arXiv:1304.7166v1 [hep-ph] 26 Apr 2013

Grand Unified Theories and Higgs Physics

T. Yamashita School of Medicine, Aichi Medical University, Nagakute 480-1195, JAPAN

The grand unified theories are theoretically well motivated, but they typically have less direct indications on the low energy physics and it is not easy to test them. Here, we discuss a scenario of them which naturally solves the so-called doublet-triplet splitting problem and, at the same time, generally predicts characteristic collider phenomenology. Then, we may get a hint on the breaking of the grand unified symmetry at the on-going and next-generation collider experiments.

I. INTRODUCTION

Since a resonance consistent with the standard model (SM) Higgs field was reported [1], most people consider that the SM is now being confirmed, at least as an effective theory valid below the TeV scale. Then, the next question that we ask is what will come as the physics beyond the SM. The reason we ask it is that the SM still has some problems and puzzles, such as the hierarchy problem and the charge quantization problem. Here, we emphasize that the latter requires a tuning at least as fine as 10^{−10} to explain why the hydrogen atom is (almost) neutral. Thus, if we mind the former problem (as often happens), the latter also should be taken care. A simple solution to the latter is to extend the gauge group to a semi-simple one. Looking back the history of the physics, which is that of the unification, it is reasonable to take the idea of the grand unification [2] seriously.

Supposing the unification of the three forces of the SM, the matter fields are also to be unified. This unification works perfectly for the SM fermions: the five multiplets in each generation are unified into two in SU(5) grand unified theories (GUTs). This is not trivial at all actually, as it becomes clear when people try to unify the electroweak SU(2) × U(1) symmetry into SU(3). Thus, this success strongly supports the idea of the grand unification. It is also to be commented that the idea can easily accommodate other ideas to solve other SM problems: the supersymmetry (SUSY) for the hierarchy problem, the conventional seesaw mechanism [3] for the tiny neutrino masses and the Leptogenesis [4] for the baryon asymmetry of the universe. And if the R-parity is assumed, as usual in SUSY models, the candidate dark matter is supplied. In addition, in the minimal model, the three running gauge couplings become almost the same value at a superheavy scale, called the GUT scale: 2 × 10^{16}GeV. This success of the gauge coupling unification (GCU) is so impressive that many people tend to believe the SUSY-GUTs. In this way, GUTs, especially SUSY-GUTs, potentially solve many of the problems/puzzles in the SM and give an amazing by-product.

On the other hand, the grand unification fails to unify the Yukawa interactions and the Higgs field. The former is insisted as a consequence of the fermion unification and is not necessarily bad for the third generations but not good for the lighter fermions. This issue is often called the wrong GUT relation and is to be taken care in model building, while it is relatively easy to solve (see for example Ref. [5]). The latter requires a SU(5) partner of the SM doublet Higgs fields. The minimal choice is to introduce a color-triplet partner to embed them into the fundamental representation of the SU(5) group. In SUSY models [26], the triplet partner generates effective dimension five operators that contribute to the nucleon decay [6]. In order to make the proton lifetime long enough without tuning, the triplet partner should be much heavier than the GUT scale. It is not an easy task to realize naturally the mass splitting between such a superheavy triplet and the weak scale doublet which originate from a common (SU(5)) multiplet. This rather severe issue is called the doublet-triplet (DT) splitting problem and is one of the biggest problem in the SUSY-GUTs. When we consider the grand unification seriously, these issues have to be dealt with.

Since the idea of the grand unification is so attractive, this problem has been attacked by many researchers for long time, and several solutions have been proposed [7–11]. They, however, all require some extension of the matter content, the grand unified gauge group and/or spacetime geometry. These extensions bring rather large ambiguity on the gauge couplings around the GUT scale due to the threshold corrections and so on. Then, what usually done are just to forget the ambiguity, to assume the corrections are aligned not to affect the GCU or, at most, to make models so that the GCU is kept. At this stage, the GCU is no longer a success but just a constraint in model building. Here, however, we would like to stress that the success of the GCU is just a by-product, and even without it the idea of the grand unification is attractive enough, as mentioned above.

Next, let us discuss indications of the grand unification on the low energy physics that we can detect. The most famous one is the nucleon decay. It is actually impressive prediction, but the information that we would get will be rather little and thus it would be nice if there are some characteristic predictions on the collider physics in addition. Unfortunately, since the GUT scale is so high, the decoupling theorem [12] makes it hopeless to detect the effects in most of the SUSY-GUTs.

Here, we would like to introduce a scenario of the SUSY-GUTs where the DT splitting problem is naturally solved and an extraordinary collider phenomenology is generally predicted [13]. Interestingly, this scenario, in a sense, can be regarded as an effective field theoretical description of the SUSY-GUTs embedded into the heterotic string theory [14] which could treat the quantum gravity and explain the numbers of our spacetime [15] and of the generations [16]. It is quite exiting if we can get some informations on the GUT breaking which might indicate the string theory at the on-going and next-generation collider experiments.

II. SUSY GRAND GAUGE-HIGGS UNIFICATION

In this section we review the scenario proposed in Ref. [13]. In the scenario, the Hosotani mechanism [17], which works in higher dimensional gauge theories, is applied to break the GUT symmetry [18]. In the Hosotani mechanism, the symmetry breaking occurs by the extradimensional component of the gauge field which is a higher dimensional vector field. Thus, in this model, the Higgs field is unified with the gauge field, and it is often called the gauge-Higgs unification especially when it is applied to the electroweak symmetry breaking. In the present scenario, it is applied to the grand unified symmetry breaking [27] and named as grand gauge-Higgs unification [18].

An important point is that, in this case, the order parameter is not the extradimensional component itself which is valued on the algebra, but the Wilson loop which is valued on the group and thus free from the traceless condition. Because of it, interestingly, a kind of the so-called missing VEV [9] can be realized and the DT splitting problem is naturally solved even in SU(5) models [13]. In this way, the application of the Hosotani mechanism to the GUT breaking in SUSY-GUTs looks attractive.

Naively thinking, the application to the GUT breaking seems reasonable since the Higgs field that is unified with the gauge field behaves as an adjoint field. Actually, at the first stage of the study of this mechanism, it was applied to the GUT breaking (or simpler toy model) [17, 19]. Unfortunately, however, chiral fermions can not be accommodated in these models and thus these are phenomenologically less interesting. After the orbifold symmetry breaking [11] becomes famous among researchers who works on phenomenological model building, this mechanism have been applied mainly to the electroweak symmetry breaking [20]. This is because the orbifold symmetry breaking can extract fundamental-representational components (with respect to the remaining subgroup of the original gauge group) from the adjoint representation (with respect to the original group), besides chiral fermions from the higher-dimensional fermions. Furthermore, in such models, the Higgs field are free from the quadratically divergent radiative corrections to the mass term, thanks to the higher dimensional gauge symmetry [21]. In any case, now we know the orbifold symmetry breaking to realize chiral fermions, and thus it is interesting to examine the application to the GUT breaking. It might seem straightforward, but we immediately meet a difficulty. Namely, the adjoint scalar fields (with respect to the remaining gauge symmetry) originated from the extra-dimensional components tend to be projected out by the orbifold action when chiral fermions are realized.

This difficulty is shared with the heterotic string theory [14] and, fortunately, a method, called diagonal embedding method [22], to evade the difficulty is known. In Ref. [18], it is pointed out that the same method can be applied in a field theoretical setup and thus we have an advantage that it is much easier to calculate the quantum corrections that tell us the positions of vacua. By this, the symmetry breaking pattern is controlled by the dynamics described by the field theory irrelevantly to the ultraviolet theory, in contrast to the orbifold breaking where it is chosen by hand. In addition, as mentioned above, the DT splitting problem, when the SUSY version is considered, is naturally solved. Thus, this scenario is theoretically well motivated.

Interestingly, this scenario generically gives particular predictions also on the collider phenomenology. It is existence of light adjoint chiralmultiplets with masses of the SUSY-breaking scale. The reason is as follows. The adjoint Higgs field is a part of the gauge field and thus massless at the tree level. Since the symmetry that ensures the masslessness is broken by the compactification, the adjoint field gets mass corrections via the quantum corrections. As the radiative corrections would be vanishing when the SUSY was not broken, the mass corrections are proportional to the SUSY breaking scale. In SUSY models, there are the SUSY partners of the adjoint scalar which would be degenerate with the scalar if the SUSY is exact and thus again has masses of at most the SUSY-breaking scale. Then, the whole the adjoint chiralmultiplet is predicted to be light (if the SUSY-breaking scale is around the electroweak scale, as often expected) while the components of SU(5)/SU(3) × SU(2) × U(1) are eaten when the unified SU(5) gauge group is broken. Thus, color octet, weak triplet and singlet chiralmultiplets [28] will appear in the effective theory below the compactification scale (which is assumed to be around the GUT scale), and they may be observed in the on-going and next-generation collider experiments.

An immediate consequence of the adjoint chiralmultiplets is that the GCU is disturbed. As mentioned above, however, the GCU should be treated just as a constraint instead of a success. It is easy to recover the GCU by adding further chiralmultiplets. An example which is easily realized in this scenario and we consider here is two vectorlike pairs of (1, 2)_{−1/2}, one of (¯3, 1)_{−2/3} and one of (1, 1)_1, with which the GCU is realized at the GUT scale and the unified gauge coupling is remains in the perturbative region: α_G ∼ 0.3.

Since the strong interaction is no longer asymptotically free (irrelevantly to the choice of the additional fields to recover the GCU), the QCD corrections are enhanced and thus the colored particles tend to be rather heavy in this scenario. Although it is also interesting study to examine the extraordinary pattern of the mass spectrum of the colored particles for the hadron colliders, here we concentrate on the colorless fields: the singlet and the triplet. These additional fields couples to the two Higgs doublets of the minimal SUSY SM (MSSM). These couplings push the SM-like Higgs mass by the tree level F -term contribution and thus the rather heavy Higgs mass around 125GeV can be easily realized. In addition, they cause mixing between the MSSM doublet Higgs fields and the adjoint fields which result in modification of the coupling of the SM-like Higgs fields [24]. Such corrections may be measured at the linear collider. In the next section, we will discuss these issues in more detail.

III. PHENOMENOLOGY

In order to examine the colorless sector, it is convenient to consider an effective theory where the Higgs sector of the MSSM is extended with the singlet S and the triplet Δ. The superpotential, in this case, is given as

W = μH_uH_d + μ_Δtr(Δ^2) + μ_S 2 S^2 + λ_ΔH_uΔH_d + λ_S SH_uH_d, (1)

where H_u and H_d are the MSSM doublet Higgs supermultiplets. Note that there are no self-couplings among S and Δ although such couplings are allowed by the symmetry at the level of the effective theory. This is because S and Δ originate from the gauge field. Furthermore, this fact also insists the two additional couplings λ_Δ and λ_S to be related to the gauge couplings so that they are unified at the GUT scale (with appropriate group theoretical factors). Thus, this model is quite predictive (up to the dimensionful parameters).

For instance, taking the above example of the additional chiralmultiplets to recover the GCU, the running of the gauge couplings are determined. The unified gauge coupling is used to fix the boundary values of λ_Δ and λ_S at the GUT scale, and we get

λ_Δ = 1.1, λ_S = 0.26, (2)

at the weak scale (within the 1-loop approximation). Using these predicted parameters, we can calculate the

FIG. 1: An example of running couplings.

SM-like Higgs mass, the charged Higgs mass in therms of the CP-odd Higgs mass, deviations of the SM-like Higgs couplings from the corresponding SM values, and so on. Here, we just mention that the deviations are typically of order a few percents and thus can be tested at the linear collider. The details of the results will be shown in Refs. [24, 25].

Toyama International Workshop on Higgs as a Probe of New Physics 2013, 13–16, February, 2013 4

IV. SUMMARY

In this article, we introduce the supersymmetric version [13] of the grand gauge-Higgs unification scenario [18] where the grand unified gauge symmetry is broken by the Hosotani mechanism [17]. Interestingly, in this scenario, the doublet-triplet splitting problem can be solved naturally even in SU(5) models [13], thanks to the phase nature of the Hosotani mechanism. In addition, it generally predicts the existence of light adjoint chiralmultiplets: the color octet, the weak triplet and the neutral singlet. Their mass is around the supersymmetrybreaking scale, which is often assumed to be the TeV scale, and thus there is a chance to detect them at the on-going and next-generation collider experiments.

Due to the color octet chiralmultiplet, the QCD is no longer asymptotic free, and the QCD corrections are typically enhanced. This suggests that the additional colored particles become rather heavy. Thus, we concentrate on the colorless fields [24], though it is also an interesting work to examine the mass spectrum of the colored particles. Then, the effective theory of this scenario becomes the one with an extended Higgs sector: the neutral triplet and singlet are added. Since these are unified to the gauge field, they do not have self couplings and their couplings are related to the unified gauge coupling. This fact makes the model very predictive. For instance, we can calculate the SM-like Higgs mass, the charged Higgs mass in therms of the CP-odd Higgs mass, deviations of the SM-like Higgs couplings from the corresponding SM values, and so on, up to the ambiguity due to the dimensionful parameters. Although the details are referred to Refs. [24, 25], we emphasize that the linear collider is expected since the deviations are typically of order a few percents which are in its reach.

Acknowledgments

This article is partly based on a work in collaboration with M. Kakizaki, S. Kanemura and H. Taniguchi which is still in progress [24].

[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012); S. Chatrchyan et al. [CMS Collaboration], Phys.

Lett. B 716, 30 (2012).

[2] H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32 (1974) 438. E. Witten, Nucl. Phys. B 188 (1981) 513; S. Dimopoulos, S. Raby and F. Wilczek, Phys. Rev. D 24 (1981) 1681; S. Dimopoulos and H. Georgi, Nucl. Phys. B 193 (1981) 150; N. Sakai, Z. Phys. C 11 (1981) 153.

[3] P. Minkowski, Phys. Lett. B 67 (1977) 421; T. Yanagida, in Proceedings of the Workshop on the Unified Theory and Baryon Number in the Universe, eds. O. Sawada and A. Sugamoto (KEK report 79-18, 1979), p. 95; M. Gell- Mann, P. Ramond, and R. Slansky, in Supergravity, eds. P. van Nieuwenhuizen and D.Z. Freedman (North Holland, Amsterdam, 1979), p. 315; R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912; J. Schechter and J. W. F. Valle, Phys. Rev. D 22 (1980) 2227.

[4] M. Fukugita and T. Yanagida, Phys. Lett. B174, 45 (1986). [5] F. Borzumati and T. Yamashita, Prog. Theor. Phys. 124 (2010) 761.

[6] J. Hisano, H. Murayama and T. Yanagida, Nucl. Phys. B 402, 46 (1993); T. Goto and T. Nihei, Phys. Rev. D 59 (1999) 115009; H. Murayama and A. Pierce, Phys. Rev. D 65 (2002), 055009.

[7] E. Witten, Phys. Lett. B 105 (1981) 267; D. V. Nanopoulos and K. Tamvakis, Phys. Lett. B 113 (1982) 151;

S. Dimopoulos and H. Georgi, Phys. Lett. B 117 (1982) 287; K. Tabata, I. Umemura and K. Yamamoto, Prog. Theor. Phys. 71 (1984) 615; A. Sen, Phys. Lett. B 148 (1984) 65; S. M. Barr, Phys. Rev. D 57 (1998) 190; G. R. Dvali, Phys. Lett. B 324 (1994) 59; N. Maekawa and T. Yamashita, Phys. Rev. D 68 (2003) 055001.

[8] H. Georgi, Phys. Lett. B 108 (1982) 283; A. Masiero, D. V. Nanopoulos, K. Tamvakis and T. Yanagida, Phys.

Lett. B 115 (1982) 380; B. Grinstein, Nucl. Phys. B 206 (1982) 387; S. M. Barr, Phys. Lett. B 112 (1982) 219; I. Antoniadis, J. R. Ellis, J. S. Hagelin and D. V. Nanopoulos, Phys. Lett. B 194 (1987) 231; ibid. B 205 (1988) 459; N. Maekawa and T. Yamashita, Phys. Lett. B 567 (2003) 330.

[9] S. Dimopoulos and F. Wilczek, NSF-ITP-82-07; M. Srednicki, Nucl. Phys. B 202 (1982) 327; N. Maekawa, Prog.

Theor. Phys. 106 (2001) 401; N. Maekawa and T. Yamashita, Prog. Theor. Phys. 107 (2002) 1201; ibid. 110 (2003) 93. [10] K. Inoue, A. Kakuto and H. Takano, Prog. Theor. Phys. 75 (1986) 664; A. A. Anselm and A. A. Johansen, Phys.

Lett. B 200 (1988) 331; A. A. Anselm, Sov. Phys. JETP 67 (1988) 663; Z. G. Berezhiani and G. R. Dvali, Bull. Lebedev Phys. Inst. 5 (1989) 55; Z. Berezhiani, C. Csaki and L. Randall, Nucl. Phys. B 444 (1995) 61; M. Bando and T. Kugo, Prog. Theor. Phys. 109 (2003) 87.

Toyama International Workshop on Higgs as a Probe of New Physics 2013, 13–16, February, 2013 5

[11] Y. Kawamura, Prog. Theor. Phys. 103, 613 (2000); ibid 105, 691 (2001); ibid 105, 999 (2001). [12] T. Appelquist and J. Carazzone, Phys. Rev. D 11, 2856 (1975). [13] T. Yamashita, Phys. Rev. D 84, 115016 (2011).

[14] D. J. Gross, J. A. Harvey, E. J. Martinec and R. Rohm, Phys. Rev. Lett. 54, 502 (1985); Nucl. Phys. B 256, 253 (1985); Nucl. Phys. B 267, 75 (1986).

[15] S. -W. Kim, J. Nishimura and A. Tsuchiya, Phys. Rev. Lett. 108, 011601 (2012).

[16] Z. Kakushadze and S. H. H. Tye, Phys. Rev. D 55, 7878 (1997); Phys. Rev. D 55, 7896 (1997); M. Ito et al., Phys.

Rev. D 83 (2011) 091703; JHEP 1112, 100 (2011).

[17] Y. Hosotani, Phys. Lett. B 126, 309 (1983); Ann. of Phys. 190, 233 (1989); Phys. Lett. B 129, 193 (1983); Phys.

Rev. D 29, 731 (1984).

[18] K. Kojima, K. Takenaga and T. Yamashita, Phys. Rev. D 84, 051701 (2011).

[19] A. Higuchi and L. Parker, Phys. Rev. D 37, 2853 (1988); A. T. Davies and A. McLachlan, Phys. Lett. B 200, 305 (1988); Nucl. Phys. B 317, 237 (1989); J. E. Hetrick and C. L. Ho, Phys. Rev. D 40, 4085 (1989); A. McLachlan, Nucl. Phys. B 338, 188 (1990); C. L. Ho and Y. Hosotani, Nucl. Phys. B 345, 445 (1990);

[20] C. Csaki, C. Grojean and H. Murayama, Phys. Rev. D 67, 085012 (2003); G. Burdman and Y. Nomura, Nucl. Phys.

B 656, 3 (2003); N. Haba, M. Harada, Y. Hosotani and Y. Kawamura, Nucl. Phys. B 657, 169 (2003) [Erratum-ibid. B 669, 381 (2003)]; I. Gogoladze, Y. Mimura and S. Nandi, Phys. Lett. B 560, 204 (2003); C. A. Scrucca, M. Serone and L. Silvestrini, Nucl. Phys. B 669, 128 (2003); N. Haba, Y. Hosotani, Y. Kawamura and T. Yamashita, Phys. Rev. D 70, 015010 (2004); N. Haba and T. Yamashita, JHEP 0402 (2004) 059. N. Haba, S. Matsumoto, N. Okada and T. Yamashita, JHEP 0602, 073 (2006). R. Contino, Y. Nomura and A. Pomarol, Nucl. Phys. B 671, 148 (2003); K. Agashe, R. Contino and A. Pomarol, Nucl. Phys. B 719, 165 (2005); K. Agashe and R. Contino, Nucl. Phys. B 742, 59 (2006); A. D. Medina, N. R. Shah and C. E. M. Wagner, Phys. Rev. D 76, 095010 (2007); Y. Hosotani and Y. Sakamura, Prog. Theor. Phys. 118, 935 (2007); C. S. Lim and N. Maru, Phys. Lett. B 653, 320 (2007); N. Haba, Y. Sakamura and T. Yamashita, JHEP 0907, 020 (2009); JHEP 1003, 069 (2010).

[21] N. V. Krasnikov, Phys. Lett. B 273, 246 (1991); H. Hatanaka, T. Inami and C. S. Lim, Mod. Phys. Lett. A 13, 2601 (1998); G. R. Dvali, S. Randjbar-Daemi and R. Tabbash, Phys. Rev. D 65, 064021 (2002); N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys. Lett. B 513, 232 (2001); I. Antoniadis, K. Benakli and M. Quiros, New J. Phys. 3, 20 (2001); N. Maru and T. Yamashita, Nucl. Phys. B 754, 127 (2006); Y. Hosotani, N. Maru, K. Takenaga and T. Yamashita, Prog. Theor. Phys. 118, 1053 (2007).

[22] K. R. Dienes and J. March-Russell, Nucl. Phys. B 479 (1996) 113;

[23] V. Silveira and A. Zee, Phys. Lett. B 161 (1985) 136; C. P. Burgess, M. Pospelov and T. ter Veldhuis, Nucl. Phys.

B 619 (2001) 709; E. Ma, Phys. Rev. D 73 (2006) 077301; R. Barbieri, L. J. Hall and V. S. Rychkov, Phys. Rev. D 74 (2006) 015007; T. Araki, C. Q. Geng and K. I. Nagao, Phys. Rev. D 83 (2011) 075014.

[24] M. Kakizaki, S. Kanemura, H. Taniguchi and T. Yamashita, in preparation. [25] H. Taniguchi, to appear soon.

[26] For the people who do not mind the fine tuning, the following is not a problem neither. [27] Note that the Higgs field that is unified with the gauge field is an adjoint Higgs field, in this case, and the SM doublet Higgs field is introduced as a matter field.

[28] In this scenario, models generally have a Z2 symmetry under which these adjoint multiplets change the sign [13].

Thus, this scenario can give a theoretical background of (SUSY) inert models [23], though we consider a model where this Z2 symmetry is broken.