Published by Institute of Physics Publishing for SISSA/ISAS Received: July 30, 2003 Revised: August 20, 2003 Accepted: October 3, 2003

An upper bound on the total cross-section for electroweak baryon number violation

Andreas Ringwald

Deutsches Elektronen-Synchrotron DESY Hamburg, Germany E-mail: andreas.ringwald@desy.de

Abstract: An upper bound on the total cross-section of s-wave electroweak instanton/sphaleron induced baryon plus lepton number violating processes is presented. It is obtained by exploiting a recently reported lower bound on the corresponding tunneling suppression exponent and by estimating the pre-exponential factor. We find that the present knowledge about electroweak baryon plus lepton number violating processes still allows their eventual observability at the Very Large Hadron Collider, even as pure s-wave scattering. An observable rate at cosmic ray facilities and neutrino telescopes from the s-wave is excluded. It would require a substantial contribution from higher partial waves.

Keywords: Nonperturbative Effects, Solitons Monopoles and Instantons, Standard Model.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep102003008 /jhep102003008 .pdf

Contents

1. Introduction 1

2. Setting the stage 2

3. Estimates 2

4. An upper bound on the cross-section 5

1. Introduction

Baryon and lepton number are not strictly conserved in the standard electroweak model [1]. In the background of topological non-trivial fluctuations of SU(2) gauge fields with topological charge Q ≠ 0, notably of instantons (Q = 1) and anti-instantons (Q = −1) [2], baryon (B) and lepton (L) number change according to △B = △L = −n_{gen} Q, where n_{gen} = 3 is the number of fermion generations. Such fluctuations correspond to transitions between degenerate, topologically inequivalent vacua [3]. The latter are known to be separated by energy barriers whose minimum height is given by the static energy E_{sp} of an unstable static solution of the classical Yang-Mills equations called the sphaleron [4]. Its value,^1 E_{sp} ≈ π m_W /α_W ≃ 7.5 TeV, sets the scale for non-perturbative B + L violation in the Standard Model. Indeed, while these processes are exponentially suppressed at energies or temperatures below the sphaleron energy by a tunneling factor, they are known to have a sizeable rate for temperatures above E_{sp} [6] and to have a crucial impact on the evolution of the baryon asymmetry of the universe. On the other hand, the long-standing question, first raised in refs. [7, 8], whether these processes occur with sizeable rates in high energy particle collisions, is still not finally settled (for reviews, see ref. [9]).

It is the purpose of this Letter to elaborate and to compare recent results on this issue [10]–[12] and to work out an upper bound on the total cross-section for electroweak baryon number violating processes. We will show that the present knowledge about the latter still allows their eventual observability at future colliders [11, 13], such as the Very Large Hadron Collider (VLHC) [14]. We will also discuss implications for searches at cosmic ray facilities and neutrino telescopes [15, 16].

1Here, mW = 80.423(39) GeV is the W^± boson mass and αW (mW ) = 0.033819(23) is the SU(2) fine structure constant [5].

– 1 –

2. Setting the stage

At center-of-mass (CM) energies much less than the sphaleron energy, the rates of anomalous electroweak B + L violation are rapidly growing [8]. The corresponding total crosssection is known to have an exponential form [17]. Including essential pre-exponential factors [18], one has, for the phenomenologically interesting case of fermion-fermion scattering via electroweak instantons/sphalerons, f + f^I→ all,

σ̂^{(I)}_ff ≈ 1 m^2_W ( 2π α_W )_{7/2} exp [ − 4π α_W F_W ( √ ŝ 4πm_W /α_W )]

≃ 5.3 × 10^3 mb exp [ − 4π α_W F_W ( √ ŝ 4πm_W /α_W )] , (2.1)

where √ ŝ denotes the fermion-fermion CM energy. By means of perturbative calculations of the relevant exclusive amplitudes about the instanton (I), squaring them and summing over the final states, or, alternatively, by means of a perturbative calculation of the forward elastic scattering amplitude about the widely separated instanton anti-instanton (II) pair and determining the imaginary part to get the total cross-section via the optical theorem, one may calculate the decisive tunneling suppression exponent F_W , which is sometimes called “holy-grail function” [9], as a series in fractional powers of ϵ ≡ √ ŝ/(4πm_W /α_W ) ≃ √ ŝ/(30 TeV) [18, 19],

F_W (ϵ) = 1 −

3^{4/3} 2 ϵ^{4/3} + 3 2 ϵ^2 + O ( ϵ^{8/3} ) . (2.2)

Correspondingly, the total cross-section (2.1) is exponentially growing at ϵ ≪ 1. At ϵ = O(1), however, the perturbative expression (2.2) ceases to be helpful. In this energy regime, only estimates/extrapolations of and lower bounds on the tunneling suppression exponent exist (cf. figure 1 (top)), which have been quantified recently [10, 11, 12].

3. Estimates

In almost all theoretical investigations of electroweak B + L violation in high energy collisions, the pre-exponential factor in eq. (2.1) is not considered. It is, however, numerically very large and has therefore to be taken into account before any conclusion on the observability of the effect can be drawn. Its size is mainly determined by the large universal factor (2π/α_W )^{7/2} ≃ 8.7 × 10^7, where the exponent 7/2 can be easily understood as being the result of subtracting from the familiar nominal power 4 N_c = 8 [1] the power 9/2 — nine being the effective number of collective coordinate saddle-point integrations [18, 11]. The large pre-exponential factor in eq. (2.1) leads to the fact that a cross-section σ̂^{(I)}_ff ≳ 10^{−3} fb, observable at the projected VLHC^2 [14], requires only a moderate reduction in the tunneling suppression exponent, F_W ≲ 0.12, from its value at zero energy, F_W (0) = 1. If a

2The VLHC has a projected proton-proton CM energy of √ s = 200 TeV and a luminosity of about L ≈ 6 · 10^2 fb^{−1} yr^{−1} [14].

– 2 –

Figure 1: Top: The tunneling suppression exponent F_W as estimated from the II interaction [10] (solid). Also shown is its estimate (dashed) and its lower bound (dashed shaded) for s-wave scattering [12]. Bottom: The total cross-section σ̂^{(I)}_ff for electroweak instanton-induced fermion-fermion scattering, f + f^I→ all, as estimated from the II interaction, with complete calculation of the pre-exponential factors [11] (solid) and with exploitation of the estimate in eq. (2.1) for the preexponential factor (dotted). Also shown is the estimate (dashed) and upper bound (dashed shaded) on the total cross-section for s-wave scattering obtained from eq. (2.1) with exploitation of the estimate and the lower bound on the tunneling suppression exponent for s-wave scattering from ref. [12], respectively. The s-wave unitarity bound (4.1) is displayed also (dashed-dotted shaded).

sizeable reduction in F_W ≲ 0.02 is realized in nature, it is even possible to obtain a large cross-section of hadronic size, σ̂^{(I)}_ff ≳ 1 mb, which is observable in present day or near future cosmic ray facilities and neutrino telescopes in the form of cosmic proton or cosmic neutrino initiated events [15, 16].

This numerical fact is clearly demonstrated by the result for σ̂^{(I)}_ff obtained in ref. [11] (cf. figure 1 (bottom; solid and dotted)), where the tunneling suppression exponent has been estimated via the optical theorem from the II interaction, known in pure SU(N_c) gauge theory for arbitrary separation [10, 20], (cf. figure 1 (top; solid)), and where the complete

– 3 – pre-exponential factor, with inclusion of its energy dependence, has been calculated in the saddle-point approximation. First of all, we see that the approximation of the preexponential factor displayed in eq. (2.1), leading to the estimate shown as a dotted line in figure 1 (bottom), gives in fact a reliable estimate of the complete pre-exponential factor over almost the full energy range. Moreover, the estimate of the cross-section becomes indeed of order 10^{−3} fb (1 mb) as soon as the estimate of the tunneling suppression exponent becomes of order 0.12 (0.02).

The analytical estimate based on the II interaction in pure gauge theory is based on a number of assumptions which, at energies above the sphaleron, ϵ ≳ 0.3, may or may not be valid. Another method to infer the tunneling suppression exponent was proposed in refs. [21]–[23] and the results of a respective extended quantitative study was presented recently in ref. [12]. The method is based on the observation that the inclusive probability P ( √ ŝ, n) of tunneling from a state with energy √ ŝ and number of incoming particles n is calculable semi-classically, provided that ϵ ≡ √ ŝ/(4πm_W /α_W ) and ν ≡ n α_W are held fixed in the limit α_W → 0. In this regime, the probability P ( √ ŝ, n) has also an exponential form, P ( √ ŝ, n) ∝ exp [ − 4π α_W F_W (ϵ, ν) ] , (3.1)

and the corresponding tunneling suppression exponent F_W (ϵ, ν) can be obtained by solving a classical boundary value problem for the Yang-Mills equations. Furthermore, it has been conjectured – and proven in the first few orders of the perturbative expansion in fractional powers of ϵ (cf. eq. (2.2)) [22, 24] as well as by comparison with the full quantum mechanical solution in a model with two degrees of freedom [25] — that the tunneling suppression exponent for the two-particle cross-section is recovered in the limit of a small number of incoming particles, F_W (ϵ) = lim_{ν→0} F_W (ϵ, ν) . (3.2)

In ref. [12], the relevant classical boundary value problem was solved, for spatially spherically symmetric^3 configurations of the SU(2)-Higgs gauge theory, for a large range of ϵ and ν. Though computational limitations did not allow to reach literally the limit ν = 0, the authors were able to extrapolate their results for the tunneling suppression exponent for multiple incoming particles, F_W (ϵ, ν), to zero ν and to get thereby a stringent lower bound on F_W (ϵ) (cf. figure 1 (top; dashed shaded)). In addition, they provided an independent estimate for F_W (ϵ) (cf. figure 1 (top; dashed)).

It is important to note that the lower bound on and the estimate of F_W (ϵ) obtained in ref. [12] are applicable, strictly speaking, only for s-wave scattering, since they have been obtained exploiting spatially spherically symmetric configurations. This property is shared by the dominant intermediate saddle-point configurations encountered in the II “valley” configuration [10, 20]. Therefore, the estimate of F_W (ϵ) from ref. [12] should, at small energies, coincide with the analytical estimate based on the II interaction. This is clearly demonstrated in figure 1 (top; dashed and solid, respectively). At higher energies, above

3Without this simplification provided by spherical symmetry, the computational cost of the numerical analysis seems to be prohibitive at present.

– 4 – the sphaleron, ϵ ≳ 0.3, this coincidence is no more observed. Apparently, the estimate based on the II interaction, which has been argued in ref. [11] to be reliable for ϵ ≲ 0.75, gives a more optimistic value for the two-particle tunneling suppression exponent than the one from the extrapolation of F_W (ϵ, ν) to ν = 0.

4. An upper bound on the cross-section

At energies above the sphaleron, ϵ ≳ 0.3, the total cross-section of electroweak baryon number violation may well be dominated by axial symmetric configurations [26], on which there is at present no information available. Nevertheless, it is very instructive to exploit the lower bound on the tunneling suppression exponent for s-wave scattering from ref. [12] and to determine from it, via eq. (2.1), an upper bound on the cross-section of s-wave electroweak B + L violating processes initiated by the scattering of two fermions. We find that the estimate based on the II interaction violates this s-wave upper bound for ϵ ≳ 0.9 (cf. figure 1 (bottom)). However, as shown in figure 1 (bottom; dashed shaded), the upper bound is rapidly getting less stringent and exceeds ≳ 10^{−3} fb for ϵ ≃ √ ŝ/(30 TeV) ≳ 1.2.

Therefore, it does not exclude the observability of electroweak B + L violation at the VLHC. The upper bound even grows above 1 mb (100 mb) for ϵ ≳ 7.5 (ϵ ≳ 9.7), thus still allowing for observable consequences of anomalous electroweak processes in ultrahigh energy (E = s/(2 m_p) ≳ 5×10^{19} eV) cosmic ray and neutrino physics [15, 16]. However, in order to reach such an O(mb) cross-section, as also suggested by the II estimate in figure 1 (bottom), a substantial contribution from higher partial waves is required. The II estimate and the upper bound violate the s-wave unitarity bound for the inelastic cross-section,

σ̂^{(ℓ=0)}_{inel} < 4π ŝ ≃ 5.5 pb 1 ϵ^2

, (4.1)

above ϵ ≳ 1.1 and ϵ ≳ 1.9, respectively.

Acknowledgments

I would like to thank F. Bezrukov, V. V. Khoze, V. Rubakov, F. Schrempp, and P. Tinyakov for fruitful discussions, helpful comments, and a careful reading of the manuscript. I would also like to thank the authors of ref. [12] for providing their data concerning the tunneling suppression exponent.

References

[1] G. ’t Hooft, Symmetry breaking through Bell-Jackiw anomalies, Phys. Rev. Lett. 37 (1976) 8;

Computation of the quantum effects due to a four-dimensional pseudoparticle, Phys. Rev. D 14 (1976) 3432.

[2] A.A. Belavin, A.M. Polyakov, A.S. Shvarts and Y.S. Tyupkin, Pseudoparticle solutions of the Yang-Mills equations, Phys. Lett. B 59 (1975) 85.

– 5 –

[3] R. Jackiw and C. Rebbi, Vacuum periodicity in a Yang-Mills quantum theory, Phys. Rev.

Lett. 37 (1976) 172;

C.G. Callan Jr., R.F. Dashen and D.J. Gross, The structure of the gauge theory vacuum, Phys. Lett. B 63 (1976) 334.

[4] F.R. Klinkhamer and N.S. Manton, A saddle point solution in the Weinberg-Salam theory, Phys. Rev. D 30 (1984) 2212.

[5] Particle Data Group collaboration, K. Hagiwara et al., Review of particle physics, Phys.

Rev. D 66 (2002) 010001.

[6] V.A. Kuzmin, V.A. Rubakov and M.E. Shaposhnikov, On the anomalous electroweak baryon number nonconservation in the early universe, Phys. Lett. B 155 (1985) 36; P. Arnold and L.D. McLerran, Sphalerons, small fluctuations and baryon number violation in electroweak theory, Phys. Rev. D 36 (1987) 581;

A. Ringwald, Rate of anomalous baryon and lepton number violation at finite temperature in standard electroweak theory, Phys. Lett. B 201 (1988) 510.

[7] H. Aoyama and H. Goldberg, Anomalous baryon number nonconservation in PP collisions at 40 TeV, Phys. Lett. B 188 (1987) 506.

[8] A. Ringwald, High-energy breakdown of perturbation theory in the electroweak instanton sector, Nucl. Phys. B 330 (1990) 1;

O. Espinosa, High-energy behavior of baryon and lepton number violating scattering amplitudes and breakdown of unitarity in the standard model, Nucl. Phys. B 343 (1990) 310.

[9] M.P. Mattis, The riddle of high-energy baryon number violation, Phys. Rept. 214 (1992) 159;

P.G. Tinyakov, Instanton like transitions in high-energy collisions, Int. J. Mod. Phys. A 8 (1993) 1823;

R. Guida, K. Konishi and N. Magnoli, Fermions, anomaly and unitarity in high-energy electroweak interactions, Int. J. Mod. Phys. A 9 (1994) 795 [hep-ph/9311219]; V.A. Rubakov and M.E. Shaposhnikov, Electroweak baryon number non-conservation in the early universe and in high-energy collisions, Usp. Fiz. Nauk. 166 (1996) 493 [Phys. Usp. 39 (1996) 461].

[10] V.V. Khoze and A. Ringwald, Nonperturbative contribution to total cross-sections in nonabelian gauge theories, Phys. Lett. B 259 (1991) 106.

[11] A. Ringwald, Electroweak instantons/sphalerons at VLHC?, Phys. Lett. B 555 (2003) 227 [hep-ph/0212099].

[12] F. Bezrukov, D. Levkov, C. Rebbi, V. Rubakov and P. Tinyakov, Semiclassical study of baryon and lepton number violation in high-energy electroweak collisions, Phys. Rev. D 68 (2003) 036005 [hep-ph/0304180]; Suppression of baryon number violation in electroweak collisions: numerical results, Phys. Lett. B 574 (2003) 75 [hep-ph/0305300].

[13] G.R. Farrar and R.-b. Meng, Baryon number violation in high-energy collisions, Phys. Rev.

Lett. 65 (1990) 3377;

A. Ringwald, F. Schrempp and C. Wetterich, Phenomenology of geometrical flavor interactions at TeV energies, Nucl. Phys. B 365 (1991) 3;

M.J. Gibbs, A. Ringwald, B.R. Webber and J.T. Zadrozny, Monte Carlo simulation of baryon and lepton number violating processes at high-energies, Z. Physik C 66 (1995) 285 [hep-ph/9406266];

M.J. Gibbs and B.R. Webber, HERBVI: a program for simulation of baryon and lepton number violating processes, Comput. Phys. Commun. 90 (1995) 369 [hep-ph/9504232].

– 6 –

[14] The Very Large Hadron Collider (VLHC), http://www.vlhc.org.

[15] D.A. Morris and R. Rosenfeld, Muon bundles from cosmic ray multi-W phenomena, Phys.

Rev. D 44 (1991) 3530;

D.A. Morris and A. Ringwald, Cosmic ray signatures of multi-W processes, Astropart. Phys. 2 (1994) 43.

[16] Z. Fodor, S.D. Katz, A. Ringwald and H. Tu, Electroweak instantons as a solution to the ultrahigh energy cosmic ray puzzle, Phys. Lett. B 561 (2003) 191 [hep-ph/0303080].

[17] L.D. McLerran, A.I. Vainshtein and M.B. Voloshin, Electroweak interactions become strong at energy above approximately 10 TeV, Phys. Rev. D 42 (1990) 171;

S.Y. Khlebnikov, V.A. Rubakov and P.G. Tinyakov, Instanton induced cross-sections below the sphaleron, Nucl. Phys. B 350 (1991) 441;

L.G. Yaffe, Scattering amplitudes in instanton backgrounds, in Proceedings Santa Fe Workshop on Baryon Violation at the SSC, Santa Fe, NM, Apr 27-30, 1990, pp. 46–63; P.B. Arnold and M.P. Mattis, Baryon violation at the SSC? recent claims reexamined, Phys. Rev. D 42 (1990) 1738.

[18] V.V. Khoze and A. Ringwald, Total cross-section for anomalous fermion number violation via dispersion relation, Nucl. Phys. B 355 (1991) 351.

[19] P.B. Arnold and M.P. Mattis, Gauge propagator contribution to high-energy baryon number violation, Mod. Phys. Lett. A 6 (1991) 2059;

D. Diakonov and V. Petrov, Non-conservation of baryon number in high-energy processes, in Proceedings 26th Winter School of the Leningrad Institute of Nuclear Physics, 1991, pp. 8–64; A.H. Mueller, On higher order semiclassical corrections to high-energy cross-sections in the one instanton sector, Nucl. Phys. B 364 (1991) 109;

D. Diakonov and M.V. Polyakov, Baryon number nonconservation at high-energies and instanton interactions, Nucl. Phys. B 389 (1993) 109;

I. Balitsky and A. Schäfer, Valley method versus instanton induced effective lagrangian up to (E/E_{sphaleron})^{8/3}, Nucl. Phys. B 404 (1993) 639 [hep-ph/9304261].

[20] J.J.M. Verbaarschot, Streamlines and conformal invariance in Yang-Mills theories, Nucl.

Phys. B 362 (1991) 33, erratum ibid. B 386 (1992) 236;

V.V. Khoze and A. Ringwald, Valley trajectories in gauge theories, CERN-TH-6082-91; I.I. Balitsky and V.M. Braun, Valleys in Minkowski space and instanton induced cross-sections, Nucl. Phys. B 380 (1992) 51.

[21] V.A. Rubakov and P.G. Tinyakov, Towards the semiclassical calculability of high-energy instanton cross-sections, Phys. Lett. B 279 (1992) 165.

[22] P.G. Tinyakov, Multiparticle instanton induced processes and B violation in high-energy collisions, Phys. Lett. B 284 (1992) 410.

[23] V.A. Rubakov, D.T. Son and P.G. Tinyakov, Classical boundary value problem for instanton transitions at high-energies, Phys. Lett. B 287 (1992) 342.

[24] A.H. Mueller, Comparing two particle and multiparticle initiated processes in the one instanton sector, Nucl. Phys. B 401 (1993) 93;

F. Bezrukov and D. Levkov, Theta-instantons in SU(2) Higgs theory, hep-th/0303136.

[25] G.F. Bonini, A.G. Cohen, C. Rebbi and V.A. Rubakov, The semiclassical description of tunneling in scattering with multiple degrees of freedom, Phys. Rev. D 60 (1999) 076004 [hep-ph/9901226];

– 7 –

F. Bezrukov and D. Levkov, Transmission through a potential barrier in quantum mechanics of multiple degrees of freedom: complex way to the top, quant-ph/0301022.

[26] T.M. Gould and S.D.H. Hsu, Space-time symmetries and semiclassical amplitudes, Mod.

Phys. Lett. A 9 (1994) 1589 [hep-ph/9311291].

– 8 –