AXIONS AND OTHER VERY LIGHT BOSONS Revised October 1997 by H. Murayama (University of California at Berkeley)

In this section we list limits for very light neutral (pseudo) scalar bosons that couple weakly to stable matter. They arise if there is a global continous symmetry in the theory that is spontaneously broken in the vacuum. If the symmetry is exact, it results in a massless Nambu–Goldstone (NG) boson. If there is a small explicit breaking of the symmetry, either already in the Lagrangian or due to quantum mechanical effects such as anomalies, the would-be NG boson acquires a finite mass; then it is called a pseudo-NG boson. Typical examples are axions (A^0) [1], familons [2], and Majorons [3,4], associated, respectively, with spontaneously broken Peccei-Quinn [5], family, and lepton-number symmetries. This Review provides brief descriptions of each of them and their motivations.

One common characteristics for all these particles is that their coupling to the Standard Model particles are suppressed by the energy scale of symmetry breaking, i.e. the decay constant f, and the interaction is described by the Lagrangian L = 1 f (∂_μϕ)J^μ, (1)

where J^μ is the Noether current of the spontaneously broken global symmetry.

An axion gives a natural solution to the strong CP -violation problem: why the effective θ-parameter in the QCD Lagrangian L_θ = θeff α_s 8π F^{μνa} ~F^a_{μν} is so small (θeff . 10�^9) as required by the neutron electric dipole moment, even though θeff ∼ O(1) is perfectly allowed by the QCD gauge invariance. Here, θeff is the effective θ parameter after the diagonalization of the quark masses, and F^{μνa} is the gluon field strength and ~F^a_{μν} = 1 2 ϵ_{μνρσ}F^{ρσa}. An axion is a pseudo-NG boson of a spontaneously broken Peccei–Quinn symmetry, which is an exact symmetry at the classical level, but is broken quantum mechanically due to the triangle anomaly with the QCD gluons. As a result, the axion acquires an effective coupling to gluons L = ( θeff − ϕ_A f_A ) α_s 8π F^{μνa} ~F^a_{μν} , (2)

CITATION: R.M. Barnett et al., Physical Review D54, 1 (1996) and 1997 off-year partial update for the 1998 edition (URL: http://pdg.lbl.gov/)

December 11, 1997 15:39

where ϕ_A is the axion field. It is often convenient to define the axion decay constant f_A with this Lagrangian [6]. The QCD non-perturbative effect induces a potential for ϕ_A whose minimum is at ϕ_A = θeff f_A cancelling θeff and solving the strong CP problem. The mass of the axion is related to f_A by

m_A = 0.62 × 10�^3eV × (10^{10}GeV/f_A) . (3)

The original axion model [1,5] assumes f_A ∼ v, where v = ( √ 2G_F )�^{1/2} = 247 GeV is the scale of the electroweak symmetry breaking, and has two Higgs doublets as minimal ingredients. By requiring tree-level flavor conservation, the axion mass and its couplings are completely fixed in terms of one parameter (tan β): the ratio of the vacuum expectation values of two Higgs fields. This model is excluded after extensive experimental searches for such an axion [7]. Observation of a narrow-peak structure in positron spectra from heavy ion collisions [8] suggested a particle of mass 1.8 MeV that decays into e^+e�. Variants of the original axion model, which keep f_A ∼ v, but drop the constraints of tree-level flavor conservation, were proposed [9]. Extensive searches for this particle, A^0(1.8 MeV), ended up with another negative result [10].

The popular way to save the Peccei-Quinn idea is to introduce a new scale f_A ≫ v. Then the A^0 coupling becomes weaker, thus one can easily avoid all the existing experimental limits; such models are called invisible axion models [11,12]. Two classes of models are discussed commonly in the literature. One introduces new heavy quarks which carry Peccei–Quinn charge while the usual quarks and leptons do not (KSVZ axion or “hadronic axion”) [11]. The other does not need additional quarks but requires two Higgs doublets, and all quarks and leptons carry Peccei–Quinn charges (DFSZ axion or “GUTaxion”) [12]. All models contain at least one electroweak singlet scalar boson which acquires an expectation value and breaks Peccei–Quinn symmetry. The invisible axion with a large decay constant f_A ∼ 10^{12} GeV was found to be a good candidate of the cold dark matter component of the Universe [13](see Dark Matter review). The energy density is stored in the coherent oscillation of axion field around its potential minimum.

The constraints on the invisible axion from astrophysics are derived from interactions of the axion with either photon, electron or nucleon. The strengths of the interactions are modeldependent (i.e., not a function of f_A only), and hence one needs to specify the model in order to place lower bounds on f_A. Such constraints will be discussed in another minireview to appear in the 1998 edition of this Review. Serious experimental searches for an invisible axion are underway; they typically rely on axion-photon coupling and some of them assume that the axion is the dominant component of our galactic halo density. Another minireview in the 1998 edition will discuss experimental techniques.

Familons arise when there is a global family symmetry broken spontaneously. A family symmetry interchanges generations or acts on different generations differently. Such a symmetry may give explanations to the structure of quark, lepton masses and their mixings. A familon could be either a scalar or a pseudoscalar. For instance, an SU(3) family symmetry among three generations is non-anomalous and hence the familons are exactly massless. In this case, familons are scalars. If one has larger family symmetries with separate groups of left-handed and right-handed fields, one also has pseudo-scalar familons. Some of them have flavor-off-diagonal couplings such as ∂_μϕ_F d̄γ^μs/F_{ds} or ∂_μϕ_F ēγ^μμ/F_{μe}, and the decay constant F can be different for individual operators. The decay constants have lower bounds constrained by flavor changing processes. For instance, B(K^+ → π^+ϕ_F ) < 3 × 10�^{10} [14] gives F_{ds} > 3.4 × 10^{11} GeV [15]. The constraints on familons primarily coupled to third generation is quite weak [15].

If there is a global lepton number symmetry and if it breaks spontaneously, there is a Majoron. The triplet Majoron model [4] has a weak-triplet Higgs boson, and Majoron couples to Z. It is now excluded by the invisible Z decay width. The model is viable if there is an additional singlet Higgs boson and if Majoron is mainly a singlet [16]. In the singlet Majoron model [3], lepton number symmetry is broken by a weaksinglet scalar field, and there are right-handed neutrinos which acquire Majorana masses. The left-handed neutrino masses are generated by “seesaw” mechanism [17]. The scale of lepton number breaking can be much higher than the electroweak scale in this case. Astrophysical constraints require the decay constant to be & 10^9 GeV [18].

There is a revived interest in a long-lived neutrino, to improve the Big-Bang Nucleosynthesis [19] or large scale structure formation theories [20]. Since a decay of neutrinos into electrons or photons is severely constrained, these scenarios require a familon (Majoron) mode ν_1 → ν_2ϕ_F (see, e.g., [15] and references therein).

Other light bosons (scalar, pseudoscalar or vector) are constrained by “fifth force” experiments. For a compilation of constraints, see [21].

It has been widely argued that a fundmental theory will not possess global symmetries; gravity, for example, is expected to violate them. Global symmetries such as baryon number arise by accident, typically as a consequence of gauge symmetries. It has been noted [22] that the Peccei-Quinn symmetry, from this perspective, must also arise by accident and must hold to an extraordinary degree of accuracy in order to solve the strong CP problem. See, for example, Ref. 22 for a possible resolution to this problem. String theory also provides sufficiently good symmetries, especially using a large compactification radius motivated by recent developments in the M-theory [23].

References 1. S. Weinberg, Phys. Rev. Lett. 40, 223 (1978);

F. Wilczek, Phys. Rev. Lett. 40, 279 (1978). 2. F. Wilczek, Phys. Rev. Lett. 49, 1549 (1982). 3. Y. Chikashige, R.N. Mohapatra, and R.D. Peccei, Phys.

Lett. 98B, 265 (1981).

4. G.B. Gelmini and M. Roncadelli, Phys. Lett. 99B, 411 (1981).

5. R.D. Peccei and H. Quinn, Phys. Rev. Lett. 38, 1440 (1977); also Phys. Rev. D16, 1791 (1977).

6. Our normalization here is the same as f_a used in G.G. Raffelt, Phys. Reports 198, 1 (1990). See this Review for the relation to other conventions in the literature.

7. T.W. Donnelly et al., Phys. Rev. D18, 1607 (1978);

S. Barshay et al., Phys. Rev. Lett. 46, 1361 (1981);

A. Barroso et al., Phys. Lett. 106B, 91 (1981); R.D. Peccei, in Proceedings of Neutrino ’81, Honolulu, Hawaii, Vol. 1, p. 149 (1981);

L.M. Krauss and F. Wilczek, Phys. Lett. B173, 189 (1986).

8. J. Schweppe et al., Phys. Rev. Lett. 51, 2261 (1983);

T. Cowan et al., Phys. Rev. Lett. 54, 1761 (1985). 9. R.D. Peccei, T.T. Wu, and T. Yanagida, Phys. Lett.

B172, 435 (1986).

10. W.A. Bardeen, R.D. Peccei, and T. Yanagida, Nucl. Phys.

B279, 401 (1987).

11. J.E. Kim, Phys. Rev. Lett. 43, 103 (1979);

M.A. Shifman, A.I. Vainstein, and V.I. Zakharov, Nucl. Phys. B166, 493 (1980).

12. A.R. Zhitnitsky, Sov. J. Nucl. Phys. 31, 260 (1980);

M. Dine and W. Fischler, Phys. Lett. 120B, 137 (1983). 13. J. Preskill, M. Wise, F. Wilczek, Phys. Lett. 120B, 127 (1983);

L. Abbott and P. Sikivie, Phys. Lett. 120B, 133 (1983); M. Dine and W. Fischler, Phys. Lett. 120B, 137 (1983); M.S. Turner, Phys. Rev. D33, 889 (1986).

14. S. Adler et al., hep-ex/9708031.

15. J. Feng, T. Moroi, H. Murayama, and E. Schnapka, UCB- PTH-97/47..

16. K. Choi and A. Santamaria, Phys. Lett. B267, 504 (1991). 17. T. Yanagida, in Proceedings of Workshop on the Unified Theory and the Baryon Number in the Universe, Tsukuba, Japan, 1979, edited by A. Sawada and A. Sugamoto (KEK, Tsukuba, 1979), p. 95;

M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, proceedings of the Workshop, Stony Brook, New York, 1979, edited by P. Van Nieuwenhuizen and D.Z. Freedman (North-Holland, Amsterdam, 1979), p. 315.

18. For a recent analysis of the astrophysical bound on axionelectron coupling, see G. Raffelt and A. Weiss, Phys. Rev. D51, 1495 (1995) A bound on Majoron decay constant can be infered from the same analysis..

19. M. Kawasaki, P. Kernan, H.-S. Kang, R.J. Scherrer, G. Steigman, and T.P. Walker, Nucl. Phys. B419, 105 (1994);

S. Dodelson, G. Gyuk, and M.S. Turner, Phys. Rev. D49, 5068 (1994);

J.R. Rehm, G.G. Raffelt, and A. Weiss, astro-ph/9612085; M. Kawasaki, K. Kohri, and K. Sato, astro-ph/9705148.

20. M. White, G. Gelmini, and J. Silk, Phys. Rev. D51, 2669 (1995);

S. Bharadwaj and S.K. Kethi, astro-ph/9707143. 21. E.G. Adelberger, B.R. Heckel, C.W. Stubbs, and W.F.

Rogers, Ann. Rev. Nucl. and Part. Sci. 41, 269 (1991). 22. M. Kamionkowski and J. March-Russell, Phys. Lett.

B282, 137 (1992);

R. Holman et al., Phys. Lett. B282, 132 (1992). 23. See, for instance, T. Banks and M. Dine, Nucl. Phys.

B479, 173 (1996); hep-th/9608197.