arXiv:hep-ph/0201216 v2 27 Feb 2002

hep-ph/0201216

UT-02-04

January, 2002

Light Higgs Triplets in Extra Dimensions

Naoyuki Haba^a and Nobuhito Maru^b

aFaculty of Engneering, Mie University, Tsu, Mie, 514-8507, JAPAN bDepartment of Physics, University of Tokyo, Tokyo 113-0033, JAPAN

Abstract

We discuss the possibility that the Higgs triplet can be light (1TeV in the most interesting case) without contradictions with the proton stability in the context of higher dimensional theory. The proton stability is ensured by the suppression of Yukawa coupling of the Higgs triplet to the matter through its small overlap of wave functions in extra dimensions. The light Higgs triplets might be detected in future collider experiments as an alternative signature of GUT instead of the proton decay. The gauge coupling unification can be preserved by introducing extra bulk matter fields.

One of the serious problems in Grand Unified Theories (GUTs) [1] is the doublettriplet splitting problem. We have to explain in a natural way why the Higgs doublet mass is the weak scale and the Higgs triplet mass is at least the GUT scale after the GUT symmetry breaking.^1 In usual, this mass splitting is explained by an unnatural fine-tuning of parameters in the theory. The Higgs triplets must be superheavy (at least the GUT scale ≃ 10^{16} GeV.) otherwise the rapid proton decay is caused by the dimension five operators [17].^2 If Yukawa coupling constants of the Higgs triplet to the matter are extremely small, the proton decay can be suppressed and the Higgs triplets need not to be superheavy. The question is whether such a situation is naturally possible or not. The answer is yes. If we consider the extra dimensions and the Higgs triplets and the matter are localized at different points in extra dimensions, the effective Yukawa couplings in four dimensions are highly supperessed due to the small overlap of wave functions [18].

In this paper, we apply this mechanism to the doublet-triplet splitting and discuss the possibility that the Higgs triplets can be light without contradictions with the proton stability in the extra dimensional framework. Dvali [6] has also proposed a similar scenario in four dimensional theory, where Yukawa couplings of the Higgs triplet to the matter are suppressed for group theoretical reasons. However, the complicated superpotential in the Higgs sector is required to obtain the desired vacuum expectation value (VEV) of the adjont Higgs field. In our scenario, these couplings are suppressed by the dynamics in extra dimensions (see also [9].) and our model is very simple.

Let us consider a supersymmetric (SUSY) SU(5) GUT in five dimensions, for concreteness. The model is based on Ref. [15]. The action of the Higgs sector is S = ∫ d^4xdy [∫ d^4θ(H^†e^{−V} H + H^{c†}e^V H^c + H̄^†e^V H̄ + H̄^{c†}e^{−V} H̄^c) + {∫ d^2θ ( H^c(∂_y + X(y) + M)H + H̄^c(∂_y + X̄(y) + M̄)H̄ ) (1) +δ(y) ∫ d^2θ ( λ_1tr(X^2Σ) + λ_2tr(X̄^2Σ) + λ_3tr(XΣ^2) + λ_4tr(X̄Σ^2) + 1 2 m_0tr(Σ^2) ) + h.c. }] , where H(H̄), H^c(H̄^c) are left-handed (charge conjugated right-handed) N = 1 SUSY in four dimensional chiral superfield components of the single N = 1 SUSY in five dimensional chiral superfield H(5) = ( H, H̄^c ) and H̄(¯5) = ( H̄, H c ) . 5, ¯5 are the corresponding representations of SU(5). X(y), X̄(y) are the bulk fields in the 24 dimensional representation under SU(5). Σ is an usual SU(5) GUT adjoint Higgs field, which is assumed to

1There has been many proposals for this problem [2]-[16]. 2Throughout this paper, R-parity is assumed.

be localized on the brane at y = 0. We assume that X(y), X̄(y) depends on y, and M, M̄ do not. λ_{1∼4} are dimesionless constants and m_0 is a mass parameter. This formulation of the action Eq. (1) is useful because it is written by using the N = 1 superfield formalism and N = 1 SUSY in four dimensions is manifest [19, 20]. From F-flatness conditions ∂W/∂X = 0 and ∂W/∂X̄ = 0, one obtains H^cH − 1 5 tr(H^cH) = 0, H̄^cH̄ − 1 5 tr(H̄^cH̄) = 0, (2) 2λ_1X(0) + λ_3Σ = 0, 2λ_2X̄(0) + λ_4Σ = 0. (3)

It is remarkable that Eqs. (3) connect ⟨X(0)⟩ and ⟨X̄(0)⟩ in the bulk with ⟨Σ⟩ on the brane at y = 0.^3 Using Eqs. (3), the last term in Eq. (1) reproduces the Higgs superpotential in the minimal SU(5) GUT. Expanding H, H^c, H̄ and H̄^c by the mode functions as H(x, y) = ∑ n ϕ_n(y)H_n(x), H^c(x, y) = ∑ n ϕ^c_n(y)H^c_n(x), (4) H̄(x, y) = ∑ n ϕ̄_n(y)H̄_n(x), H̄^c(x, y) = ∑ n ϕ̄^c_n(y)H̄^c_n(x), (5)

where x denotes the coordinates of the four dimensional space-time, the equations of motions for the zero mode wave functions of Higgs fields are obtained

(∂_y + X(y) + M) ϕ_0(y) = 0, (6) (−∂_y + X(y) + M) ϕ^c_0(y) = 0, (7) (∂_y + X̄(y) + M̄) ϕ̄_0(y) = 0, (8) (−∂_y + X̄(y) + M̄) ϕ̄^c_0(y) = 0. (9)

Assuming that X(y) = X(0) + a^2y, X̄(y) = X̄(0) + a^2y in a small region of the point crossing zero, where a is a dimensionful constant, we obtain two Gaussian normalizable zero mode wave functions^4

ϕ_0(y) ∼ exp − a^2 2 ( y − X(0) + M a^2 )_2 , (10) ϕ̄_0(y) ∼ exp − a^2 2 ( y − X̄(0) + M̄ a^2 )_2 . (11) 3 One might think that the GUT breaking VEV of the bulk field can be directly obtained from the minimization of the potential. But it is impossible because N = 1 SUSY in five dimensions highly constraints the form of the superpotential.

4The other zero modes should be vanished since they are not normalizable.

Before discussing the doublet-triplet splitting problem in detail, we comment on various scales in our model. There are three typical mass scales, the Planck scale in five dimensions M_∗, the wall^5 thickness scale L^{−1}, which should be considered as the compactification scale and the inverse width of Gaussian zero modes a^{−1}. As explained in Ref. [18], for the description to make sense, the wall thickness L should be larger than the inverse width of Gaussian zero modes a^{−1} so that the wall has enough width to trap matter and Higgs modes. Furthermore, a^{−1} should be smaller than or equal to the five dimensional Planck length M^{−1}_∗ ,

L^{−1} < a ≤ M_∗. (12)

We take L^{−1} to be M_{GU T} in order to preserve the gauge coupling unification. The five dimensional Planck scale M_∗ can be taken to be about 10^{17} GeV or 10^{18} GeV. Throughout this paper, M_∗ is taken to be 10^{18} GeV and a ≃ M_∗ for simplicity.

Now, we propose two scenarios of the doublet-triplet splitting problem. The first one which realizes the doublet-triplet splitting is based on the shining mechanism [19]. We introduce a singlet superfield and consider the overlap between the Higgs fields and the singlet field. As explained in Ref. [15], the simplest case without a singlet is not realistic because the Higgs doublets are too apart from each other to yield the hierarchy between the top and the bottom Yukawa couplings naturally.^6

The action of the singlet sector is S = ∫ d^4xdy [∫ d^4θ(S^†S + S^{c†}S^c) + {∫ d^2θS^c(∂_y + m_s)S − δ(y) ∫ d^2θJS^c + h.c. }] , (13) where S is a bulk SU(5) singlet superfield, S^c is its conjugated superfield, J is a constant and m_s is a mass parameter. F-flatness conditions lead to S = θ(y)Je^{−msy}, S^c = 0, (14) where θ(y) is a step function of y. The doublet-triplet splitting is achieved by the coupling 1 √ M_∗ ∫ d^4xdy {∫ d^2θS(x, y)H(x, y)H̄(x, y) + h.c. } (15)

5On this wall, the matter and Higgs fields are localized.

6Assuming the top Yukawa coupling constants in five and four dimensional theories and the bottom Yukawa coupling constant in five dimensional theory to be of order unity, the effective bottom Yukawa coupling constant in four dimensional theory becomes smaller than O(10^{−21}). In order to explain the observed bottom mass, we have to assume an unnatural huge bottom Yukawa coupling constant in five dimensional theory.

≃ M_∗exp [ − 1 2M^2_∗ { (X(0) + M)^2 + (X̄(0) + M̄)^2 } + (X(0) + M + X̄(0) + M̄ − m_s)^2 4M^2_∗ ]

× ∫ d^4xd^2θH_0(x)H̄_0(x) + h.c., (16)

where J ≃ M^{3/2}∗ are assumed. As mentioned in Ref. [15], an R-symmetry for instance has to be imposed to forbid the bulk Higgs mass term. In order for Higgs doublets H_2, H̄_2 to be the weak scale,

M_2 ≃ M_∗exp [ − 1 2 {(−3x + m)^2 + (−3x̄ + m̄)^2} + 1 4 (−s − 3x + m − 3x̄ + m̄)^2 ] ≃ 10^2 GeV (17) should be satisfied, where m_s ≡ sM_∗, M ≡ mM_∗, M̄ ≡ m̄M_∗ X(0) = xdiag(2, 2, 2, −3, −3)M_∗, X̄(0) = x̄diag(2, 2, 2, −3, −3)M_∗, where s, x, x̄, m and m̄ are dimensionless constants. Unlike Ref. [15], we does not impose here that the mass of Higgs triplets should be above the GUT scale because this is not necessarily required to ensure the proton stability in our framework. If we consider the case that the Higgs doublet and anti-doublets (triplet and anti-triplet) are localized at the same point for simplicity, then the condition (17) is written as

exp[− 1 2 s(−6x + 2m − 1 2 s)] ≃ 10^{−16}. (18)

On the other hand, the mass of Higgs triplets H_3, H̄_3 is

M_3 ≃ M_∗exp [ −(2x + m)^2 + 1 4 (−s + 4x + 2m)^2 ] ≃ 10^2exp(−5xs), (19)

where Eq. (18) was used to obtain the last expression. Imposing M_3 ≥ 1TeV leads to

− 5xs ≥ ln10. (20)

One can easily check that there is a parameter region allowed by Eqs. (18) and (20) if m^2 ≥^{77}_5 ln10 ≃ 35.46.

Since the Higgs doublets are localized at y = (−3x + m)M^{−1}_∗ and the Higgs triplets are localized at y = (2x + m)M^{−1}_∗ , the relative distance between them is 5|x|M^{−1}_∗ . By adjusting x appropriately, the baryon number violating dimension 5 operators are suppressed enough even if the Higgs triplets are light because Yukawa couplings of the Higgs triplet and the matter field localized around the Higgs doublets are small enough.^7 For

7The matter fields must be localized around the Higgs doublet to reproduce fermion masses and mixings.

example, we consider the dimension five operators QQQL. Suppose that the relative distance between Q and the Higgs doublets is q in units of M^{−1}_∗ , and the relative distance between L and the Higgs doublets is l in units of M^{−1}_∗ . Assuming the Gaussian zero mode wave functions for the matter fields, one can write down the suppression factor of QQQL as follows.^8 1 M_3 exp [− 1 3 {3(5|x| − q)^2 + (q − l)^2 + (5|x| − l)^2}] < 10^{−16}. (21)

The inequality is required to be consistent with the experimental data. Consider the case M_3 ≃ TeV and using the the typical solution in Ref. [15], we obtain |x| > 1.684. (22) As for the dimension five operators UUDE, the similar estimation tells us that |x| > 1.653 is enough for avoiding the rapid proton decay. Therefore, the proton decay via the dimension five operators are suppressed if we adjust the parameter x satisfying the above conditions. We comment on the suppression of the dimension six baryon number violating operators. First, the dimension six operators by the X, Y gauge boson exchange are trivially suppressed since the masses of the X, Y gauge boson are the order of 10^{16} GeV. Second, the constraint for the dimension six operators by the Higgs scalar triplet exchange can be written as 1 M^2_3 exp [− 1 3 {3(5|x| − q)^2 + (q − l)^2 + (5|x| − l)^2}] < (10^{−16})^2. (23)

One can easily see that the bound (22) is enough to satisfy the above constraint because the upper bound of the exponential factor is exp [−25|x|^2] ≃ 10^{−30.8}. In the light of this fact, the Higgs triplets with mass of order TeV is very interesting because we might be able to detect the Higgs triplets in collider experiments as an alternative signature of GUT even if the proton decay cannot be observed.

The second scenario is that the doublet-triplet splitting through the bulk Higgs mass term is acheived as a result of supersymmetry breaking, namely Giudice-Masiero mechanism [21]. Naively, GUT and Giudice-Masiero mechanism are incompatible because the light Higgs triplets necessarily appear and lead to the rapid proton decay. In our case,

8Here we consider the case that Q and L are localized at the same side close to the Higgs triplets. The coefficients of QQQL is much more suppressed in the case that either or both of Q and L are localized at the opposite side with respect to the Higgs doublets.

however, this is not true. Even if the Higgs triplets are light, the proton deccay is suppressed enough by natually small Yukawa couplings of the Higgs triplets to the matter. Let us assume that a singlet superfield Z with nonvanishing F-term is localized on the brane at y = 0.^9 We consider the following Kähler potential 1 M_∗ ∫ dyd^2θd^2θ̄ δ(y) (Z^†(x)H(x, y)H̄(x, y) + h.c.) = F_Z M_∗ ϕ_0(y = 0)ϕ̄_0(y = 0) ∫ d^2θH_0(x)H̄_0(x) + h.c.. (24)

Substituting ϕ_0(y = 0) and ϕ̄_0(y = 0) in (10) and (11), the masses of the Higgs triplets and doublets are obtained as follows,

M_3 ≃ F_Z M_∗ exp[−(2x + m)^2], (25)

M_2 ≃ F_Z M_∗ exp[−(−3x + m)^2]. (26)

Here we assumed that the Higgs triplet (doublet) and anti-triplet (anti-doublet) localize at the same point, for simplicity. Requiring M_2 ≃ M_W , exp[−(−3x + m)^2] ≃ M_∗M_W /F_Z is obtained. This means (−3x + m)^2 ≃ 2ln10 for √ F_Z ≃ 10^{11} GeV. In this case, the masses of the Higgs triplets become

M_3 ≃ 10^4 exp [−(5x ± √ 2ln10)^2] GeV. (27)

In order to be M_3 ≃ TeV, x ≃ −3.66, −0.628. As is clear from the earlier discussion, it turns out that the dimension five and six operators are suppressed enough for x ≃ −3.66.

Finally, let us discuss the gauge coupling unification. In our scenario with light Higgs triplets, the gauge coupling unification is lost. We can improve this point by simply introducing extra bulk matter fields 5^′, ¯5^′ and by giving the GUT scale mass to the triplet components (denoted by 3^′ and ¯3^′) and the same mass as the Higgs triplets to the doublet components (denoted by 2^′ and ¯2^′). Yukawa couplings between these extra fields and ordinary chiral matter fields can be suppressed by the overlap of wave functions. The gauge coupling unification is preserved since 2^′ and ¯2^′ form a complete SU(5) multiplets with Higgs triplets.

9In our scenario, the spectrum of a kind of the gaugino mediation [22] is expected. Gauginos receive volume suppressed masses at the tree level since the wave functions of gaugino zero modes are flat in an extra dimension. Sfermions receive exponentially suppressed masses at the tree level since the wave functions of the matter zero modes are Gaussian and are localized on our wall apart from the brane at y = 0.

We discuss how the above statement is realized. The action of the extra matter fields is similar to Eq. (1) and the mass splitting is achieved by the bulk mass term ∫ d^4xdy ∫ d^2θM_∗5^′(x, y)¯5^′(x, y). (28)

After expanding in mode functions, one obtains masses of the 3^′, ¯3^′ and 2^′, ¯2^′

M_3′ ≃ M_∗exp [ −{(x^′ − x̄^′) + 1 2 (m^′ − m̄^′)}^2 ] > ∼ M^{GU T} ≃ 10^{16}GeV, (29) M_2′ ≃ M_∗exp [ −{− 3 2 (x^′ − x̄^′) + 1 2 (m^′ − m̄^′)}^2 ] = M_3, (30)

where X^′ = x^′diag(2, 2, 2, −3, −3)M_∗, X̄^′ = x̄^′diag(2, 2, 2, −3, −3)M_∗, M^′ ≡ m^′M_∗ and M̄^′ ≡ m̄^′M_∗. x^′, x̄^′, m^′ and m̄^′ are dimensionless constants. These conditions are written as follows, − √ 2ln10 ≤ (x^′ − x̄^′) + 1 2 (m^′ − m̄^′) ≤ √ 2ln10, (31) −3(x^′ − x̄^′) + (m^′ − m̄^′) ≃ ± √ s(2x + m − s/4). (32) One can easily see that these two conditions are satisfied (x^′ − x̄^′ = 3, m^′ − m̄^′ = −3 for example.).

In summary, we have discussed the possibility that the Higgs triplet can be light without contradictions with the proton stability in the context of higher dimensional theory. The proton stability is ensured by the suppression of Yukawa coupling of the Higgs triplet to the matter through its small overlap of wave functions in extra dimensions. Phenomenologically interesting is that Higgs triplets with mass of order TeV might be detected in future collider experiments as an alternative signature of GUT instead of the proton decay. The gauge coupling unification can be preserved by introducing extra bulk matter fields and causing the mass splitting so that the doublet components form a complete SU(5) multiplets with the Higgs triplets and the triplet components become superheavy.

Acknowledgments

We would like to thank the organizers of the workshop “post NOON” where this work was initiated. N.H. is supported by the Grant-in-Aid for Scientific Research, Ministry of Education, Science and Culture, Japan (No.12740146) and N.M. is supported by the Japan Society for the Promotion of Science for Young Scientists (No.08557).

References

[1] H. Georgi and S.L. Glashow, Phys. Rev. Lett. 32 (1974) 438.

[2] A. Masiero, D.V. Nanopoulos, K. Tamvakis and T. Yanagida, Phys. Lett. B115, (1982) 380; B. Grinstein, Nucl. Phys. B206, (1982) 387; I. Antoniadis, J. Ellis, J.S. Hagelin and D.V. Nanopoulos, Phys. Lett. B194, (1987) 231.

[3] S. Dimopoulos and F. Wilczek, Santa Barbara preprint, NSF-ITP-82-07 (1982);

M. Srednicki, Nucl. Phys. B202 (1982) 327; K.S. Babu and S.M. Barr, Phys. Rev. D48, (1993) 5354, ibid D50 (1994) 3529; J. Hisano, H. Murayama and T. Yanagida, Phys. Rev. D49, (1994) 4966; S.M. Barr and S. Raby, Phys. Rev. Lett. 79 (1997) 4748; J.L. Chkareuli and A.B. Kobakhidze, Phys. Lett. B407 (1997) 234; J.L. Chkareuli, I.G. gogoladze and A.B. Kobakhidze, Phys. Rev. Lett. 80 (1998) 912; Z. Chacko and R.N. Mohapatra, Phys. Rev. D59 (1999) 011702; N. Maekawa, Prog. Theor. Phys. 106 (2001) 401. K.S. Babu and S.M. Barr, hep-ph/0201130.

[4] P. Candelas, G.T. Horowitz, A. Strominger and E. Witten, Nucl. Phys. B258 (1985) 46; E. Witten, Nucl. Phys. B258 (1985) 75.

[5] K. Inoue, A. Kakuto and H. Takano, Prog. Theor. Phys. 75, (1986) 664; A. Anselm and A. Johansen, Phys. Lett. B200 (1988) 331; Z.G. Berezhiani and G. Dvali, Sov. Lebedev. Inst. Rep. 5 (1989) 55; R. Barbieri, G. Dvali and A. Strumia, Nucl. Phys. B391, (1993) 487; R. Barbieri, G. Dvali and M. Moretti, Phys. Lett. B312 (1993) 137; Z.G. Berezhiani, C. Csáki and L. Randall, Nucl. Phys. B444 (1995) 61.

[6] G. Dvali, Phys. Lett. B372 (1996) 113.

[7] T. Yanagida, Phys. Lett. B344 (1995) 211; T. Hotta, K.-I. Izawa and T. Yanagida, Phys. Rev. D53 (1996) 3913, ibid D54 (1996) 6970; K-I. Izawa and T. Yanagida, Prog. Theor. Phys. 97 (1997) 913; Y. Imamura, T. Watari and T. Yanagida, Phys. Rev. D64 (2001) 065023. T. Watari and T. Yanagida, Phys. Lett. B520 (2001) 322.

[8] Y. Kawamura, Prog. Theor. Phys. 105 (2001) 999, Prog. Theor. Phys. 105 (2001) 691; G. Altarelli and F. Feruglio, Phys. Lett. B511 (2001) 257; A.B. Kobakhidzhe, Phys. Lett. B514 (2001) 131; L. Hall and Y. Nomura, Phys. Rev. D64 (2001) 055003; A. Hebecker and J. March-Russell, Nucl. Phys. B613 (2001) 3; T. Li, Phys. Lett.

B520 (2001) 377; N. Haba, Y. Shimizu, T. Suzuki and K. Ukai, hep-ph/0107190; N. Haba, T. Kondo, Y. Shimizu, T. Suzuki and K. Ukai, hep-ph/0108003; T. Asaka, W. Buchmüller and L. Covi, hep-ph/0108021; L. Hall, Y. Nomura, T. Okui and D. Smith, hep-ph/0108071; R. Dermisek and A. Mafi, hep-ph/0108139; T. Watari and T. Yanagida, Phys. Lett. B519 (2001) 164. Y. Nomura, hep-ph/0108170; Q. Shafi and Z. Tavartkiladze, hep-ph/0108247; N. Haba, T. Kondo and Y. Shimizu, hepph/0112132.

[9] M. Kakizaki and M. Yamaguchi, hep-ph/0104103.

[10] Z. Berezhiani, I. Gogoladze and A. Kobakhidze, Phys. Lett. B522 (2001) 107. [11] K.-I. Izawa and T. Yanagida, Prog. Theor. Phys. B99 (1998) 423; R. Kitano and N. Okada, Phys. Rev. D64 (2001) 055010.

[12] N. Weiner, hep-ph/0106097.

[13] A.E. Faraggi, Phys. Lett. B520 (2001) 337.

[14] C. Csáki, G.D. Kribs and J. Terning, Phys. Rev. D65 (2002) 015004; H.C. Cheng, K.T. Matchev and J. Wang, Phys. Lett. B521 (2001) 308.

[15] N. Maru, Phys. Lett. B522 (2001) 117. [16] E. Witten, hep-ph/0201018.

[17] N. Sakai and T. Yanagida, Nucl. Phys. B197 (1982) 533; S. Weinberg, Phys. Rev.

D26 (1982) 287.

[18] N. Arkani-Hamed and M. Schmaltz, Phys. Rev. D61 (2000) 033005. [19] N. Arkani-Hamed, L. Hall, D. Smith and N. Weiner, Phys. Rev. D63 (2001) 056003. [20] N. Arkani-Hamed, T. Gregoire and J. Wacker, hep-th/0101233. [21] G.F. Giudice and A. Masiero, Phys. Lett. B206 (1988) 1480.

[22] D.E. Kaplan, G.D. Kribs and M. Schmaltz, Phys. Rev. D62 (2000) 035010;

Z. Chacko, M.A. Luty, A.E. Nelson and E. Ponton, JHEP 0001 (2000) 003.