arXiv:hep-ph/0411152 v1 10 Nov 2004

A note on the rare decay of a Higgs boson into photons and a Z boson

Ali Abbasabadi^1 and Wayne W. Repko^2

1Department of Physical Sciences, Ferris State University, Big Rapids, Michigan 49307, USA

2Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA

(Dated: November 10, 2004)

We have calculated the width of the rare decay H → γγZ at one-loop level in the standard model for Higgs boson masses in the range 115 GeV ≤ mH ≤ 160 GeV . For this range of Higgs boson masses we find that Z boson is predominantly longitudinally polarized, and the photons have the same helicity. A comparison of the decay width Γ(H → γγZ) to those of H → γγ and H → γZ shows that, for the Higgs boson mass of mH ∼ 135 GeV, the ratios of the decay widths are Γ(H → γγZ)/Γ(H → γγ) ∼ Γ(H → γγZ)/Γ(H → γZ) ∼ 10^{−5} − 10^{−6} . PACS numbers: 13.15.+g, 14.60.Lm, 14.70.Bh, 95.30.Cq

1. INTRODUCTION

Due to the lack of a direct coupling between the Z boson and the photon in the standard model, the lowest order contribution to the decay H → γγZ occurs at the one-loop level. The Feynman diagrams for this process are identical to those of the crossed channel scattering process γγ → ZH, which was studied by Gounaris, Porfyriadis, and Renard [1]. The decay H → γγ, which also takes place at the one-loop level and is usually viewed as a discovery mode for an intermediate mass Higgs boson [2], dominates the decay process H → γγZ by several orders of magnitude. However, by imposing kinematic cuts on the photons and Z boson in the decay H → γγZ, we may exclude contributions of the back-to-back photons. It is therefore in principle possible to distinguish the photons from H → γγ decay from those arising from the decay H → γγZ. While admittedly very rare, the decay H → γγZ, among one loop decay processes, is particularly sensitive to top quark couplings.

In the next section, we discuss the calculations of the decay width, the photon invariant mass decay distribution, and the decay energy distribution of the Z. This is followed by a summary and conclusions.

2. DECAY WIDTH CALCULATION

To facilitate our calculations of the amplitudes for the process H → γγZ, we use a generalized non-linear gauge fixing condition [3]. In the gauge fixing terms there are several parameters which can be set freely without affecting the values of the measurable quantities. We set the values of these parameters in such a way as to minimize the number of Feynman diagrams contributing to the H → γγZ amplitudes. In addition, we use the ’t Hooft- Feynman gauge, which reduces the propagators for the gauge bosons to a simple form −ig_{μν} /(k^2 − m^2), where k and m are the momentum and the mass of a gauge boson, respectively. The resulting Feynman diagrams are identical to those of the crossed channel scattering process γγ → ZH, which was investigated in the Ref. [1] for the standard model and its minimal supersymmetric extension. The generic diagrams are drawn [4] in the Fig. 1. As noted in the Ref. [1], due to the charge conjugation

FIG. 1: The generic Feynman diagrams for the decay process H → γγZ are shown. For the charged fermion f in the Figs. 1(a) and 1(b), we include only the top quark. However, in the Fig. 1(c), the Z boson exchange, all charged fermions f are included in the loop.

properties of the gauge boson couplings there are no W bosons in the loops and we need only consider contributions from charged fermion loops. In the box diagram, Fig. 1(a), the coupling of the Higgs boson to the fermion in the loop is proportional to the fermion mass and we include only the top quark contribution. The same thing is true in the triangle diagram with the neutral Goldstone boson G^0 exchange, Fig. 1(b), and, again we include only the top quark contribution.

In the Z boson exchange diagram, Fig. 1(c), we encounter an anomalous contribution [5], whose cancellation requires the inclusion of all charged fermions of a given generation. After the cancellation of the anomalous contribution, which is independent of the m_f , the mass of the charged fermion in the loop, the contribution of this diagram to the dominant helicity amplitudes is proportional to the m^2_f . As mentioned above, the contributions of Fig. 1(a) and Fig. 1(b) to any helicity amplitude is proportional to the m^2_t [1]. We, therefore, could have included only the charged fermions of the third generation in the evaluation of diagram Fig. 1(c) but chose to include all three generations in this diagram.

For the decay H → γγZ, the helicity amplitudes A_{λ1λ2λZ} , where λ_1 and λ_2 are the helicities of the photons and λ_Z is the helicity of the Z boson, are not independent. Due to Bose symmetry and CP invariance, there are only four independent helicity amplitudes [1], which we choose to be A_{++0}, A_{+++} , A_{+−−}, and A_{+−0}. Any other helicity amplitude is expressible in terms of these four amplitudes. For instance, CP invariance relates A_{−−0} to the basic set as

A_{−−0} = −A_{++0} . (1)

Our numerical calculation of the amplitudes indicates that, among the four basis amplitudes, the helicity amplitude A_{++0} is by far the largest. As a consequence, we need only consider the amplitudes A_{++0} and A_{−−0}.

Our calculations were performed in a semiautomatic method [6]. Specifically, we used the FeynArts package [7], to generate the helicity amplitudes in terms of the tensor loop integrals. Using the algebraic manipulation program form [8], these tensor integrals were converted to the conventions of Passarino-Veltman [9] and expressed in terms of scalar integrals. The scalar integrals were calculated using code written following the approach of ’t Hooft-Veltman [10] and Denner-Nierste- Scharf [11]. As a partial test of our calculations, we compared the numerical results of our routines for the scalar integrals with those of the fortran codes loop [12] and the ff [13]. While these two packages did not give numerically stable results for all regions of the parameter space, where comparisons were possible we obtained essentially identical numerical results for our scalar integrals and those of the loop and/or ff. We also checked the gauge invariance of the helicity amplitudes for each of the final state photons.

To facilitate the discrimination of H → γγZ from H → γγ and H → γZ and account for possible experimental limitations, we imposed a variety of cuts on the following photon and Z boson variables: |⃗p_γ |, |⃗p_γ′ |, |⃗p_Z|, m^2_{γγ}′ , m^2_{γZ} , m^2_γ′_Z, θ_{γγ}′ , θ_{γZ} , and θ_γ′_Z . Here, ⃗p_γ , ⃗p_γ′ , and ⃗p_Z are the 3-momenta of the photons and the Z boson, respectively, in the center of mass of the Higgs boson and θ_{γγ}′ , θ_{γZ} , and θ_γ′_Z are the various angles between the 3-momenta, ⃗p_γ , ⃗p_γ′ , and ⃗p_Z . The invariant mass variables are m^2_{γγ}′ = (p_γ + p_γ′ )^2, m^2_{γZ} = (p_γ + p_Z )^2, and m^2_γ′_Z = (p_γ′ + p_Z )^2. Here, p_γ , p_γ′ , and p_Z are the 4-momenta of the photons and the Z boson, respectively.

For our calculations of the decay width Γ(H → γγZ), invariant mass distribution dΓ(H → γγZ)/dm_{γγ}′ , and the Z boson energy distribution dΓ(H → γγZ)/dE_Z , we choose the following set of cuts:

|⃗p_γ|_{cut} = |⃗p_γ′ |_{cut} = |⃗p_Z|_{cut} ≡ |⃗p |_{cut} , (2) (m_{γγ}′ )_{cut} = (m_{γZ} )_{cut} = (m_γ′_Z )_{cut} ≡ m_{cut} , (3) (θ_{γγ}′ )_{cut} = (θ_{γZ} )_{cut} = (θ_γ′_Z )_{cut} ≡ θ_{cut} . (4)

These cuts facilitate the experimental tagging of the photons and the Z boson. They provide minimum opening angles between the photons and the Z boson, exclude contributions of the back-to-back photons, and also avoid any numerical instability in the calculations. The cuts help discriminate the non-back-to-back photon pairs of the decay H → γγZ from the back-to-back γγ pairs in the decay H → γγ. In principle, all the photons of the decays H → γγ, H → γZ, and H → γγZ can be identified.

In Fig. 2, we show the result of the calculation for the decay width Γ(H → γγZ) as a function of the Higgs boson mass m_H . For purposes of comparison, in this

FIG. 2: (Color online) The decay widths as function of m_H for three decay modes of the Higgs boson are shown. The solid line is Γ(H → γγZ), the dashed line is Γ(H → γZ), and the dotdashed line is Γ(H → γγ). The cuts imposed on Γ(H → γγZ) are |⃗p |_{cut} = 5 GeV, m_{cut} = 10 GeV, and θ_{cut} =^π_{24} .

figure we also include the decay widths Γ(H → γγ) and Γ(H → γZ) [14], which are calculated using the hdecay package [15, 16]. As it is clear from this figure, for the Higgs boson masses that we are considering, the decay width Γ(H → γγZ) is several orders of magnitude smaller than the decay widths Γ(H → γγ) and Γ(H → γZ). For instance, for a Higgs boson mass of m_H ∼ 135 GeV, the ratios of the decay widths are Γ(H → γγZ)/Γ(H → γγ) ∼ Γ(H → γγZ)/Γ(H → γZ) ∼ 10^{−6}. There are no cuts on the decay widths Γ(H → γγ) and Γ(H → γZ). The cuts we imposed, of course, decrease the value of Γ(H → γγZ). In addition, there is the suppression from three-body phase space, and from the higher order in α. However, there are other differences in the amplitudes for these decay modes, which account for their relative sizes. For instance, in the case of H → γγ, the decay amplitude receives contributions from charged fermion loops as well as a substantial contribution from W boson loops, whereas in the decay H → γγZ, there are no W boson loop contributions and the anomalous triangle diagram, Fig. 1(c), must be included. As a result of these differences, the simple power counting method for estimating the size of the ratio of the decay widths Γ(H → γγZ)/Γ(H → γγ) is rather unreliable.

In Fig. 3, we show the invariant mass distribution dΓ(H → γγZ)/dm_{γγ}′ as function of m_{γγ}′ and in Fig. 4, we show the energy distribution dΓ(H → γγZ)/dE_Z as function of the Z boson energy E_Z.

FIG. 3: (Color online) The invariant mass distributions Γ(H → γγZ)/dm_{γγ}′ as function m_{γγ}′ , the invariant mass of the final photons, for Higgs masses of m_H = 115, 125, 135, 145, and 160 GeV are shown. The cuts imposed are the same as those for the total width Γ(H → γγZ) of the Fig. 2.

FIG. 4: (Color online) The energy distributions Γ(H → γγZ)/dE_Z , as function of the Z boson energy E_Z , for the Higgs masses of Fig. 3 are shown. The cuts imposed are the same as those for the total width Γ(H → γγZ) of the Fig. 2.

To further investigate the effect of cuts on the decay width Γ(H → γγZ), in Fig. 5 we plot Γ(H → γγZ) as function of m_H , for several different choices of |⃗p |_{cut}, m_{cut}, and θ_{cut}. In the Fig. 5 (a), all three cut parameters |⃗p |_{cut}, m_{cut} and θ_{cut} are varied simultaneously. This figure captures the combined effect of all three cuts on the decay width. The effects of the individual cuts on the decay width are illustrated Figs. 5 (b)-(d). In Fig. 5(b), the invariant mass and angular cuts are held fixed and the 3- momentum cuts are allowed to vary, in Fig. 5 (c) we hold the 3-momentum and the angular cuts fixed and vary the invariant mass cut, and in Fig. 5 (d) the 3-momentum and invariant mass cuts are held fixed and the angular cut is varied. From Figs. 5 (b)-(d) it is clear that the cuts have more effect on the decay width for the low Higgs boson mass. Fig. 5 (d) illustrates that the angular cuts only start to show any noticeable effect on the decay width Γ for θ_{cut} >∼ π/6.

3. SUMMARY AND CONCLUSIONS

Compared to the one loop decays H → γγ and H → γZ, the decay H → γγZ is highly suppressed in the standard model. In one sense this is unfortunate because the physics of this process has some interesting features. Among these are the absence of W boson contributions in any of the loops. The amplitudes are dominated by top quark loops and therefore sensitive to top-Z couplings. Additionally, there is the presence of an anomalous vertex in the s-channel Z exchange diagram, which might be studied were it not for the constraints of Yang’s theorem [17]. Because Yang’s theorem forbids the physical decay Z → γγ, the s-channel pole cancels in the mass region we consider, 115 GeV ≤ m_H ≤ 160 GeV. This, together with the anomaly cancellation, serves to further reduce the decay width.

Perhaps the most striking feature of this process is the simplicity of the decay amplitude helicity structure. Although not apparent at the outset, the calculation shows that there are only two helicity amplitudes of any importance, A_{++0} = −A_{−−0}. As a consequence, the photons in H → γγZ always have the same helicity and the Z is always longitudinally polarized.

In conclusion, we have found that Γ(H → γγZ) is very small compared to viable one loop discovery modes of the Higgs boson and that the suppression is greater than simple phase space and coupling constant accounting might suggest. It goes without saying that the detection of the decay mode H → γγZ will be extremely difficult if it occurs at the standard model level and that any signal in this channel is very likely evidence of new physics.

Acknowledgments

One of us (A.A.) wishes to thank the Department of Physics and Astronomy at Michigan State University for its hospitality and computer resources. This work was supported in part by the National Science Foundation under Grant No. PHY-02744789.

FIG. 5: (Color online) Fig. 5 (a) shows Γ(H → γγZ) for the cuts (|⃗p |cut, mcut,θcut)=(1 GeV, 1 GeV, π/48) (solid), (5 GeV, 5 GeV, π/6) (dashed), (10 GeV, 10 GeV, π/3) (dotdash). In Fig. 5 (b), mcut= 1 GeV, θcut = π/48 and |⃗p |cut= 1 GeV (solid), 5 GeV (dashed), 10 GeV (dotdash); in Fig,˙ 5 (c), |⃗p |cut= 1 GeV, θcut = π/48, and mcut= 1 GeV (solid), 5 GeV (blue), 10 GeV (dotdash); and in Fig. 5 (d), |⃗p |cut= 1 GeV, mcut= 1 GeV, and θcut=π/48 (solid), π/6 (blue ), and π/3 (dotdash).

[1] G.J. Gounaris, P.I. Porfyriadis, and F.M. Renard, Eur.

Phys. J. C 20, 659 (2001).

[2] For the intermediate Higgs boson mass, beside the process H → γγ, the processes H → γZ and H → bb̄ are also considered as discovery modes. For a review see J.F. Gunion, H.E. Haber, G. Kane, and S. Dawson, The Higgs Hunter’s Guide (Addison–Wesley, Redwood City, CA, 1990).

[3] F. Boudjema and E. Chopin, Z. Phys. C73, 85 (1996).

See also G. Belanger, F. Boudjema, J. Fujimoto, T. Ishikawa, T. Kaneko, K. Kato, and Y. Shimizu, “grace at one-loop: Automatic calculation of 1-loop diagrams in the electroweak theory with gauge parameter independence checks,” hep-ph/0308080.

[4] D. Binosi and L. Theussl, “A graphical user interface for

drawing Feynman diagrams,” hep-ph/0309015; J.A.M. Vermaseren, Axodraw, Compute. Phys. Commun. 83, 45 (1994).

[5] For a recent discussion of the anomalies, see S.L. Adler,

“Anomalies to All Orders,” hep-th/0405040. For a calculation of an anomalous triangle diagram, see A. Barroso, F. Boudjema, J. P. Cole e N. Dombey, Z. Phys. C28, 149 (1985).

[6] For a discussion of automatic computation of Feynman

diagrams, see R. Harlander and M. Steinhauser, Prog. Part. Nucl. Phys. 43, 167 (1999).

[7] T. Hahn, Compute. Phys. Commun. 140, 418 (2001). For

decay processes, see M. Klasen, Int. J. Mod. Phys. C14, 1273 (2003).

[8] J.A.M. Vermaseren, “New features of FORM,” math-ph/0010025.

[9] G. Passarino and M. Veltman, Nucl. Phys. B160, 151 (1979).

[10] G. ’t Hooft and M. Veltman, Nucl. Phys. B153, 365 (1979).

[11] A. Denner, U. Nierste, and R. Scharf, Nucl. Phys. B367, 637 (1991).

[12] C. Kao and D.A. Dicus, loop, a fortran program for evaluating loop integrals based on the results in Refs. [9] and [10].

[13] G.J. van Oldenborgh, NIKHEF-H/90-15, (1990); G.J.

van Oldenborgh and J.A.M. Vermaseren, Z. Phys. C46, 425 (1990); G.J. van Oldenborgh, Comput. Phys. Commun. 66, 1 (1991). For a different implementation, see also T. Hahn and M. Perez-Victoria, Comput. Phys. Commun. 118, 153 (1999).

[14] A.I. Vainshtein, M.B. Voloshin, V.I. Sakharov, and M.A.

Shifman, Sov. J. Nucl. Phys. 30, 711 (1979).

[15] The fortran code hdecay is described in A. Djouadi, J. Kalinowski, and M. Spira, Comput. Phys. Commun. 108, 56 (1998). For the processes H → γγ and H → γZ, the code is based on the calculations of the Ref. [14].

[16] For a calculation of the Γ(H → γZ) in the Littlest Higgs Model, see: G.A. Gonzalez-Sprinberg, R. Martinez, J.-Alexis Rodriguez,“Higgs boson decays in the littlest Higgs model,” hep-ph/0406178.

[17] C. N. Yang, Phys. Rev. 77, 242 (1950); L. D. Landau, Sov. Phys. Dokl. 60, 207 (1948).