arXiv:0904.2073v2 [hep-th] 28 Nov 2009

UCI-TR-2008-35

Addition of First Generation leptons to the External Flux Model

Aaron Roy^∗ Department of Physics and Astronomy, University of California, Irvine, California 92697-4575

Abstract

In an extra dimensional EW model in M_4 ⨂ S_1 there is no distinction mathematically with the standard model analog as far as the degrees of freedom of the two models along with the masses and more importantly the mass ratio relation in the zero mode limit. In this paper we present a theoretical construct of the same geometry but with the addition of an external magnetic flux permeating the extra coordinate. This will give all of the charged fields in the model an additional phase with nontrivial periodicity. This rather important addition leads to very interesting and mathematically rich physics. Here we will present the generalized theory for the addition of first generation leptons to this theory.

∗ Electronic address:roya@uci.edu

I. ADDITION OF FERMIONS TO THE MODEL

The following fermions are added to the model, E_L = ν^{eL} e_L for the left handed doublet

electron and neutrino, e_R for the right handed electron singlet, Q_L = u^L d_L for the left

handed up and down quark doublet, u_R and d_R for the right handed up and down quark

singlets. Finally E_R = ν^{eR} e_R for the right handed electron and neutrino doublet and

Q_R = u^R d_R for the right handed up and down quark doublet. The terms that we will add

to the 5-D lagrangian density are

L_{fermions} = i ( ν̄^e_L, ē_L ) D_μγ^μ ν^{eL} e_L + iē_RD_μγ^μe_R + i ( ū_L, d̄_L ) D_μγ^μ u^L d_L + iū_RD_μγ^μu_R + id̄_RD_μγ^μd_R − ( ν̄^e_L, ē_L ) D_5γ^5 ν^{eR} e_R − ( ū_L, d̄_L ) D_5γ^5 u^R d_R −λ_e ( ν̄^e_L, ē_L ) ϕe_R−λ_d ( ū_L, d̄_L ) ϕd_R−λ_u ( ū_L, d̄_L ) iτ^2ϕ^∗u_R where iτ^2 = 0 1 −1 0

. Where it

is understood that the right handed singlets do not couple to the W ’s in the covariant deriva-

tives which are in the SU(2) basis. More generations can easily be added. The left and right

handed representations are defined as usual Ψ_R =^{1+γ5}_2 Ψ and Ψ_L =^{1−γ5}_2 Ψ. So we do not

have the terms i ( ν̄^e_L, ē_L ) D_μγ^μe_R , − ( ν̄^e_L, ē_L ) D_5γ^5 ν^{eL} e_L , and − ( ν̄^e_R, ē_R ) D_5γ^5 ν^{eR} e_R etc. because all of these terms are zero since γ^5γ^μ = −γ^μγ^5 and (1 + γ^5)(1 − γ^5) = 0 where

(γ^5)^2 = 1 as usual.

With the flux, ν^{eL} e_L −→_{flux} 1 0 0 e^{−iby/R} ν^{eL} e_L (the same for the right handed spinor) and

u^L d_L −→_{flux} e 2 3 iby/R 0 0 e^13^{iby/R} u^L d_L (and the same for the right handed spinor). Then

i ( ν̄^e_L, ē_L ) D_μγ^μ ν^{eL} e_L −→_{flux}

i ( ν̄^e_L, ē_L ) 1 0 0 e^{iby/R} [∂_μ + igBW_μB^† +^i_2 g^′B_μ] 1 0 0 e^{−iby/R} γ^μ ν^{eL} e_L

= i ( ν̄^e_L, ē_L ) [∂_μ + igW_μ +^i_2 g^′B_μ]γ^μ ν^{eL} e_L and − ( ν̄^e_L, ē_L ) D_5γ^5 ν^{eR} e_R −→_{flux}

− ( ν̄^e_L, ē_L ) 1 0 0 e^{iby/R} [∂_y + igBW_5B^† +^i_2 g^′B_5] 1 0 0 e^{−iby/R} γ^5 ν^{eR} e_R = − ( ν̄^e_L, ē_L ) [∂_y + 0 0 0^{−ib}_R + igW_5 +^i_2 g^′B_5]γ^5 ν^{eR} e_R . Then for the quark terms

i ( ū_L, d̄_L ) D_μγ^μ u^L d_L −→_{flux}

i ( ū_L, d̄_L ) e^− 2 3 iby/R 0 0 e^{− 1}3^{iby/R} [∂_μ + igBW_μB^† +^i_2 g^′B_μ] e 2 3 iby/R 0 0 e^13^{iby/R} γ^μ u^L d_L = i ( ū_L, d̄_L ) [∂_μ + ig 1 0 0 e^{− 2}3^{iby/R} W_μ 1 0 0 e^23^{iby/R} +^i_2 g^′B_μ]γ^μ u^L d_L and − ( ū_L, d̄_L ) D_5γ^5 u^R d_R −→_{flux}

i ( ū_L, d̄_L ) e^− 2 3 iby/R 0 0 e^{− 1}3^{iby/R} [∂_y + igBW_5B^† +^i_2 g^′B_5] e 2 3 iby/R 0 0 e^13^{iby/R} γ^5 u^R d_R = − ( ū_L, d̄_L ) [∂_y + 2^{3 ibR} 0 0^1_3^{ib}_R + ig 1 0 0 e^{− 2}3^{iby/R} W_5 1 0 0 e^23^{iby/R} +^i_2 g^′B_5]γ^5 u^R d_R . Notice that there are nontrivial couplings for the quark doublet to the W ’s

because of the fluxes. A similar nontrivial coupling does not exist for the electron. For −λ_e ( ν̄^e_L, ē_L ) ϕe_R we have −λ_e ( ν̄^e_L, ē_L ) ϕe_R −→_{flux} − λ_e ( ν̄^e_L, ē_L ) 1 0 0 e^{iby/R} e^{iby/R} 0 0 1 ϕ e^{−iby/R}e_R. Then parameterize ϕ as follows, let

ϕ =^{1√}_2 ΩB 0 v + h where Ω is unitary (remember that B = e^{iby/R} 0 0 1 ). Then let

1 0 0 e^{−iby/R} ν^{eL} e_L transform under the following gauge

1 0 0 e^{−iby/R} ν^{eL} e_L −→ Ω 1 0 0 e^{−iby/R} ν^{eL} e_L where now we do not have

Ω(x^μ, y + 2πR) = Ω(x^μ, y), instead ϕ(x^μ, y + 2πR) = B(2πR)ϕ(x^μ, y) which implies that Ω(x^μ, y + 2πR)B(y + 2πR) = B(y + 2πR)B^†(y + 2πR)Ω(x^μ, y + 2πR)B(y + 2πR)

= B(2πR)B(y)B^†(y)B^†(2πR)Ω(x^μ, y + 2πR)B(2πR)B(y)

= B(2πR)[B^†(2πR)Ω(x^μ, y + 2πR)B(2πR)]B(y) where B(y + 2πR) = B(2πR)B(y) = B(y)B(2πR) and thus B^†(2πR)Ω(x^μ, y + 2πR)B(2πR) = Ω(x^μ, y). Then −λ_e ( ν̄^e_L, ē_L ) 1 0 0 e^{iby/R} e^{iby/R} 0 0 1 ϕ e^{−iby/R}e_R −→

−^{1√}_2 λ_e ( ν̄^e_L, ē_L ) 1 0 0 e^{iby/R} Ω^†Ω e^{iby/R} 0 0 1 0 v + h e^{−iby/R}e_R

= −^{1√}_2 λ_e ( ν̄^e_L, ē_L ) 0 v + h e_R and so

m_e = λ_e √ v^2 2 . (1)

There is also a flux contribution to this mass and for the quark masses in equations (2) and

(3) that follow, but for expediency sake we have included this dependence later in the masses

for the modes as the fermion fields require a transformation to include these contributions.

See below equation (7).

For the quarks, e 2 3 iby/R 0 0 e^13^{iby/R} u^L d_L −→ Ω e 2 3 iby/R 0 0 e^13^{iby/R} u^L d_L and using the

same parameterization for ϕ we find

−λ_d ( ū_L, d̄_L ) e^− 2 3 iby/R 0 0 e^{− 1}3^{iby/R} e^{iby/R} 0 0 1 ϕ e^13^{iby/R}d_R −→

−^{1√}_2 λ_d ( ū_L, d̄_L ) e^− 2 3 iby/R 0 0 e^{− 1}3^{iby/R} Ω^†Ω e^{iby/R} 0 0 1 0 v + h e^13^{iby/R}d_R

= −^{1√}_2 λ_d ( ū_L, d̄_L ) e 2 3 iby/R 0 0 1 0 v + h d_R and thus

m_d = λ_d √ v^2 2 . (2)

Similarly −λ_u ( ū_L, d̄_L ) e^− 2 3 iby/R 0 0 e^{− 1}3^{iby/R} iτ^2 e^{−iby/R} 0 0 1 ϕ^∗ e^23^{iby/R}u_R −→

−^{1√}_2 λ_u ( ū_L, d̄_L ) e^− 2 3 iby/R 0 0 e^{− 1}3^{iby/R} Ω^†iτ^2Ω^∗ e^{−iby/R} 0 0 1 0 v + h e^23^{iby/R}u_R

= −^{1√}_2 λ_u ( ū_L, d̄_L ) 1 0 0 e^13^{iby/R} 0 1 −1 0 e^{−iby/R} 0 0 1 0 v + h u_R (where if we let

Ω = e^{i⃗α(xμ,y)·⃗τ} then τ^2Ω = Ω^∗τ^2) = −^{1√}_2 λ_u ( ū_L, d̄_L ) 0 1 −e^{− 2}3^{iby/R} 0 0 v + h u_R which

gives

m_u = λ_u √ v^2 2 . (3)

Let us now look at the masses for the modes. With the terms − ( ν̄^e_L, ē_L ) [∂_y + 0 0 0^{−ib}_R ]γ^5 ν^{eR} e_R and − ( ū_L, d̄_L ) [∂_y + 2^{3 ibR} 0 0^1_3^{ib}_R ]γ^5 u^R d_R and equations (1), (2), and (3) we have m_{en} = √ λ^2_ev^2 2 + (n − b)^2

R^2 (4)

m_{dn} = √ λ^2_dv^2 2 + (n +^1_3 b)^2

R^2 (5)

m_{un} = √ λ^2_uv^2 2 + (n +^2_3 b)^2

R^2 (6) and m_{νen} = |n| R . (7) when we integrate out the extra coordinate. Notice that the neutrino remains massless in the zero mode limit as expected. The following transformations were performed in order to get physical mass terms for the fermions, e_n −→ e^{iβnγ5} e_n where

e^{2iβnγ5} = cos 2β_n + iγ^5 sin 2β_n = λ_ev m_{en} − iγ^5 n − b m_{en} R as well as d_n −→ e^{iσnγ5} d_n where

e^{2iσnγ5} = cos 2σ_n + iγ^5 sin 2σ_n = λ_dv m_{dn} − iγ^5 n +^1_3 b m_{dn} R and u_n −→ e^{iγnγ5} u_n where

e^{2iγn γ5} = cos 2γ_n + iγ^5 sin 2γ_n = λ_uv m_{un} − iγ^5 n +^2_3 b m_{un} R and finally ν_{en} −→ iγ^5ν_{en} where again v = √_{μ2} λ . Now if an orbifold geometry is chosen instead, then the upper half and lower half of the circle are disjoint allowing an extra mathematical degree of freedom for the fields in the model (at the risk of being redundant, I feel it best to be thorough). This extra degree of mathematical freedom is seen by ϕ(x^μ, y + πR) =^{1√}_{2πR} ∑_∞ n = −∞ ϕn(x μ)e^{i(n+b)(y+πR)/R} = e^{iπb 1√}_{2πR} ∑_∞ n = −∞(−1) nϕ_n(x^μ)e^{iny/R} where if n is even then the field is even under this inversion of y and if n is odd then the field is odd under this inversion of y.

Therefore we may choose Z_5 and W_5 to be odd and all of the other fields in this model even. Then once we integrate out the extra coordinate by forming the action of our model, the W_5 and Z_5 will not couple to any of the other fields and hence, when b = 0 and n = 0 for all the fields, gauge invariance is restored as claimed earlier. This also does away with the possibility of the zero mode (standard model) fields coupling to W_5 and Z_5 which are themselves massive scalar particles in our model. These fields obviously do not exist in the standard model so we needed to make sure they did not couple to any of our ”physical” fields.

[1] For an early study of universal extra TeV scale dimensions see I. Antoniadis, Phys. Lett. B 246 377 (1990).

[2] For extensive recent introductions and reviews to both UED dimensions and ones where only gravity propagates into the bulk see K. Hwang and J. E. Kim, arXiv:hep-ph/0411286 and G. D. Kribs, arXiv:hep-ph/0605325.

[3] T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin (Math. Phys. ) 1921 (1921) 966; O. Klein, Z. Phys. 37 895 (1926) [Surveys High Energ. Phys. 5 241 (1986)].

[4] Dynamical Gauge Symmetry Breaking as the Casimir Effect. Hosotani, Y. UPR-0227T, Jun 1983. 15pp. Phys.Lett.B129:193,1983.

[5] S. Coleman and F. DeLuccia, Phys. Rev. D 21 3305 (1980); and S. Coleman, Phys. Rev. D 15 2929 (1977).

[6] Particle Data Group, Physics Letters B667, 1 (2008).

[7] P. Nath and M. Yamaguchi, Phys. Rev. D 60 116006 (1999), [arXiv:hep-ph/9903298]. [8] G. Cacciapaglia, M. Cirelli and G. Cristadoro, Nucl. Phys. B 634 230 (2002), [arXiv:hep-ph/0111288].

[9] G. W. Bennett et al. [Muon G-2 Collaboration], Phys. Rev. D 73 072003 (2006), [arXiv:hep-ex/0602035].

[10] J. Bailey et al. [CERN Muon Storage Ring Collaboration], J. Phys. G 4, 345 (1978). [11] B. C. Regan, E. D. Commins, C. J. Schmidt and D. DeMille, Phys. Rev. Lett. 88 071805 (2002).

[12] A. Roy and M. Bander, Nucl. Phys. B811 353-362 (2009). [arXiv:hep-th/08051446]. [13] E. Witten Nucl. Phys. B249 557 (1985).

[14] 1/R = 370 ± 70 GeV obtained in Ref. [8] and in M. Cirelli, arXiv:hep-ph/0205140, and a limit of 1/R = 700 GeV in T. Flacke, arXiv:hep-ph/0605156.