Extra neutral gauge bosons at a 5 TeV e+e� linear collider

T. Ohgaki Lawrence Berkeley National Laboratory, Berkeley, California 94720 (May 1999)

For a 5 TeV e^+e� linear collider in the deep quantum regime, the energy loss due to beamstrahlung during the collision of the e^+e� beams is expected to substantially influence the effective center-of-mass energy distribution of the colliding particles. In this paper, I have estimated the feasibility of the measurement of the extra neutral gauge bosons Z0 on the Z0 pole at a 5 TeV e^+e� linear collider including the effects of the beam-beam interaction.

I. INTRODUCTION

One of the simplest gauge extensions of the standard model (SM) involves one or more additional U (1) symmetries, U (1)^′, and is to introduce their associated extra neutral Z^′ bosons [1,2]. They arise in extended gauge theories including grand unified theories (GUT’s) or superstring theories, for example. The collider experiments for the Z^′ searches indicate that the low mass limit of a canonical Z^′ boson is about 600 GeV. If the center-of-mass energy of a future e^+e^− linear collider is large enough to produce Z^′ bosons after discovery of the Z^′ bosons, we will get precise information about its nature.

For a several TeV e^+e^− linear collider beyond the next linear colliders (NLC), one of the most important constraints is beamstrahlung [3–5] due to the beam-beam interaction [5]. Beamstrahlung is a synchrotron radiation produced by electrons and positrons as they pass through the collective electromagnetic field of the oncoming beam. The fields can be so strong due to the extremely high charge density that colliding particles may lose significant amount of their energy, causing severe luminosity degradation. The beamstrahlung photons may also turn to copious e^+e^− pairs and the pairs are strongly deflected as they continue moving through the collective field, causing troublesome background problem to the study of particle physics.

Recently the design study for 5 TeV linear colliders in the deep quantum beamstrahlung regime, for example, the laser driven e^+e^− linear colliders, has been started and it presents that the effects of quantum suppression of beamstrahlung due to the very short bunch length are effective [6–9]. In order to evaluate the feasibility of the measurement of the extra neutral gauge bosons Z^′ at a 5 TeV e^+e^− linear collider, we need to take account of the effects of the beam-beam interaction.

In this paper, we study the feasibility of the measurement of the extra neutral gauge bosons Z^′ on the Z^′ pole at a 5 TeV e^+e^− linear collider including the effects of the beam-beam interaction.

II. CROSS SECTION

There are many Extended Gauge Models (EGMs) which include the Standard model gauge group and at least an additional U (1) group. Here we list some of the EGMs.

1. The E_6 effective rank-5 model (ER5M), which predicts a Z^′ whose couplings depend on a single parameter −π/2 ≤ θ ≤ π/2 (with models ψ, χ, I, and η denoting specific θ values);

2. The Sequential Standard Model (SSM), wherein the new W^′ and Z^′ are just heavy versions of the SM particles;

3. The Ununified Model (UUM), based on the group SU (2)_l × SU (2)_q × U (1)_Y , which has a single free parameter 0.24 ≤ s_ϕ ≤ 1;

4. The Left-Right Symmetric Model (LRM), based on the group SU (2)_L × SU (2)_R × U (1)_{B−L}, which also has a free parameter κ = g_R/g_L of order unity which is the ratio of the gauge couplings;

5. The Alternative Left-Right Model (ALRM), based on the same extended group as the LRM but now arising from E_6.

In this paper, we compare the ER5Ms with ψ, χ, and η, the LRM with κ = 1, and the SM.

At e^+e^− colliders, the basic process is e^+e^− → ff̄ where f could be leptons (e, μ, τ ) or quarks (u, d, c, s, b). The signal process of the ER5Ms and the LRM is e^+e^− → γ, Z, Z^′ → μ^+μ^−, (1)

and that of the SM is

e^+e^− → γ, Z → μ^+μ^−. (2)

These processes were calculated including the initial state radiation, radiative correction. Figure 1 shows the total cross sections of the ER5Ms with ψ, χ, and η, the LRM with κ = 1, and the SM. The mass of the Z^′ bosons is assumed as 5 TeV. From this figure, we see that the shape of the Z^′ bosons largely depend on the models and we need to take account of the luminosity degradation due to the beam-beam interaction for precision study of the Z^′ bosons.

Here I will describe the luminosity distribution at a 5 TeV e^+e^− linear collider. There are two processes for γγ collisions in e^+e^− colliders. First, beamstrahlung is a synchrotron radiation induced by the collective fields of the oncoming colliding beams. The average Upsilon parameter, which is described as the ratio of the strength of the magnetic field in the bunch to that of the Schwinger critical field, is [5] Υ = 5 6 N r^2_eγ ασ_z(σ_x + σ_y)

. (3)

where N is the number of particles per bunch, r_e the classical electron radius, γ the Lorentz factor of the beams, α the fine structure constant, σ_z the rms bunch length, σ_x and σ_y the horizontal and vertical rms beam sizes at the IP, respectively.

Second, virtual photons are emitted by the collisions of individual particles. For the luminosity distribution between the virtual photons, the spectrum of the virtual photons from electron beams is given by the well-known equivalent photon approximation [10]

n_v(y) = α 2π ( 1 + (1 − y)^2 y ln [ (1 − y)P^2_{max} m^2_ey^2 ] − 2(1 − y) y ) , (4)

where y and P^2_{max} denote the energy fraction taken by the photon from the electron and the maximum photon virtuality, m_e the electron mass. In this article, the photon virtuality was restricted to P^2_{max} = 0.01 GeV^2 [10].

The beam parameters of an e^+e^− linear collider with the laser drive at √ s_e+_e− = 5 TeV are listed in Table I. The Υ parameter of the laser-driven e^+e^− collider is some hundreds, because σ_z is much smaller than that of conventional microwaves due to the typical wavelength of accelerating wakefield for laser wakefield acceleration, which is about 100 μm. Figure 2 shows the luminosity distribution of a 5 TeV linear collider with Υ = 631. The luminosity distribution of the e^+e^−, eγ, and γγ collisions (γ denotes beamstrahlung photons.) in Fig. 2 have been calculated by using the CAIN code [11]. CAIN is the fortran code which simulates the classical and quantum effects of the beam-beam interaction and the detail about the simulation results are written in the paper [8]. The maximum energy of the collisions between beamstrahlung photons reaches near √ s = 5 TeV due to the large Υ parameter. Using the analytic formula of Eq.(4), that of the γ^∗γ^∗ collisions (γ^∗ denotes virtual photons.) was calculated by L_γ∗_γ∗ ( √ s) = L_{ee} ∫_1 0 ∫_1 0 n_v(y_1)n_v(y_2)δ ( s − 4y_1y_2E^2_0 ) dy_1dy_2, (5)

where E_0 is the energy of initial electrons and L_{ee} the total luminosity of the e^+e^− collisions. The collisions between virtual photons over √ s > 1 TeV is negligible in comparison with other collisions. It is needless to say that we will have to consider the superposition of the beamstrahlung and virtual photon spectrums.

The total luminosity of an e^+e^− linear collider with the laser drive at √ s_e+_e− = 5 TeV are listed in Table II. There is about a half of the total luminosity of the e^+e^− collisions with √ s > 4.975 TeV and it presents a narrow width for precision study.

In order to evaluate the signal and background events including the luminosity distribution, the effective cross section is obtained by

σ_{eff}( √ s) = σ( √ s) L_{ee} dL d √ s^′ | |_√ s^′= √ s , (6)

and we can get easily the number of events by multiplying it by the amount of the luminosity. The effective cross sections of the ER5M with ψ and the SM are shown in Fig. 3. The tails of two peaks depend on the luminosity distribution including the beam-beam interaction, because the difference of the tails does not appear if no luminosity degradation.

Figure 4,5, and 6 show the effective cross sections of e^+e^−, eγ, and γγ collisions. Here the total cross sections for the processes in the SM except for the γγ → hadrons were calculated by the CompHEP and GRACE codes [12,13]. The cross section for the γγ → hadrons from fitting the experimental data is described as [14]

σ_{tot} = 156s^ϵ + 320s^{−η}1 nb, (7)

where the exponents are ϵ = 0.095 and η_1 = 0.34, respectively. The γγ luminosity except for γ^∗γ^∗ → hadrons originate from beamstrahlung photons. At 5 TeV, the processes of e^+e^− → eνW , νν̄Z, e^+e^−(| cos θ| < 0.99), and eγ → W ν are dominant as well as γγ → hadrons. Especially, the events of e^+e^− → eνW is comparable to those of γγ → hadrons at 5 TeV. The effective cross section of γγ → hadrons from beamstrahlung photons is about 10^4 times larger than that of γγ → W^+W^−. When the collision energy is increasing, the effective cross sections of γγ collisions are almost decreasing.

Although the processes of e^+e^− → eνW , νν̄Z, e^+e^−(| cos θ| < 0.99), eγ → W ν, and γγ → hadrons are dominant at 5 TeV, the background candidates for the process e^+e^− → γ, Z, Z^′ → μ^+μ^− are the processes e^+e^− → W^+W^− → νν̄μ^+μ^− and γγ → W^+W^− → νν̄μ^+μ^−. The branching ratio of W → νμ^+ is 10.2% [14] and (W → νμ^+)^2 = 1.04%. Therefore the ratio is

e^+e^− or γγ → νν̄μ^+μ^− ∼ 1/100 (e^+e^−or γγ → W^+W^−), (8)

and these backgrounds are negligible from Fig. 4 and 6.

The number of μ^+μ^− events of the ER5Ms with ψ, χ, and η, the LRM, and the SM are listed in Table III. The integrated luminosity at a 5 TeV e^+e^− linear collider is assumed to be 100 fb^{−1}. The energy cut from the detector resolution 300 GeV (4.7∼5.0 TeV) and the detector acceptance | cos θ| < 0.95 are applied as the adequate cuts. The number of the ER5M with ψ is largest in these models and the statistical significance of the ER5M with ψ, √ S, where S is the number of signal, is 500. Therefore the 5 TeV e^+e^− collider would function as a Z^′ factory as listed in the table. From the table, we can not resolve the difference of the ER5M with η and the LRM from the number of events and need further information for distinguish of two models.

III. SUMMARY

I have estimated the feasibility of the measurement of the extra neutral gauge bosons Z^′ on the Z^′ pole at a 5 TeV e^+e^− linear collider including the effects of the beam-beam interaction. The beam-beam interaction for the 5 TeV e^+e^− linear collider in the deep quantum regime was simulated using the CAIN code and the luminosity distribution of e^+e^−,eγ, and γγ collisions were calculated. Taking account of the luminosity distribution, we estimated the effective cross section of the Z^′ boson production and standard model processes. For example, the number of μ^+μ^− events of the ER5Ms with ψ is 250000 with the integrated luminosity of 100 fb^{−1}. Therefore the 5 TeV e^+e^− linear collider on the Z^′ pole could function as a Z^′ factory.

ACKNOWLEDGMENTS

I would like to thank M. Xie for useful comments. This work was supported in part by the U.S. Department of Energy under Contract No. DE-AC03-76SF00098.

TABLE I. Beam parameters of an e^+e� linear collider with the laser drive at ps_e+_e− =5 TeV [6]. Υ Pb (MW) Ne(10^8) fc (kHz) ϵx /ϵy (nm) βx /βy(μm) σx/σy (nm) σz (μm) 631 20 1.6 156 25/25 62/62 0.56/0.56 1

TABLE II. Total luminosity of an e^+e� linear collider with the laser drive at ps_e+_e− =5 TeV (Unit 10^{35}cm�^2s�^1). Lee Lee (ps > 4.975 TeV) Leγ Lγγ Lγ∗ γ∗ (ps >1 GeV) Total 1.3 0.61 0.49 0.21 0.34

TABLE III. Number of μ^+μ� events of the ER5Ms with ψ, χ, and η, the LRM, and the SM. The integrated luminosity at a 5 TeV e^+e� linear collider is assumed to be 100 fb�^1.

SM ER5M ψ ER5M χ ER5M η LRM 5300 78000 250000 60000 60000

FIG. 1. Total cross sections of μ^+μ� events of the ER5Ms with ψ, χ, and η, the LRM, and the SM. The mass of Z0 bosons are assumed as 5 TeV.

FIG. 2. Luminosity distribution of a 5 TeV e^+e� linear collider with Υ = 631. The vertical axis is normalized by the total luminosity of the e^+e� collisions. The bin size is 100 GeV.

FIG. 3. The effective cross sections of the ER5M with ψ and the SM at a 5 TeV e^+e� linear collider. The bin size is 20 GeV.

FIG. 4. The effective cross section of e^+e� collisions at a 5 TeV e^+e� linear collider.

FIG. 5. The effective cross section of eγ collisions at a 5 TeV e^+e� linear collider.

FIG. 6. The effective cross section of γγ collisions at a 5 TeV e^+e� linear collider.

[1] T.G. Rizzo, in Proceedings of the 2nd International Workshop on e�e� Interactions at TeV Energies, Santa Cruz, CA, 22-24 Sep 1997.

[2] A. Leike, LMU-03-98, May 1998.

[3] M. Bell and J.S. Bell, Part. Accel. 24, 1 (1988); R. Blankenbecler and S.D. Drell, Phys. Rev. Lett. 61, 2324 (1988); P. Chen and K. Yokoya, ibid. 61, 1101 (1988); M. Jacob and T.T. Wu, Nucl. Phys. B303, 389 (1988); V.N. Baier, V.M. Katkov, and V.M. Strakhovenko, ibid. B328, 387 (1989); R. Blankenbecler and S.D. Drell, Phys. Rev. D 36, 277 (1987); ibid. 37, 3308 (1988); P. Chen, Phys. Rev. D 46, 1186 (1992).

[4] T. Himel and J. Siegrist, in Proceedings of the 2nd International Workshop on Laser Acceleration of Particles, Los Angeles, CA, 7-18 Jan 1985.

[5] K. Yokoya and P. Chen, in Frontiers of Particle Beams: Intensity Limitations, Lecture Notes in Physics Vol. 400 (Springer- Verlag, Berlin, 1992).

[6] M. Xie, T. Tajima, K. Yokoya, and S. Chattopadhyay, in Proceedings of the 7th Workshop on Advanced Accelerator Concepts, Lake Tahoe, CA, 13-19 Oct 1996.

[7] M. Xie, in Proceedings of the 15th ICFA Advanced Beam Dynamics Workshop on Quantum Aspects of Beam Physics, Monterey, CA, 4-9 Jan 1998; M. Xie, in Proceedings of the 8th Workshop on Advanced Accelerator Concepts, Baltimore, MD, 5-11 Jul 1998.

[8] T. Ohgaki and M. Xie, CBP Note-315, LBNL-43250, May 1999. [9] T. Ohgaki and M. Xie, CBP Note-314, LBNL-43249, May 1999. [10] R. Engel and J. Ranft, Phys. Rev. D 54, 4244 (1996).

[11] P. Chen, T. Ohgaki, A. Spitkovsky, T. Takahashi, and K. Yokoya, Nucl. Instrum. and Methods Phys. Res. A 397, 458 (1997).

[12] P.A. Baikov et al., in Proc. of 10th Int. Workshop on High-energy Physics and Quantum Field Theory, Russia, 1995, p.101. [13] MINAMI-TATEYA group, T. Ishikawa et al., KEK Report 92-19, 1993. [14] Particle Data Group, Review of Particle Physics, Eur. Phys. J. C 3, 1 (1998).