arXiv:hep-ph/0404029 v1 3 Apr 2004

Late Leptogenesis from Radiative Soft Terms

Eung Jin Chun Korea Institute for Advanced Study, 207-43 Cheongryangri 2-dong Dongdaemun-gu, Seoul 130-722, Republic of Korea (Dated: April 2004)

Abstract

We point out that the so-called “soft leptogenesis” can occur at TeV scale if the B term is generated through radiative corrections which involve two-loop diagrams with the gaugino exchange. This mechasnism requires the non-trivial CP phase, Im(Am^∗_{1/2}) ≠ 0, and can naturally explain the observed baryon asymmetry of the universe associated with the TeV scale seesaw mechanism. Such a low scale leptogenesis would be a promising option in view of the tight upper limit on the reheat temperature avoiding the gravitino problem in supergravity models.

PACS numbers: 12.60Jv, 14.60Pq, 98.80Cq

1. Introduction

The seesaw mechanism [1] provides an elegant explanation not only for the observed neutrino masses and mixing but also for the baryon asymmetry of the Universe, n_B /s ≈ 10^{−10}, under the name of leptogenesis. In its original suggestion [2], it was observed that an outof-equilibrium decay of a heavy right handed neutrino (RHN) generates lepton asymmetry, provided CP violating phases in the neutrino Yukawa couplings. Then, the produced lepton asymmetry is transformed to the baryon asymmetry through the standard model sphaleron process. The whole scheme can be supersymmetrized in a straightforward manner. The RHN N accompanied by its scalar partner Ñ is extended to a chiral superfield N̂ which is added to the minimal supersymmetric standard model and allows the following superpotential;

W = μĤ_1Ĥ_2 + hL̂Ĥ_2N̂ + 1 2 MN̂ N̂ . (1) Here L̂ and Ĥ_{1,2} are the lepton and Higgs superfields, respectively. Now, the decays of the singlet neutrino N, sneutrino Ñ and antisneutrino Ñ^† can contribute to the generation of lepton asymmetry defined by

ϵ ≡ ∑ X [ Γ(X → L, L̃) − Γ(X → L̄, ¯L̃) ] ∑ X [ Γ(X → L, L̃) + Γ(X → L̄, ¯L̃) ] (2)

where X denotes N, Ñ or Ñ^†. In the conventional “supersymmetric leptogeneis” [3, 4], each particle X contributes to the CP asymmetric quantity (2) in the same way as described before. Namely, the required CP violation arises from the interference between the treelevel and one-loop diagrams with non-trivial CP phases in the Yukawa coupling h.

Recently, the importance of supersymmetry breaking effect in supergravity models has been realized. According to the original observations of Refs. [5, 6], an enhanced contribution to leptogenesis may occur through a tiny Ñ–Ñ^† mixing requiring a non-trivial CP phase, Im(AB^∗) ≠ 0 where A, B are dimension-one soft parameters for the scalar RHN. The resulting lepton asymmetry in the so-called “soft leptogenesis” is given by ϵ ≈ Im(AB^∗) Γ^2 + |B|^2 Γ M Δ_{BF} (3)

where Δ_{BF} counts for the supersymmetry breaking effect at a finite temperature [5, 6, 7].

An important constraint on the leptogenesis scenario in the supergravity models comes from the gravitino problem, which requires the reheat temperature (and thus the RHN mass M) to be low enough in order not to overproduce gravitinos [8]. Otherwise, the late decay of gravitinos upsets the standard prediction of the nucleosynthesis on the primordial abundance of the light elements. Recent analysis has put a very strong upper bound on the reheat temperature, T_R <∼ (2 × 10^6 − 2 × 10^7) GeV for the gravitino mass in the range of m_{3/2} = (10^2 − 10^3) GeV [9]. As is well-known, the supersmmetric leptogenesis cannot work with such a low reheat temperature since the following bound has to be fulfilled [10]:

M >∼ 10^9 GeV ( ϵ 10^{−7}

) (0.05 eV m_{ν3} ) (4) where M is taken to be the lowest seesaw scale. The similar constraint also applies to the soft leptogenesis where the typical values of the soft terms are assumed; A ∼ B ∼ m_{3/2}. It is however possible to have much smaller seesaw scale if the B parameter is arranged to satisfy [5, 6]: B ≈ 10^{−3} GeV ( M 10^7 GeV

)_2

. (5) In this paper, we show that the soft leptogenesis works successfully for the TeV scale seesaw mechanism provided the initial condition of the soft term:

B = 0 . (6)

This mechanism involves the two-loop diagrams carrying gauginos in the loop, and the corresponding CP phases from the soft supersymmetry breaking A term and the gaugino mass m_{1/2} [11]. While it is difficult to arrange a hierarchically small value of B ≪ m_{3/2} in general supergravity models, the initial condition B = 0 may arise naturally in the no-scale type models. We also work out a concrete model in which such a feature is realized and the TeV seesaw scale M [12] can be understood in connection with the Higgsino mass parameter μ. 2. CP phases from soft supersymmetry breaking

Let us first make a general description of CP violation coming from soft supersymmetry breaking which leads to a non-trivial lepton asymmetry. The scalar potential from soft supersymmetry breaking can be written as

V_{sof t} = m^2_0|ϕ|^2 + [ BμH_1H_2 + AhL̃H_2Ñ + 1 2 BMÑÑ + h.c. ] (7) where ϕ represents any scalar field, and m_0, A and B are dimension-one soft masses. Simply extending the standard argument of Ref. [13], we can consider mass parameters as spurion fields and then find that our Lagrangian possesses the U(1)_R and U(1)_{P Q} symmetry defined by the following R and P Q charges:

m^2_0 A B m_{1/2} μ N L H_1 H_2 R 0 −2 −2 −2 0 1 0 1 1 P Q 0 0 0 0 −2 0 −1 1 1 (8)

Here m_{1/2} is the gaugino mass. Since physical observables should be neutral under such symmetries, the lepton asymmetry ϵ (2) can only depend on one of the following combinations; AB^∗, Am^∗_{1/2}, Bm^∗_{1/2}(μμ^∗) (9) which shows that we have only two independent phases as usual [13]. Note that the leptogenesis from the Ñ–Ñ^† mixing requires the non-trivial CP phase of the first type AB^∗ [5, 6]. As a simple collorrary of our argument, one sees that the supersymmery breaking contribution to leptogenesis occurs at the order of m̃^2 at most. In the following, we will discuss the gaugino contribution with a non-trivial phase in the combination Am^∗_{1/2}. 3. Gaugino-loop contribution to soft leptogenesis

From the interaction terms in Eqs. (1) and (7), one obtains the following lepton number producing processes of the singlet sneutrinos Ñ and Ñ^†: Ñ^† → LH̃_2, L̃H_2, L̃H^†_1 and Ñ → L̃H_2 which have the coupling h, hA^∗, hμ and hM, respectively. There are also the usual singlet neutrino decay; N → LH_2 and L̃H̃_2 with the coupling h. For the convenience of our discussion, we take h and M to be real without a loss of generality.

Assuming the boundary condition B = 0 imposed in a certain supersymmetry breaking mechanism, the B term received two important radiative corrections. One comes from the one-loop diagram having L̃ and H_2 in the loop with couplings hM and hA, and the other is the two-loop diagram drawn in Fig. 1.

h hM g g

Ñ Ñ H_2

L̃

H̃_2

L m^∗_{1/2}

Fig. 1. Two-loop diagram with gaugino leading to non-vanishing B parameter and thereby the desired soft letogenesis at TeV scale.

From these diagrams, one finds B ≈ [ 1 π A + α_2 4π^2 m_{1/2} ] Γ M ≪ Γ (10)

where α_2 is the gauge coupling constant g^2/4π. While the first term does not contribute to the lepton asymmetry ϵ (3), the second term gives ϵ ≈ α_2 4π^2

Im(Am^∗_{1/2}) M^2

Δ_{BF} . (11)

Taking Im(Am^∗_{1/2}) = 10^4 GeV^2, M = 1 TeV and Δ_{BF} = 0.1, we obtain the right range of the lepton asymmetry ϵ ∼ 10^{−6}. Note that we have ignored the lepton asymmetry coming from the supersymmetry breaking vertex with the hA coupling. This is a good approximation in the regime of |A| ≪ M where one finds ϵ ∼ α_2 4π^2

Im(Am^∗_{1/2}) M^2 |A|^4 M^4

. (12)

This, of course, becomes important for A ∼ M and the above order of magnitude estimation of the lepton asymmetry still holds. Let us remark that the lepton asymmetry (11, 12) is independent of h^2 or the decay rate Γ, and thus independent of the neutrino mass. That is, the usual out-of-equilibrium condition Γ < H has no direct impact on the lepton asymmetry apart from its effect on the quantity Δ_{BF} . 4. A model

In this section, we consider the possible origin of the TeV seesaw scale M and the initial condition B = 0. For this purpose, we invoke the model [14] where the lepton number symmetry is promoted to the Peccei-Quinn (P Q) symmetry which is introduced to solve the strong CP problem [15]. The original motivation was to relate two intermediate scales, the seesaw scale M and the P Q symmetry breaking scale f_{P Q}, both of which are around 10^{11} GeV [14]. In this scheme, the Higgsino mass parameter μ is generated from the nonrenormalizable term which is dictated by the non-trivial P Q charge assignment to the Higgs bilinear H_1H_2 [16]. Taking now a different point of view, it is conceivable to generate two TeV scale parameters μ and M from the P Q symmetry breaking. To be more specific, let us introduce the singlet fields (P , Q and S) which are responsible for the spontaneous breaking of the P Q symmetry as is done usually. To achieve the desired pattern for the soft terms, we also introduce the supersymmetry breaking field Z in the hidden sector with ⟨Z⟩ ∼ M_P , ⟨F_Z ⟩ ∼ m_{3/2}M_P . Assigning the P Q and R charges to the fields as follows;

L E^c N H_1 H_2 P Q S Z P Q 0 −1 −1 1 1 −1 1 0 0 R −1 1 1 1 1 0 0 2 1

(13)

one obtains the allowed superpotential written as W = h_ee^{Z/MP} LH_1E^c +h_N e^{Z/MP} LH_2N +h_μ P^2 M_P H_1H_2 +h_M

Q^2 M_P NN +h_S S(P Q−f^2_{P Q}) . (14)

Here, we introduced one intermediate scale f_{P Q} ∼ √ m_{3/2}M_P which might be related to the supersymmetry breaking scale ⟨F_Z ⟩. Note that the R symmetry is non-linearly realized by the supersymmetry breaking field Z which behaves like a dilaton field in superstring theories. Now, a crucial ingredient is to assume no-scale supergravity with K = −3 log(Z + Z^∗ −ϕϕ^∗) where ϕ denotes the observable (and P Q) sector fields. In the general supergravity models, the B term receives the contribution of the order m_{3/2} coming from various terms in the supergravity scalar potential [17]. The condition B = 0 could be made by arranging cancellation among various terms, which is however unlikely to occur. As is well-known, the no-scale supergravity provides a restrictive prediction on the soft terms [17], which is also useful for our purpose. With the above superpotential (11), one finds the universal A and B terms as follows; A = ⟨F_Z ⟩ M_P ∼ m_{3/2} and B = 0 (15) together with μ ∼ M ∼ f^2_{P Q}/M_P ∼ m_{3/2} as alluded before.

Here, let us remark that the mechanism of dynamical relaxation for B = 0 was considered in Ref. [18], which is advocated to resolve the associated supersymmetric CP problem. Such a resolution also works in our model as both B terms for the Higgs and scalar RHN sectors vanish.

5. Conclusion

Leptogenesis is a promising way of generating the baryon asymmetry of the Universe which is linked with the origin of neutrino masses and mixing. Besides the widely discussed supersymmeric contribution, leptogenesis may receive an important contribution from supersymmetry breaking. In this paper, we point out that soft supersymmetry breaking involving

CP violation in the gaugino sector, more precisely Im(Am^∗_{1/2}), can be the source of a successful leptogenesis if the B = 0 boundary condition of the soft parameters is realized. This turns out to work for the TeV scale seesaw mechanism. Our analysis implies that leptogenesis can be operative even with a fairly low seesaw scale which is compatible with the low reheat temperature inflation which evades the gravitino problem. Furthermore, it will be interesting to see if certain CP violating phenomena can be observed in future collider experiments associated with the above “leptogensis phase”.

Acknowledgments: The author would like to thank Sacha Davidson and Yosef Nir for valuable comments and criticisms. He is also grateful to IPPP for its hospitality during his visit. His work was supported by the Korea Research Foundation Grant, KRF-2002-070- C00022.

[1] M. Gellmann, P. Ramond and R. Slansky, in Supergravity, eds. P. van Nieuwenhuizen and D.Z.

Freedman (North Holland 1979); T. Yanagida, Proceedings of Workshop on Unified Theory and Baryon number of the Universe, eds. O. Sawada and A. Sugamoto (KEK 1979); R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).

[2] M. Fukugita and T. Yanagida, Phys. Lett. B174, 45 (1986).

[3] L. Covi, E. Roulet and F. Vissani, Phys. Lett. B384, 169 (1996); M. Flanz, E.A. Paschos and U. Sarkar, Phys. Lett. B345, 248 (1995); Phys. Lett. B382, 447 (1996).

[4] For a review and more references, see, M. Plümacher, Ph. D thesis, hep-ph/9807557. [5] Y. Grossman, T. Kashti, Y. Nir and E. Roulet, Phys. Rev. Lett. 91, 251801 (2003), hep-ph/0307081.

[6] G. D’Ambrosio, G.F. Giudice and M. Raidal, Phys. Lett. B575, 75 (2003), hep-ph/0308031. [7] L. Covi, N. Rius, E. Roulet and F. Vissani, Phys. Rev. D57, 93 (1998). [8] J. Ellis, J.E. Kim and D.V. Nanopoulos, Phys. Lett. B145, 181 (1984); J. Ellis, D.V. Nanopoulos, K.A. Olive and S.J Rey, Astropart. Phys. 4, 371 (1996); For a review, see S. Sarkar, Rep. Prog. Phys. 59, 1493 (1996).

[9] M. Kawasaki, K. Kohri, T. Moroi, astro-ph/0402490.

[10] S. Davidson and A. Ibarra, Phys. Lett. B535, 25 (2002); W. Büchmüller, P. Di Bari, M.

Plümacher, Phys. Lett. B547, 128 (2002); Nucl. Phys. B665, 445 (2003); G.F. Giudice, A.

Notari, M. Raidal, A. Riotto and A. Strumia, hep-ph/0310123.

[11] Different mechanisms of TeV scale leptogenesis have been considered by T. Hambye, J. March- Russell and S.M. West, hep-ph/0403183, realizing quasi-degenerate RHN masses; and by L. Boubekeur, T. Hambye and G. Senjanovic, work in progress, which realizes the soft leptogenesis with the hierarchical A term.

[12] For various TeV scale seesaw models, see, N. Arkani-Hamed, L.J. Hall, H. Murayama and D.R. Smith and N. Weiner, Phys. Rev. D64, 115011 (2001); ibid., hep-ph/0007001; F. Borzumati and Y. Nomura, Phys. Rev. D64, 053005 (2001); J. March-Russell and S. West, hep-ph/0403067.

[13] S. Dimopoulos and S. Thomas, Nucl. Phys. B465, 23 (1996).

[14] P. Langacker, R.D. Peccei and T. Yanagida, Mod. Phys. Lett. A1, 541 (1986); A.S. Joshipura, Zeit für Phys, C38, 479 (1988); E.J. Chun, A.S. Joshipura and A.Y. Smirnov, Phys. Rev. D54, 4654 (1996).

[15] For a review, see, J.E. Kim, Phys. Rept. 150, 1 (1987).

[16] J.E. Kim, H.P. Nilles, Phys. Lett. B138, 150 (1984); E.J. Chun, J.E. Kim and H.P. Nilles, Nucl. Phys. B370, 105 (1992).

[17] For a review, see, A. Brignole, L.E. Ibanez and C. Munoz, hep-ph/9707209. [18] M. Yamaguchi and K. Yoshioka, Phys. Lett. B543, 189 (2002).