2}_2 M^2_Z p_{2μ}p_{1ν} ] , (1) where M_Z is the Z boson mass, g_Z = e/ sin θ_W cos θ_W and V_1, V_2 can be (V_1V_2) = (ZZ), (Zγ), (γZ), (γγ), (W^+W^−) or (W^+W^−). The coefficients h^{V1V2}_i are

h^{Zγ}_1 (p_1, p_2) = p^2_1 + p^2 − m^2_H m^2_Z c_{2Zγ} − p^2_1 − p^2 − m^2_H m^2_Z c_{3Zγ} , (2) h^{Zγ}_2 (p_1, p_2) = 2(c_{2Zγ} − c_{3Zγ} ), (3) for the HZγ couplings. The coefficients c_{2Zγ} and c_{3Zγ} are given explicitly in Eqs. (12d) and (12h) of Ref. [10].

In the present study we have considered only CP-conserving HZγ couplings but our results can be applied also for the CP-violating coupling. Since the L3 Collaboration [18] has used the H → Zγ decay rate in order to get its limits on the HZγ coupling, we present below the expression for its decay width

Γ(H → Zγ) = g^2_Z 8π m^2_Z ( m^2_H − m^2_Z ) m^3_H ( h^{Zγ}_1 )_2

, (4) where we have used the fact that for on-shell particles, only one of the form factors given in Eq. (1) contribute to the decay width [5].

The expression for the respective cross section, that includes the SM and the HZγ vertex contributions shown in Fig. 1, is given by σ(e^+e^− → ττ̄ γ) = ∫ α^3 96 [ 3m^2_τ C_1(x_W ) [ F_1(s, E_γ , cos θ_γ )(h^{Zγ}_1 )^2 + F_2(s, E_γ , cos θ_γ )(h^{Zγ}_2 )^2 ] + m^2_τ C_2(x_W ) [ F_3(s, E_γ , cos θ_γ )h^{Zγ}_1 + F_4(s, E_γ , cos θ_γ )h^{Zγ}_2 ] (5) + C_3(x_W )F_5(s, E_γ , cos θ_γ ) ] E_γ dE_γ d cos θ_γ ,

where α = e^2/4π is the electromagnetic coupling, E_γ and cos θ_γ are the energy and scattering angle of the photon and the C_{1,2,3} coefficients label the contributions arising from the HZγ, interference, and SM amplitudes, respectively. The kinematics is contained in the functions

F_1(s, E_γ , cos θ_γ ) ≡

(_1 2 s − √ sE_γ − 2m^2_τ ) [(s − M^2_Z )^2 + M^2_Z Γ^2_Z ](s + 2 √ sE_γ − M^2_H )^2 ,

F_2(s, E_γ , cos θ_γ ) ≡

(_1

6 E^2_γ −^1_3^{E3γ√}_s −^2_3^{m2τ E2γ}_s ) [(s − M^2_Z )^2 + M^2_Z Γ^2_Z ](s + 2 √ sE_γ − M^2_H )^2 ,

F_3(s, E_γ , cos θ_γ ) ≡ ( −1 −^4_{sin2 θγ} +^{2√s}_{Eγ sin2 θγ} +^{2√sEγ}_{M 2Z} −^{6m2τ√}_{sEγ sin2 θγ} ) [(s − M^2_Z )^2 + M^2_Z Γ^2_Z ](s + 2 √ sE_γ − M^2_H )

, (6)

F_4(s, E_γ , cos θ_γ ) ≡ ( −1 −^2_{sin2 θγ} −^{2√sEγ}_{M 2Z} +^{4√sEγ}_{M 2Z sin2 θγ} +^{2sE2γ}_{M 4Z} ) [(s − M^2_Z )^2 + M^2_Z Γ^2_Z ](s + 2 √ sE_γ − M^2_H ) , F_5(s, E_γ , cos θ_γ ) ≡ [ (4 − sin^2 θ_γ ) √ s − 2E_γ sin^2 θ_γ ] [(s − M^2_Z )^2 + M^2_Z Γ^2_Z ]( √ s sin^2 θ_γ ) , while the coefficients C_{1,2,3} are given by

C_1(x_W ) ≡

(1 − 4x_W + 8x^2_W )

x^3_W (1 − x_W )^3 , C_2(x_W ) ≡

(1 − 4x_W )(1 − 4x_W + 8x^2_W ) x^{5/2}_W (1 − x_W )^{5/2}

, (7)

C_3(x_W ) ≡

(1 − 4x_W + 8x^2_W )^2

x^2_W (1 − x_W )^2 , where x_W ≡ sin^2 θ_W . We have used the SM prediction for the Hτ^+τ^− vertex^{−iemτ}_{2 sin θW MW} in order to get the cross section given in Eq (5). The coefficients C_{1,2,3} come from the expressions for g_Z and the leptonic couplings to the Z and H bosons. The functions F_{1,2} come from the anomalous vertex diagrams of Fig. 1(a), while F_5 comes from the Feynman diagrams shown in Fig. 1(b, c) and F_{3,4} arise from the respective interference contribution.

III. RESULTS AND CONCLUSIONS

In practice, detector geometry imposes a cut on the photon polar angle with respect to the electron direction, and further cuts must be applied on the photon energy and minimum opening angle between the photon and tau in order to suppress the background from tau decay products. In order to evaluate the integral of the total cross section as a function of the parameters h^{Zγ}_1 and h^{Zγ}_2 , we require cuts on the photon angle and energy to avoid divergences when the integral is evaluated at the important intervals of each experiment. We integrate over cos θ_γ from −0.74 to 0.74 and E_γ from 5 GeV to 45.5 GeV for various fixed values of the mass M_H . These cuts on the photon energy and polar angle were used by the L3 Collaboration in order to reduce the contribution coming from initial-state radiation (ISR). Accordingly, we did not include in our calculation of the cross section the contribution due to ISR. Using the numerical values α = 1/137.03, sin^2 θ_W = 0.2314, M_{Z1} = 91.18 GeV , Γ_{Z1} = 2.49 GeV and m_τ = 1.776 GeV , we obtain the cross section σ = σ(h^{Zγ}_1 , h^{Zγ}_2 , M_H ). As was discussed in Ref. [16], N ≈ σ(h^{Zγ}_1 , h^{Zγ}_2 , M_H ), and using Poisson statistics [16, 19], we require that N ≈ σ(h^{Zγ}_1 , h^{Zγ}_2 , M_H ) be less than 1559, with L = 100 pb^{−1}, according to the data reported by the L3 collaboration [16]. A similar number of events was obtained for the same process by the OPAL Collaboration [17]. The experimental value obtained by the L3 Collaboration for the cross section and the respective branching ratio of the H → Zγ decay are given by σ(e^+e^− → τ^+τ^−γ) = (1.472±0.006±0.020) nb [16, 20] and Br(H → Zγ) < 10^{−3} [21]. Taking this into consideration, we get limits on h^{Zγ}_1 and h^{Zγ}_2 as a function of M_H . For example, for a Higgs boson mass M_H = 130 GeV we get the limits [22]

|h^{Zγ}_1 | < 0.047, |h^{Zγ}_2 | < 0.081, (8) while for M_H = 145 GeV we get

|h^{Zγ}_1 | < 0.11, |h^{Zγ}_2 | < 0.19. (9) We plot the total cross section in Fig. 2 as a function of the Higgs boson mass M_H for the values h^{Zγ}_1 = 0.047, h^{Zγ}_2 = 0.081 and h^{Zγ}_1 = 0.042, h^{Zγ}_2 = 0.045 given in Eqs. (8) and

(9). We observe in this figure that the cross section of the process e^+e^− → τ^+τ^−γ decreases with the increase of the Higgs boson mass M_H . In Fig. 3 we show the region excluded at 95% C. L. for the branching ratio BR(H → Zγ) using Eq. (4) and our limits obtained for the coupling h^{Zγ}_1 . We notice an improvement of about an order of magnitude with respect the results obtained by the L3 Collaboration from the process e^+e^− → Hγ [18].

In conclusion, we have analyzed the constraints imposed on the HZγ coupling from the known data for the process e^+e^− → τ^+τ^−γ obtained by the L3 Collaboration [16]. We have made similar analysis using LEP data in order to improve previous limits on the ZZγ and Zγγ vertices [23, 24], the magnetic and electric dipole moments of tau neutrinos [25] and the tau lepton [26], as well as some of the parameters involved in L-R symmetric and E_6 superstring model [27]. In the present case, our bounds shown in Eqs. (8, 9) are close to the limits expected in the annihilation process e^+e^− → HZ with polarized beams [14], and an order of magnitude better than the limits obtained for the same process by the L3 Collaboration [18]. In particular, we were able to improve the bounds on the HZγ vertex because we did not need to use in our analysis the partial decay rates of the Higgs boson used in Ref. [18].

Acknowledgments

We acknowledge support of RedFAE, CONACyT and SNI (México).

[1] J. Ellis, M.K. Gaillard and D.F. Nanopoulos, Nucl. Phys. B106, 292 (1976); A.I. Vainstein et al., Sov. J. Nucl. Phys. 30, 711 (1979).

[2] J. F. Gunion, G.L. Kane and J. Wudka, Nucl. Phys. B299, 231 (1988). [3] U. Cotti, J. L. Diaz-Cruz, J. J. Toscano, Phys. Lett. B404, 308 (1997); E. Gabrielli, V. A.

Ilyn, B. Mele, Phys. Rev. D56, 5945 (1997).

[4] R. Martínez, M. A. Pérez and J. J., Toscano, Phys. Rev. D40, 1722 (1989); Phys. Lett. B234, 503 (1990); R. Martinez, M. A. Pérez, Nucl. Phys. B347, 105 (1990).

[5] J. L. Díaz-Cruz et al., Rev. Mex. Fis. 39, 501 (1993); A. Djouadi et al., Eur. Phys. J. C1, 163 (1998).

[6] R. Bates and J. N. Ng, Phys. Rev. D34, 72 (1980); T. J. Weiler and T. C. Yuan, Nucl. Phys.

B318, 337 (1989); T.G. Rizzo, Phys. Rev. D39, 728 (1989).

[7] J. M. Hernández, M. A. Pérez, J. J. Toscano, Phys. Rev. D51, 2044 (1995); E. Gabrielli and B. Mele, Phys. Rev. D82, 113014 (2010).

[8] M. Spira, A. Djouadi, P. M. Zerwas, Phys. Lett. B276, 350 (1992).

[9] G. J. Gounaris, J. Layssac, F. M. Renard, Phys. Rev. D67, 013012 (2003); J .C. Romao, A.

Barroso, Nucl. Phys. B272, 693 (1986).

[10] K. Hagiwara and M. L. Stong, Z. Phys. C62, 99 (1994); K. Hagiwara et al., Eur. Phys. J.

C14, 457 (2000); S. Dutta, K. Hagiwara and Y. Matsumoto, Phys. Rev. D78, 115016 (2008). [11] C. S. Li, S. H. Zhu, C. F. Qiao, Phys. Rev. D57, 6928 (1998); A. Abbasabadi, W. W. Repko, Phys. Rev. D62, 054025 (2000).

[12] M. A. Pérez, G. Tavares-Velasco, J. J. Toscano, Int. J. Mod. Phys. A19, 159 (2004). [13] V. Hankele et al., Phys. Rev. D74, 095001 (2006).

[14] S. D. Rindani, P. Sharma, Phys. Rev. D79, 075007 (2009); Phys. Lett. B693, 134 (2010);

arXiv:1007.3185.

[15] W. Killian, M. Kramer, P. M. Zerwas, Phys. Lett. B381, 243 (1996). [16] M. Acciarri et al., L3 Collab., Phys. Lett. B434, 169 (1998), and references therein . [17] K. Ackerstaff et al., OPAL Collab., Phys. Lett. B431, 188 (1998), and references therein . [18] P. Achard et al., L3 Collab., Phys. Lett. B589, 89 (2004). [19] R. M. Barnett et al. Phys. Rev. D54, 166 (1996). [20] L. Taylor,Nucl. Phys. Proc. Suppl. B76, 237 (1999).

[21] K. Nakamura et al. (Particle Data Group), J. Phys. G37, 075021 (2010). [22] A. Gutiérrez-Rodríguez and M. A. Pérez, Proceedings of Science, 35th International Conference of High Energy Physics-ICHEP2010, July 22-28, 2010, Paris, France.

[23] M. A. Pérez and F. I. Ramírez-Zavaleta, Phys. Lett. B609, 68 (2005). [24] A. Gutiérrez-Rodríguez, M. A. Hernández-Ruíz and M. A. Pérez, Phys. Rev. D80, 017301 (2009).

[25] M. Maya et al., Phys. Lett. B434, 354 (1998); A. Gutiérrez-Rodríguez et al., Phys. Rev. D74, 053002 (2006).

[26] A. Gutiérrez-Rodríguez, M. A. Hernández-Ruíz and M. A. Pérez, Int. J. Mod. Phys. A22, 3493 (2007).

[27] A. Gutiérrez-Rodríguez, M.A. Hernández-Ruíz, M. A. Pérez and F. Pérez-Vargas, Mod. Phys.

Lett. A24, 135 (2009).

FIG. 1: Feynman diagrams for the process e^+e^− → τ^+τ^−γ induced by the anomalous vertex HZγ (a) and the SM (b, c) when the Z vector boson is produced on mass-shell. Diagrams for initial-state radiation are not considered in the calculation.

FIG. 2: Cross-section for the process e^+e^− → τ^+τ^−γ as a function of M_H with h^{Zγ}_1 = 0.047, h^{Zγ}_2 = 0.081 (continuous line) and h^{Zγ}_1 = 0.042, h^{Zγ}_2 = 0.045 (dashed line).

FIG. 3: The region above the line is excluded for the branching ratio BR(H → Zγ) at 95% C. L. for a Higgs mass of M_H = 130 GeV (continuous line) and M_H = 115 GeV (dashed line).