arXiv:hep-ph/0112337 v1 27 Dec 2001

n − n̄ Oscillations in Models with Large Extra Dimensions

Shmuel Nussinov^1 and Robert Shrock^2 1 Sackler Faculty of Science, Tel Aviv University, Tel Aviv, Israel 2 C. N. Yang Institute for Theoretical Physics, State University of New York, Stony Brook, NY 11794

We analyze n−n̄ oscillations in generic models with large extra dimensions in which standard-model fields propagate and fermion wavefunctions have strong localization. We find that in these models n − n̄ oscillations might occur at levels not too far below the current limit.

11.10.Kk,11.30.Fs,14.20.Dh

Although current experimental data are fully consistent with a four-dimensional Minkowski spacetime, it is useful to explore the possibility of extra dimensions, both from a purely phenomenological point of view and because the main candidate theory for quantum gravity - string theory - suggests the existence of higher dimensions. Here we shall focus on theories in which the standard-model (SM) fields can propagate in the extra dimensions and the wavefunctions of the SM fermions have strong localization (with Gaussian profiles) at various points in this extra-dimensional space [1]- [9]. Such models are of interest partly because they can provide a mechanism for obtaining a hierarchy in fermion masses and quark mixing. In generic models of this type, excessively rapid proton decay can be avoided by arranging that the wavefunction centers of the u and d quarks are separated far from those of the e and μ [1]. However, this separation does not, by itself, guarantee adequate suppression of another source of baryon number violation, namely n − n̄ oscillations. Here we shall analyze these oscillations in generic models of this type. Early studies of n − n̄ oscillations in conventional d = 4 dimensional spacetime include [10]- [16]; there is currently renewed experimental and theoretical interest [17,18].

Our theoretical framework is as follows. Usual spacetime coordinates are denoted as x_ν , ν = 0, 1, 2, 3 and the n extra coordinates as y_λ; for definiteness, the latter are taken to be compact. The framework is such that fermion fields have the form Ψ(x, y) = ψ(x)χ(y). In the extra dimensions the SM fields are assumed to have support in an interval 0 ≤ y_λ ≤ L. We define Λ_L ≡ L^{−1}. The d = (4 + ℓ)-dimensional fields thus have Kaluza-Klein (KK) mode decompositions. We shall work in a low-energy effective field theory approach with an ultraviolet cutoff M_∗. These models provide a possible explanation for the hierarchy in the fermion mass matrices via the localization of fermion wavefunctions with half-width μ^{−1} << L at various points in the higherdimensional space. We denote ξ = μL; ξ ∼ 30 is chosen for adequate separation of the various fermion wavefunctions while still fitting well within the thick brane. As a result of this localization, the y-dependent part of the wavefunction for a fermion field f has the generic form χ_f (y) = Ae^{−μ2|y−yf |2} , where y_f denotes the position vector of this fermion in the extra dimensions, |y_f | = ( ∑_ℓ λ=1 y^2_{f,λ})^{1/2}. For ℓ = 1 and ℓ = 2, this fermion localization can be accomplished in a low-energy fieldtheoretic manner by coupling to a scalar with a kink or vortex solution, respectively [19]. The normalization factor A = (2/π)^{ℓ/4}μ^{ℓ/2} is included so that after the integration over the ℓ extra dimensions, the kinetic term ψ̄(x)i∂/ψ(x) has canonical normalization. Starting from an effective Lagrangian in the d-dimensional spacetime, one obtains the resultant effective theory in four dimensions by integrating over the extra ℓ dimensions. In particular, starting from a Yukawa interaction in the d-dimensional space with coefficients of order unity and integrating over the ℓ extra coordinates, using the fact that the convolution of two of the fermion Gaussian wavefunctions is another Gaussian, one finds that the coefficients of the resultant 4-dimensional Yukawa interaction contain factors e^{−(μ2 /2)|yf −yf′ |2} , so that moderate spatial separations |y_f − y_f ′ | for localized fermion wavefunctions can produce strong hierarchies in the 4D Yukawa matrices. We focus here on the case d = 6, i.e., ℓ = 2, for which a fit to the quark masses and CKM matrix was obtained [1,8]. The UV cutoff M_∗ satisfies M_∗ > μ for the validity the low-energy field theory analysis and M_∗/Λ_L ∼ 10^3 for the perturbativity of the top quark Yukawa coupling. Further, Λ_L >∼ 100 TeV for adequate suppression of neutral flavor-changing current (NFCC) processes [3,20,23]; with the ratio ξ = 30, this yields μ ∼ 3 × 10^3 TeV.

In field-free vacuum, the 2 × 2 Hamiltonian H in the (n, n̄) space has matrix elements ⟨n|H|n⟩ = ⟨n̄|H|n̄⟩ = m_n (assuming CPT conservation) and ⟨n̄|H|n⟩ = ⟨n̄|H_{eff} |n⟩ ≡ δm, where H_{eff} denotes the interaction responsible for the n − n̄ oscillations. This leads to the oscillation probability |⟨n̄|n(t)⟩|^2 = sin^2(t/τ_{nn̄}), where τ_{nn̄} = 1/|δm|, and it is straightforward to generalize this to the case where the earth’s magnetic field is included. Searches with free neutrons from reactors have yielded the lower limit τ_{nn̄} ≥ 0.86 × 10^8 sec [24]. Further, the n − n̄ oscillations cause matter instability since the n̄ annihilates with surrounding matter and, related to this via crossing, two neutrons can annihilate to pions. Although the n − n̄ mixing in matter is strongly suppressed by the fact that the diagonal matrix elements ⟨n|H|n⟩ = m_n+V_n and ⟨n̄|H|n̄⟩ = m_n + Re(V_{n̄}) + iIm(V_{n̄} ) are different, this is compensated for by the large number of nucleons in modern nucleon decay detectors. Searches using these detectors have yielded the limit for matter instability (m.i.) caused by this process (leading to multipion final states) of τ_{m.i.} >∼ 0.6 × 10^{32} yrs which, with reasonable inputs for the nuclear potentials V_n and V_{n̄}, have yielded a current limit very close to that from searches with free n’s: τ_{nn̄} ≥ 1.2 × 10^8 sec, i.e., |δm| ≤ 0.6 × 10^{−32} GeV [25].

In 4D, H_{eff} consists of a sum of six-quark operators O_i with coefficients c_i having (mass) dimension −5. If, as is the case here, the effective scale relevant for n−n̄ oscillations is large compared with the electroweak symmetrybreaking scale of ∼ 250 GeV, then the O_i must be invariant under G_{SM} = SU(3) × SU(2)_L× U(1)_Y . There are four relevant (linearly independent) O_i of this type, so that H_{eff} =

∑_4 i=1 c_iO_i, where the O_i can be chosen to be O_1 = [u^{αT}_R Cu^β_R][d^{γT}_R Cd^δ_R][d^{ρT}_R Cd^σ_R](T_s)_{αβγδγρσ} (1)

O_2 = [u^{αT}_R Cd^β_R][u^{γT}_R Cd^δ_R][d^{ρT}_R Cd^σ_R](T_s)_{αβγδγρσ} (2)

O_3 = [Q^{iαT}_L CQ^{jβ}_L ][u^{γT}_R Cd^δ_R][d^{ρT}_R Cd^σ_R]ϵ_{ij}(T_a)_{αβγδγρσ} (3)

O_4 = [Q^{iαT}_L CQ^{jβ}_L ][Q^{kγT}_L CQ^{mδ}_L ][d^{ρT}_R Cd^σ_R]ϵ_{ij}ϵ_{km}(T_a)_{αβγδγρσ} (4) where Q_L = (_u d ) L, Greek and Latin indices are color SU(3) and weak SU(2) indices, respectively, C is the Dirac charge conjugation matrix, and (T_a)_{αβγδγρσ} = ϵ_{ραβ}ϵ_{σγδ} + ϵ_{σαβ} ϵ_{ργδ} (5) (T_s)_{αβγδγρσ} = ϵ_{ραγ} ϵ_{σβδ} + ϵ_{σαγ} ϵ_{ρβδ} + ϵ_{ρβγ} ϵ_{σαδ} + ϵ_{σβγ} ϵ_{ραδ} (6) The matrix elements of ⟨n̄|O_i|n⟩ for 1 ≤ i ≤ 4 were calculated in the MIT bag model in [15].

In the higher-dimensional field theory, we denote the effective Hamiltonian responsible for the n − n̄ transitions as H_{eff,4+n} =

∑_4 i=1 κ_iO_i, where the operators O_i are comprised of the (4 + ℓ)-dimensional quark fields corresponding to those in O_i as Ψ corresponds to ψ. The coefficient of an operator product consisting of N_Ψ fermions has (mass) dimension dim[c] = d−(N_Ψ/2)(d−1), so that dim[c] = −9 for d = 6 and N_Ψ = 6. We denote the effective scale of physics responsible for the n − n̄ oscillations as M_X and thus, for the d = 6 case of interest here, write κ_i = η_i/M^9_X , where the η_i’s are dimensionless constants.

It will be convenient, and will incur no loss of generality, to define M_X so that η_4 ≡ 1.

We next carry out the integrations over the extra dimensions to get, for each i,

c_iO_i(x) = κ_i ∫ d^2yO_i(x, y) (7)

Letting ρ_c ≡ 4μ^4/(3π^2M^9_X ), we find

c_i = ρ_cη_i exp [ −(4/3)μ^2|y_{uR} − y_{dR} |^2 ] , i = 1, 2 (8)

c_3 = ρ_cη_3 exp[−(1/6)μ^2(2|y_{QL} − y_{uR} |^2 + 6|y_{QL} − y_{dR} |^2

+ 3|y_{uR} − y_{dR} |^2)] (9)

c_4 = ρ_c exp [ −(4/3)μ^2|y_{QL} − y_{dR} |^2 ] (10)

A fit to data for n = 2 yielded |y_{QL} − y_{uR} | = |y_{QL} − y_{dR} | ≃ 5μ^{−1} and |y_{uR} − y_{dR} | ≃ 7μ^{−1} [1]. One can also include corrections due to Coulombic gauge interactions between fermions [7]. Using these inputs, we find that c_j for j = 1, 2, 3 are negligibly small compared with c_4, and we hence focus on c_4. Neglecting small CKM mixings, the quantity |y_{QL} − y_{dR} | is determined by m_d via the relation m_d = h_d(v/ √ 2) with h_d = h_{d,0} exp(−(1/2)μ^2|y_{QL} − y_{dR} |^2), where h_{d,0} is the Yukawa coupling in the (4+ℓ)-dimensional space, whence exp [ −(1/2)μ^2|y_{QL} − y_{dR} |^2 ] = 2^{1/2}m_d h_{d,0}v (11)

We take h_{d,0} ∼ 1, and m_d ≃ 10 MeV. Hence, the contribution to δm from the O_4 term is δm ≃ c_4⟨n̄|O_4|n⟩ ≃ ( 4μ^4 3π^2M^9_X ) ( 2^{1/2}m_d v )8/3 ⟨n̄|O_4|n⟩ (12) The matrix element ⟨n̄|O_4|n⟩ (= 4⟨O_3⟩_{LLR} in the notation of [15,16]) was calculated to be 1 × 10^{−4} and 0.8 × 10^{−4} GeV^6 in the MIT bag model for its two main parameter fits [15]; here we average these. Requiring that the resultant value of |δm| be less than the experimental limit, 1/(1.2 × 10^8sec) = 0.55 × 10^{−32} GeV [24,25], we obtain the bound

M_X >∼ (45 TeV) ( τ_{nn̄} 1.2 × 10^8 sec )_{1/9}

× ( μ 3 × 10^3 TeV

)_{4/9} ( |⟨n̄|O_4|n⟩| 0.9 × 10^{−4} GeV^6 )_{1/9} (13)

The uncertainty in the calculation of the matrix element ⟨n̄|O_4|n⟩ is relatively unimportant for our bound because of the 1/9 power in (13) [26].

The result (13) is very interesting, since it shows that for values of M_X in the range relevant to extradimensional models of the type considered here, n − n̄ oscillations might occur at levels that are in accord with the current experiment limit but not too far below this limit. Our finding provides motivation for further searches for n − n̄ oscillations, e.g. via an analysis of SuperKamiokande data or a new free-neutron reactor experiment with increased sensitivity, such as that proposed in [17]. Considering only the analysis of existing data from SuperK, a rough estimate is that the search for matter instability via n − n̄ oscillations followed by annihilation to multipion final states might be able to set a lower bound on τ_{m.i.} in the range of 10^{33} yrs, similar to bounds that have been set by SuperK on various proton decay modes; this could increase the lower bound on τ_{nn̄} to ∼ 3 × 10^8 sec. If a signal were to be seen, other experimental data and analysis would be necessary to determine whether these oscillations are associated with extra dimensions, since, as has been shown in [18], they can also occur with τ_{nn̄} <∼ 10^9 − 10^{10} sec in certain fourdimensional supersymmetric models.

S. N. thanks the Israeli Academy for Fundamental Research for a grant. R. S. thanks R. Mohapatra and Y. Kamyshkov for related discussions at Snowmass 2001. The research of R. S. was partially supported by the NSF grant PHY-0098527.

[1] N. Arkani-Hamed and M. Schmaltz, Phys. Rev. D61, 033005 (2000) [hep-ph/9903417]; E. Mirabelli and M. Schmaltz, Phys. Rev. D61, 113011 (2000) [hepph/9912265].

[2] N. Arkani-Hamed, Y. Grossman, M. Schmaltz, Phys.

Rev. D 61, 115004 (2000) [hep-ph/9909411].

[3] A. Delgado, A. Pomarol, and M. Quiros, JHEP 0001, 030 (2000) [hep-ph/9911252].

[4] D. Dooling and K. Kang, Phys. Lett. B502, 189 (2001) hep-ph/0009307.

[5] G. Dvali and M. Shifman, Phys. Lett. B475, 295 (2000) [hep-ph/0001072].

[6] Y. Grossman, Int. J. Mod. Phys. A15, 2419 (2000) [hepph/0001225].

[7] S. Nussinov and R. Shrock, Phys. Lett. B, in press [hepph/0102149].

[8] G. Branco, A. de Gouvêa,, M. Rebelo, Phys. Lett. B506, 115 (2001) [ hep-ph/0012289].

[9] G. Barenboim, G. Branco, A. de Gouvêa, and M. Rebelo, Phys. Rev. D 64, 073005 (2001) [hep-ph/0104312].

[10] V. Kuzmin, Zh ETF Pisma 12, 335 (1970); JETP Lett.

12, 228 (1970).

[11] R. Mohapatra and R. Marshak, Phys. Rev. Lett. 44, 1316 (1980).

[12] L.-N. Chang and N.-P. Chang, Phys. Lett. B92, 103

(1980); Phys. Rev. Lett. 45, 1540 (1980).

[13] T. K. Kuo and S. Love, Phys. Rev. Lett. 45, 93 (1980). [14] R. Cowsik and S. Nussinov, Phys. Lett. B101, 237 (1981).

[15] S. Rao and R. Shrock, Phys. Lett. B116, 238 (1982). [16] S. Rao and R. Shrock, Nucl. Phys. B232, 143 (1984). [17] Y. Kamyshkov, Nucl. Phys. Proc. Suppl. 52A, 263 (1997); letter of intent to Oak Ridge National Lab. (2001).

[18] K. Babu and R. Mohapatra, Phys. Lett. B518, 269 (2001) [hep-ph/0108089].

[19] V. Rubakov and M. Shaposhnikov, Phys. Lett. B125 (1983) 136; D. Kaplan and M. Schmaltz, Phys. Lett. B368 (1996) 44; G. Dvali and M. Shifman, Phys. Lett. B396 (1997) 64; Phys. Lett. B475 (2000) 295; V. Rubakov, hep-ph/0104152. See also W. Bardeen et al., Phys. Rev. D11 (1975) 1094.

[20] A different class of models features extra dimensions in which SM fields propagate but without strong localization of fermion wavefunctions; for these, ΛL can be much lower because of the absence of NFCC processes [3,21,22]. The model of [22] illustrates how special symmetries specific to a particular compactification can suppress proton decay and n − n̄ oscillations adequately for ΛL ∼ O(1) TeV. Our bound applies to generic models without the assumption of special symmetries.

[21] W. Marciano, Phys. Rev. D 60, 093006 (1999); T. Appelquist, H.-C. Cheng, and B. Dobrescu, Phys. Rev. D 64, 035002 (2001) [hep-ph/0012100] and references therein.

[22] T. Appelquist, B. Dobrescu, E. Ponton, and H.-U. Yee, Phys. Rev. Lett. 87, 181802 (2001) [hep-ph/0107056]; see also B. Dobrescu, E. Poppitz, Phys. Rev. Lett. 87, 031801 (2001) [hep-ph/0102010].

[23] The models considered here, as well as those in [21,22], with SM fields propagating in the large extra dimensions, are to be contrasted with models in which only the gravitons propagate in these dimensions. Many papers have discussed the latter type of model, e.g. I. Antoniadis, Phys. Lett. B246, 377 (1990); J. Lykken, Phys. Rev. D54, 3693 (1996); N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B429, 263 (1998); Phys. Rev. D59, 086004 (1999); I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B436, 257 (1998); K. Dienes, E. Dudas, and T. Gherghetta, Phys. Lett. B436, 55 (1998), Nucl. Phys. B537, 47 (1999); G. Shiu and S.-H. H. Tye, Phys. Rev. D58, 106007 (1998); S. Nussinov and R. Shrock, Phys. Rev. D59, 105002 (1999); G. Dvali and G. Gabadadze, Phys. Lett. 460, 47 (1999) [hep-ph/9904221]; see also C. Carlson and C. Carone, Phys. Lett. B512, 121 (2001) [hep-ph/0103180].

[24] M. Baldoceolin et al., Zeit. f. Phys. C63, 409 (1994). [25] M. Takita et al. (Kamiokande), Phys. Rev. D 34, 902 (1986); C. Berger et al. (Frejus), Phys. Lett. B240, 237 (1990).

[26] It would be useful to calculate the ⟨n̄|Oi |n⟩ matrix elements using lattice QCD; to our knowledge, this has not yet been done.