arXiv:1305.5162v1 [hep-ph] 22 May 2013

A F-GUT inspired model of Yukawa couplings with matter-messenger unification

J. Pawełczyk

Institute of Theoretical Physics, University of Warsaw,

Hoża 69, 00-681 Warsaw, Poland

Abstract In certain F-theory GUT models visible matter and messengers are treated in unified way thus unavoidably leading to messenger-matter mixed Yukawa interactions. We discuss influence of this mixing on the fermion masses and the mixing angles.

GUT models rise hope for better unification for long time [1]. The basic arguments supporting the idea are twofold: all known fermionic matter is organized in SU(5) multiplets and coupling constants seem to unify at some scale. It appears that SUSY GUTs provide better coupling unification and shift the unification scale Λ_{GUT} to values acceptable for the proton stability under heavy gauge bosons exchange [2, 3]. Besides these successes there still remains troublesome problems such as the origin of the doublet-triplet splitting and problematic unification of Yukawa couplings. The latter means that the simplest GUT models would require all masses of down quarks to be equal to lepton masses at the GUT scale. This prediction is in clash with MSSM calculations which shows that one can hope to match masses for the 3rd family only i.e. m_τ = m_b at the GUT scale [4, 5], but fails for the other two families. The situation is readily apparent when one compares one-loop RG independent ratios of the light lepton and quark masses: m_e/m_μ ≈ 0.004, m_d/m_s ≈ 0.05. It is clear that one needs an extra source of flavour symmetry breaking. The subject was studies very extensively in the past, see e.g. [6] and [7] and references contained there.

The motivation behind our approach to the flavour problem lays in some F-theory constructions of GUT theories (the so-called F-GUTs) [8] where the both flavour visible chiral matter and messengers originate from the same D7-brane intersection [9] This means that matter and messengers should be treated on equal footing e.g. should have common Yukawa matrix. Mixed couplings between fields is generated by fluxes on Calabi-Yau manifold [10, 11]. This fact plus the mechanism for generation of hierarchical Yukawas put strong constraints on possible trilinear superpotential couplings.

This scenario has numerous consequences on model building and low energy phenomenology. As we shall claim the messengers must be in representation 5 of SU(5) and not 10 as the latter choice would lead to strongly coupled system which we want to avoid here. Next, there should be just one family of messengers and moreover there must be mixed messenger-matter couplings. The latter leads to A-terms at one-loop [12]^1 which may lift the tree level mass of the Higgs to the required value 125 GeV.^2.

We begin writing down all relevant superpotential terms

(y_u)_{ij} 10_i10_j5_H + (ỹ_d)_{iJ} 10_i¯5_J ¯5_H + a_I ¯5_I 5X (1)

The above superpotential in principle could be extended with extra 10’s but as it

1Form its impact on SUSY particles spectra see [13].

2We shall abuse the name ”messenger” here as its role in the SUSY breaking will not discussed here.

was said is unlike in F-theory setup. Thus we let the flavour indices run as follows: i, j = 1, 2, 3; I, J = 1, ...4 and we added an extra 5 which will form the messenger vector pair with one of the ¯5 ’s. The spurion X will give mass M_Y to messengers (and could trigger SUSY breaking through its nontrivial F-term). It is clear that ⟨X⟩ provide mass M_Y only to one vector pair (5, Y_5) where Y_5 ∼ a_J ¯5_J leaving the other ¯5 matter massless. Below scale M_Y we are left with 3 massless families. Accordingly we need to redefine fields what results in modification of Yukawas ỹ_d.^3

F-theory GUTs lead to Yukawa matrices of the Froggatt-Nielsen form [10]^4. thus having naturally hierarchical structure. We write explicitly the general structure of these couplings in the case of three 10’s and four ¯5 but the matrices can be easily made up for the other cases.

y_{NC} ∼ h^5_θ h^4_θ h^3_θ h^2_θ h^4_θ h^3_θ h^2_θ h_θ h^3_θ h^2_θ h_θ 1

+ Φ^0 h^4_θ h^3_θ h^2_θ h_θ h^3_θ h^2_θ h_θ 0 h^2_θ h_θ 0 0

+ Φ^{20} h^3_θ h^2_θ 0 0 h^2_θ 0 0 0 0 0 0 0 (2)

As usual the order one constants have been dismissed. It is known that the coefficient Φ_0 of (2) depend on the hypercharges of the corresponding matter. For relatively big hypercharges one expects Φ_0 = 0. Thus this case should be applicable to leptons and to some extend up-quarks^5.

The model with just 3 families of matter and no matter-messenger mixing was discussed in [10] (thus disregarding advocated here messenger i.e. the first column of (2)). For h_θ ∼ ϵ^2, ϵ ∼ 0.2 this model is fine for the up quarks (m_u : m_c : m_t ∼ ϵ^8 : ϵ^4 : 1) but fails for seemingly more favorable case of leptons due to m_e/m_μ ≈ 0.005 ∼ ϵ^{3.5}, m_μ/m_τ ≈ 0.05 ∼ ϵ^2. Recall that in MSSM ratios of Yukawas for fermions differing only by the family index depend on scale mildly thus RG flow can not explain this deviation. For down quarks one puts instead Φ_0 ∼ ϵ ∼ 0.2 [10]. This yields some misfit for masses m_1 : m_2 : m_3 = ϵ^6 : ϵ^3 : 1 and correctly reproduces mixing angles θ_{23} ∼ ϵ^2, θ_{13} ∼ ϵ^3 although θ_{12} ∼ ϵ^2 is too small.

Now we discuss how the situation changes if we extend the model by an extra ¯5 .

3For other GUT models utilizing mixing of matter with some extra fields see [15] and references therein. 4For different approaches to fermion hierarchies in F-theory GUTs see [11, 14].

5Recall values of the hypercharge for R component of fermions: Y (u_R) = 2/3, Y (e_R) = −1, Y (d_R) = −1/3.

Leptons. Putting all the unknown constants in (2) in the leading order in ϵ we get for leptons (Φ_0 = 0 case):

ỹ_l = y_{11} ϵ^{10} y_{12} ϵ^8 y_{13} ϵ^6 y_{14} ϵ^4 y_{21} ϵ^8 y_{22} ϵ^6 y_{23} ϵ^4 y_{24} ϵ^2 y_{31} ϵ^6 y_{32} ϵ^4 y_{33} ϵ^2 y_{34} (3)

Properties of the resulting 3×3 matrix (called here y_l) for massless fermions will also depend on a_I coefficients. Here one expects to get some kind of hierarchy e.g. of the (2) type (there one takes just the last row). This would mean that a_4 (set to be equal 1) and a_3 should be hypercharge independent preserving the unification m_τ = m_b. For the sake of illustration of possibilities at hand we display formulae for a_1 ≫ ϵ^6 and a_2 ≫ a_3ϵ^2. In the leading order in a_I ’s the matrix ỹ_d produces mixing between the messenger Y_5 and the matter

(y_{14}ϵ^410_1 + y_{24}ϵ^210_2 + y_{34}10_3) · Y_5 · ¯5_H (4)

and the following massless matter Yukawas

y_l = y_{14}a^∗_1 ϵ^4 y_{14}a^∗_2 ϵ^4 + y_{12} ϵ^8 y_{14}a^∗_3 ϵ^4 + y_{13} ϵ^6 y_{24}a^∗_1 ϵ^2 y_{24}a^∗_2 ϵ^2 + y_{22} ϵ^6 y_{24}a^∗_3 ϵ^2 + y_{23} ϵ^4 a^∗_1y_{34} a^∗_2y_{34} + y_{32} ϵ^4 a^∗_3y_{34} + y_{33} ϵ^2 (5)

The 10_i · Y_5 · ¯5_H couplings have hierarchical structure and should not lead do large FCNC effects [17]. Diagonalization of (5) yields the following eigenvalues (given here up to phases):

y_3 ≈ a^∗_3y_{34} + y_{33} ϵ^2 (6) y_2 ≈

(y_{24}y_{33} − y_{23}y_{34})a_2ϵ^4 a^∗_3y_{34} + y_{33} ϵ^2 (7) y_1 ≈ det(y_d) (y_{24}y_{33} − y_{23}y_{34})a_2ϵ^4 (8) where det(y_l) ∼ a^∗_1 ϵ^{12}. Assuming generic values of y_{ij} ∼ 1 one gets y_1 y_2 ∼ a_1y_3ϵ^4

a^2 , y_2 y_3 ∼ a_2ϵ^4 y^2_3 (9) Needed lepton hierarchy y_1/y_2 ∼ ϵ^{3.5}, y_2/y_3 ∼ ϵ^2 yields a_2ϵ^2 ∼ y^2_3 and a_1y_3 ∼ a^2ϵ^{0.5}. For y_3 ∼ ϵ^k this gives a_2 ∼ ϵ^{2k−2} and a_1 ∼ ϵ^{3k−4.5}. Thus hierarchy in a_I ’s is respected if k ≥ 2, e.g. y_3 ∼ ϵ^{2.5} produces a_2 ∼ ϵ^3, a_1 ∼ ϵ^3. This choice of y_3 requires some fine tuning i.e. y_{33} ∼ ϵ^{0.5} ∼ 0.5 and a_3 ∼ ϵ^{2.5}.

Down quarks. Now we turn to the second example h_θ ∼ ϵ^2 and Φ_0 ∼ ϵ which we use to fit to down quark Yukawas. Repeating the previous construction instead of (5) one obtains:

y_d = y_{11}ϵ^8 + y_{14}a^∗_1ϵ^3 y_{12}ϵ^6 + y_{14}a^∗_2ϵ^3 y_{13}ϵ^5 + y_{14}a^∗_3ϵ^3 y_{21}ϵ^6 + y_{24}a^∗_1ϵ^2 y_{22}ϵ^5 + y_{24}a^∗_2ϵ^2 y_{23}ϵ^3 + y_{24}a^∗_3ϵ^2 y_{31}ϵ^5 + y_{34}a^∗_1 y_{32}ϵ^3 + y_{34}a^∗_2 y_{33}ϵ^2 + y_{34}a^∗_3

(10)

The obtained diagonalized Yukawas are (for a_1 ≫ ϵ^5, a_1 ≥ ϵ^2a_2, a_1 ≥ ϵ^3a_3)

y_3 ≈ a^∗_3y_{34} + y_{33} ϵ^2 (11) y_2 ≈ a_2y_{23}y_{34}ϵ^3 + y_{32}y_{33}ϵ^6 y_3

(12)

y_1 ≈ det(y_d) a_2y_{23}y_{34}ϵ^3 + y_{32}y_{33}ϵ^6

(13)

where det(y_d) ≈ (y_{12}y_{23}y_{34} − y_{14}y_{23}y_{32})a_1ϵ^9. Phenomenological values of the ratios of the down quark masses m_d : m_s : m_b = ϵ^{2+s} : ϵ^s : 1 for s = 2 − 3. With y_3 ∼ ϵ^k, a_2 ∼ ϵ^{2k+s−3}, a_1 ∼ ϵ^{3k+2s−7} we get correct relations for down quarks Yukawas. The coefficients a_I have hierarchical structure if k+s > 4. One can also calculate the mixing angles: θ_{12} ∼ ϵ^{6−(k+s)} + ϵ^k, θ_{23} ∼ ϵ^{3−k} + ϵ^2, θ_{13} ∼ ϵ^{5−k} + ϵ^3 (coefficients of the order one are suppressed). e.g. for k = 1.5, s = 3 one has : θ_{12} ∼ ϵ^{1.5}, θ_{23} ∼ ϵ^{1.5}, θ_{13} ∼ ϵ^3. These values match phenomenology up to terms of the order O(ϵ^{0.5}).

RG flow of masses. Finally we emphasize that the presented results hold at the GUT scale and are subject to renormalization what in case of matter-messenger coupling may have important influence on ordinary Yukawas. In order to analyze the problem we did numerical calculation based on one-loop RG equations for the wave functions renormalizations presented in [18] and corrected for the case at hand in [19]. The results are presented in Table 1. It is clear that RG does not change the fermion masses ratios in a significant way.

m_u m_c m_t m_d m_s m_b m_e m_μ m_τ [MeV ] [MeV ] [GeV ] [MeV ] [MeV ] [GeV ] [MeV ] [MeV ] [GeV ] MSSM, Λ = 10^3 1.15 560 161 2.20 42.0 2.23 0.41 88.3 1.50 MSSM 0.55 270 106 0.79 15.1 0.89 0.29 62.0 1.06 y_{34} = 0.6, M = 10^{13} 0.55 268 107 0.84 16.0 0.96 0.31 66.2 1.16 y_{34} = 1.5, M = 10^7 0.51 250 112 1.39 26.6 1.82 0.52 112 2.48

Table 1: One-loop fermion masses at Λ_{GUT} for different values of the messenger-matter mixing y_{34} and the messenger mass M. The initial values of the masses at 1 TeV are given in the first row.

Summary. The Yukawas for quarks and leptons can be modified by mixing with extra vector matter called messengers here. This mechanism opens up an extra path toward desired structure of Yukawa couplings. Here we worked out examples based on a model inspired by F-theory which has very restricted form of the possible Yukawa couplings. Thus the added extra vector pair of 5’s modifies properties of the visible sector Yukawas. It also gives the coupling of the massive state (called messenger here) to the matter e.g. its coupling to the 3-rd generation of matter is of the order 1 while the diagonalized Yukawa coupling of the τ lepton and the b quark is suppressed by some power of ϵ ∼ 0.2. Because the bottom Yukawa coupling is of the order ϵ^2 ∼ 0.04 it follows that tan β should be of the order a few. Models with bigger messenger sector would create theoretical and phenomenological problems. An extra 10’s should have coupling hierarchically much bigger then that of the top quark which is of the order 1. Thus the messenger sector would be strongly interacting what is quite appealing in the F-theory context but would rise extra problems which we wanted to avoid here. Models with two and more extra 5’s could have phenomenological problems because the necessary tan β could be of the order 1 or even smaller what is excluded in MSSM– like models [20]. Thus we infer that our scenario prefers the single messenger in the representation 5 of SU(5) GUT.

The presented one-loop results based on RG equations concerns only fermion masses. The are other quantities like soft masses and the Higgs mass which would be renormalized due to non-zero y_{34} and non-trivial mixings but the thorough analysis of the low energy physics of this model is left to our future work.

Acknowledgments

The author would like to acknowledge stimulating discussions with Tomasz Jeliński, Stefan Pokorski and Krzysztof Turzyński.

This work was partially supported by the Polish Ministry of Science MNiSW grant under contract N N202 091839 (2010-2013).

References

[1] P. Langacker, “Grand Unified Theories And Proton Decay,” Phys. Rept. 72 (1981) 185.

[2] C. Kounnas, A. B. Lahanas, D. V. Nanopoulos and M. Quiros, Nucl. Phys. B 236 (1984) 438.

[3] D. V. Nanopoulos, Phys. Rept. 105 (1984) 71. [4] K. S. Babu, arXiv:0910.2948 [hep-ph].

[5] G. Ross and M. Serna, Unication and fermion mass structure, Phys. Lett. B 664 (2008) 97 [arXiv:0704.1248 [hep-ph]]; G. Elor, L. J. Hall, D. Pinner and J. T. Ruderman, Yukawa Unication and the Superpartner Mass Scale, JHEP 1210 (2012) 111 [arXiv:1206.5301 [hep-ph]]; K. Bora, Updated values of running quark and lepton masses at GUT scale in SM, 2HDM and MSSM, arXiv:1206.5909 [hepph].

[6] E. Witten, Phys. Lett. B 91 (1980) 81; Z. G. Berezhiani,Phys. Lett. B 150 (1985) 177; A. Davidson and K. C. Wali,Lett. 58 (1987) 2623; J. Hisano, H. Murayama and T. Yanagida, Phys. Rev.D 49(1994) 4966; K. S. Babu and S. M. Barr, Phys. Rev. Lett. 75 (1995) 2088 [hep-ph/9503215]; Z. G. Berezhiani, Phys Lett. B 355 (1995) 178 [arXiv:hep-ph/9505384]; M. Malinsky, Phys. Rev. D 77 (2008) 055016 [arXiv:0710.0581 [hep-ph]]; Q. Shafi and Z. Tavartkiladze, Phys. Lett. B 459 (1999) 563 [hep-ph/9904249]; N. Oshimo, Phys. Rev. D 80 (2009) 075011 [arXiv:0907.3400 [hep-ph]].

[7] L. Calibbi, Z. Lalak, S. Pokorski and R. Ziegler, JHEP 1206 (2012) 018 [arXiv:1203.1489 [hep-ph]].

[8] R. Donagi, M. Wijnholt , [arXiv:0802.2969 [hep-th]]; C. Beasley , J.J. Heckman , C. Vafa, JHEP 0901:058 (2009), [arXiv:0802.3391 [hep-th]]; H. Hayashi et al., Nucl. Phys. B 806:224 (2009), [arXiv:0805.1057 [hep-th]]; C. Beasley , J.J. Heckman , C. Vafa, JHEP 0901:059 (2009), [arXiv:0806.0102 [hep-th]]; R. Donagi, M. Wijnholt, [arXiv:0808.2223 [hep-th]].

[9] J.J. Heckman , A. Tavanfar, C. Vafa, [arXiv:0906.0581 [hep-th]]. [10] J. J. Heckman and C. Vafa, ”Flavor Hierarchy From F-theory”, Nucl. Phys. B 837 (2010) 137 [arXiv:0811.2417 [hep-th]];

S. Cecotti, M. C. N. Cheng, J. J. Heckman and C. Vafa, ”Yukawa Couplings in F-theory and Non-Commutative Geometry”, arXiv:0910.0477 [hep-th].

[11] F. Marchesano and L. Martucci, “Non-perturbative effects on seven-brane Yukawa couplings”, Phys. Rev. Lett. 104, 231601 (2010) [arXiv:0910.5496 [hep-th]]; L. Aparicio, A. Font, L. E. Ibanez and F. Marchesano, JHEP 1108 (2011) 152 [arXiv:1104.2609 [hep-th]];

A. Font, L. E. Ibanez, F. Marchesano and D. Regalado, arXiv:1211.6529 [hep-th]. [12] G. Giudice and R. Rattazzi, Theories with gauge mediated supersymmetry breaking, Phys.Rept. 322 (1999) 419499, [hep-ph/9801271].

[13] T. Jeliński, J. Pawełczyk and K. Turzyński, Phys. Lett. B 711 (2012) 307 [arXiv:1111.6492 [hep-ph]].

[14] E. Dudas and E. Palti, “Froggatt-Nielsen models from E(8) in F-theory GUTs”, JHEP 1001, 127 (2010) [arXiv:0912.0853 [hep-th]];

G. K. Leontaris and G. G. Ross, “Yukawa couplings and fermion mass structure in F-theory GUTs”, JHEP 1102, 108 (2011) [arXiv:1009.6000 [hep-th]].

[15] K. S. Babu, B. Bajc and Z. Tavartkiladze, Phys. Rev. D 86 (2012) 075005 [arXiv:1207.6388 [hep-ph]].

[16] H. Georgi and C. Jarlskog, Phys. Lett. B 86 (1979) 297.

H. Murayama, Y. Okada and T. Yanagida, Prog. Theor. Phys. 88 (1992) 791. [17] A. Albaid and K. S. Babu, arXiv:1207.1014 [hep-ph].

[18] Z. Chacko and E. Ponton, Phys.Rev. D66 (2002) 095004, [hep-ph/0112190]. [19] Jared A. Evans and David Shih, arXiv:1303.0228.

[20] P. Draper, P. Meade, M. Reece and D. Shih, Phys. Rev. D 85 (2012) 095007 [arXiv:1112.3068 [hep-ph]].