arXiv:hep-th/0608188 v2 1 Oct 2006

MIFP-06-22

Hidden Sector Baryogenesis

Bhaskar Dutta and Jason Kumar

Department of Physics Texas A&M University College Station, TX 77840, USA

Abstract

We introduce a novel mechanism for baryogenesis, in which mixed anomalies between the hidden sector and U(1)_{baryon} drive the baryon asymmetry. We demonstrate that this mechanism occurs quite naturally in intersecting-brane constructions of the Standard Model, and show that it solves some of the theoretical difficulties faced in matching baryogenesis to experimental bounds. We illustrate with a specific example model. We also discuss the possible signals at the LHC.

August 2006

1 Introduction

One of the great puzzles facing theoretical physics is the question of why we observe so little anti-matter, as compared to matter [1]. The generation of the asymmetry is called baryogenesis, and Sakharov demonstrated [2] that the three conditions required for it to occur are

• Violation of baryon number, B

• C and CP violation

• Departure from thermal equilibrium

Several ideas have been proposed to satisfy these conditions, the most prominent of which are GUT baryogenesis, Affleck-Dine baryogenesis [3], baryogenesis via leptogenesis [4] and electroweak baryogenesis [5]. However all of these models have various theoretical or experimental constraints which make the fit to data problematic.

A parallel thread in model-building has been the construction, within the context of string theory, of intersecting brane models (IBMs) [6, 7, 8] which can perhaps provide a description of real-world low energy physics. These stringy constructions have provided new insights into the types of beyond-the-Standard-Model physics one might expect to find at colliders.

One of the ubiquitous features of these IBMs is the existence of hidden sectors, arising from the gauge theory living on extra branes (above and beyond the visible sector branes needed to generate the Standard Model). It is rather generic in this context for the hidden sector groups to have mixed anomalies with Standard Model U(1)’s. We suggest here a mechanism in which mixed anomalies between baryon number, U(1)_B , and hidden sector gauge groups can drive baryogenesis.

This provides a new mechanism for baryogenesis which not only provides a unique phenomenological signature, but also seems to appear rather generically in a large class of stringy constructions.

2 Motivation

In intersecting brane models, one obtains a Standard Model gauge theory as the low-energy limit of the theory of open strings which begin and end on a set of intersecting D-branes

(the “visible sector”). In such models, however, one generically can find additional D-branes, and the gauge theory living on those branes provides a hidden sector. The strings which stretch between those hidden sector branes, and between hidden and visible sector branes, form exotic matter^1.

In a construction with N = 1 supersymmetry (which arises in orientifold models), the strings stretching between branes yield degrees of freedom which are arranged into chiral multiplets. The net number of bifundamental chiral multiplets^2 stretched between two branes [9] is given by the topological intersection number I_{ab}:

I_{ab} multiplets → (_a,_b) (1)

Nontrivial topological intersections are somewhat generic in many constructions. One of the best understood IBMs arises from toroidal orientifolds (for example, T^6/Z_2 × Z_2(×ΩR) ) of Type IIA string theory, on which D6-branes are wrapped. The branes in this example wrap 3-cycles on the compact dimensions, which can be represented by three coprime ordered-pairs of wrapping numbers: (n_1, m_1)(n_2, m_2)(n_3, m_3), where (n_i, m_i) are the wrapping numbers on the a and b cycles of the ith torus. The topological intersection between branes a and b is then I_{ab} = 3∏ i=1 (n^a_i m^b_i − m^a_i n^b_i ) (2)

It is clear that I_{ab} = 0 only if D6-branes a and b have the same wrapping numbers on at least one torus. For a generic choice of wrapping numbers, this will not be the case, and I_{ab} ≠ 0.

For a more general manifold, an orthogonal basis of 3-forms may be written as α_i, β^j, where ∫ Σ α_i ∧ β^j = δ^j_i . Without loss of generality, assume brane a wraps the 3-cycle dual to α_1. The form dual to the cycle wrapped by brane b is γ = ∑ i a^iα_i + b_iβ^i. (3)

In this case, I_{ab} = 0 only if b_1 = 0. For a generic choice of a_i, b^j , this will not be the case, and again I_{ab} ≠ 0.

It is necessary to ensure that the gauge theory has canceled anomalies. The cancelation of cubic anomalies is automatically ensured by the RR-tadpole constraints (i.e, the constraint

1Since there can be exotic matter charged under both the hidden and Standard Model gauge groups, our hidden sector is more precisely a pseudo-hidden sector.

2Other representations arise when the effects of the orientifold are accounted for, but we will not need them here.

that all space-filling charges cancel). There can also be mixed anomalies, however, which are canceled by a generalized Green-Schwarz mechanism. If a symmetry is broken by such an anomaly, then the associated gauge boson will receive mass through the Steuckelberg mechanism, and the symmetry will appear to be an anomalous global symmetry at lowenergies. If two branes a and b have non-trivial intersection, then there will be chiral fermions transforming under the groups G_a and G_b, where G_{a,b} are the gauge groups living on branes a and b respectively. It is clear from the field theory analysis that there will thus be a U(1)_a − G^2_b mixed anomaly (where U(1)_a is the diagonal U(1) subgroup of G_a) given by

∂_μj^μ_a = I_{ab} 32π^2

T rF_b ∧ F_b (4)

In a large class of intersecting brane world models, SU(3)_{qcd} arises as a subgroup of a U(3) gauge group living on a stack of 3 parallel D-branes (in certain cases where there is an orientifold plane, there will actually be 6 parallel D-branes in this stack). In such cases, the charge under the diagonal U(1)_B is baryon number. As we have seen, U(1)_B will generically have mixed anomalies with other gauge groups (both visible and hidden sector), provided that the U(3)_{qcd} stack of branes and the other stack have non-trivial intersection.

We will consider the case where there is an anomaly between the hidden sector and U(1)_B . As a result, the divergence of the baryon current will be given by ∂_μj^μ_B ∼ T rF ∧ F (5) where F is the field strength of the hidden sector gauge theory. Instantons or sphalerons in the hidden sector will then violate baryon number, providing a source for the baryogenesis.

3 Baryogenesis driven by the hidden sector

Having motivated this mechanism from intersecting brane world constructions, we will develop this idea from the point of view of the low-energy effective field theory. In fact, motivation aside, this mechanism can appear just as readily in non-stringy constructions, and it will be easier to find specific models in low-energy effective field theory. We refer to Ref.[10] for other work on baryogenesis in related contexts.

We will consider a theory with N = 1 SUSY and Standard Model gauge group and matter content, as well as a non-trivial hidden sector including hidden group G. We will need four features:

• The cancelation of all cubic anomalies (in IBMs, this is ensured by the RR-tadpole constraints

• A non-vanishing U(1)_B − G^2 mixed anomaly

• Vanishing U(1)_Y mixed anomalies

• A Yukawa coupling which permits exotic baryons to decay to SM baryons

All multiplets charged under the fundamental of SU(3)_{qcd} have charge^1_3 under U(1)_B . In an intersecting brane model this will arise naturally, as U(1)_B =^1_3 U(1)_{diag} is a gauged subgroup of U(3)_{qcd}. In a more general field theory model, U(1)_B arises simply as a global symmetry.

The vanishing of U(1)_Y mixed anomalies is easy to arrange in intersecting brane models. In that case, U(1)_Y arises as a linear combination of U(1)’s, and in many constructions it is easy to arrange for the existence of such a non-anomalous symmetry. In such constructions, the vanishing of the hypercharge anomaly naturally leads to the existence of the appropriate Yukawa coupling. For example, one might arrange for the U(1)_Y − G^2 anomaly to vanish by ensuring a non-trivial intersection between the G branes and a U(1)_{T3R} brane. But as we will see, this permits a Yukawa coupling which allows exotic quarks to decay to right-handed quarks, plus an exotic scalar. From the effective field theory point of view, we merely need to choose our exotic with matter with appropriate hypercharge couplings to ensure vanishing anomalies and the appropriate Yukawa couplings.

3.1 A specific model

We will now look at a specific model with a hidden gauge group G contained in a larger hidden sector. In our model, we have U(1)_Y =^1_2 (U(1)_B −U(1)_L +U(1)_{T3R} −U(1)_G +...), where U(1)_G is the diagonal U(1) subgroup of G. We have 2 chiral multiplets q_i transforming in the bifundamental of (U(3)_B , G) and with hypercharge Q_Y =^2_3 ; four multiplets λ_j transforming in the fundamental of G with charge Q_{T3R} = −1 and hypercharge Q_Y = −1; one chiral multiplet η transforming in the fundamental of G with charge Q_{T3R} = 1 and hypercharge Q_Y = 0; and one chiral multiplet ξ transforming in the anti-fundamental of G with charge Q_L = 1 and hypercharge Q_Y = 0. The charges for this specific model are described in Table 1. This could arise in a brane model (assuming we label the branes as follows: a = U(3)_B , b = U(1)_{T3R} , c = U(1)_L and g = G) with intersection numbers I_{ag} = 2, I_{gb} = 4, I_{gb}′ = 1, and I_{cg} = 1, where b^′ is the orientifold image of the b brane.

Table 1: Particle spectrum for the example model.

particle Q_B Q_G Q_{T3R} Q_L Q_Y q_i^1_3 -1 0 0^2_3 λ_j 0 1 -1 0 -1 η 0 1 1 0 0 ξ 0 -1 0 1 0

We see that all of this matter is charged under the (anti)fundamental of G, and the net hypercharge of this matter content is zero. As a result, we induce no U(1)_Y − G^2 mixed anomaly. Note however, that U(1)_B and U(1)_{B−L} have mixed anomalies with G. We assume that the rest of the hidden sector cancels the RR-tadpoles. This ensures the cancelation of all cubic anomalies. Assuming that there are no symmetric or antisymmetric representations of SU(3)_{qcd} (which is easy to arrange by a judicious choice of the QCD branes), this also ensures that there are no net chiral exotics.

The divergence of the baryon current will contain a hidden-sector contribution given by ∂_μj^μ_B ∝ 1 32π^2

(g^2_GT r F_G ∧ F_G + ...) (6)

At low energies U(1)_B will appear to be an anomalous global symmetry. We will assume that G and other hidden sector gauge groups break at some scale (breaking or confinement will be necessary in order to avoid exotic massless fermions which are charged under the Standard Model). The breaking of G can involve complicated hidden sector dynamics such as brane recombination [11, 8] in which other hidden sector groups simultaneously break. For a phenomenologically viable model, however, the U(1) hypercharge must remain unbroken.

3.2 Phase transitions and baryogenesis

Having discussed the basic setup, one can now address the way baryogenesis actually occurs. As the universe expands and cools, we assume that there is a phase transition (such as the spontaneous symmetry breaking of G) at some temperature T_C . If this G phase transition is strongly first-order, then it will result the nucleation of expanding bubbles of a broken symmetry vacuum.

At the bubble walls, there will be a departure from equilibrium. During this process, CP can generically be violated in the G-sector. G-sphalerons correspond to transitions from one vacuum of the hidden sector theory to another, and the mixed U(1)_B − G^2 anomaly implies that these transitions are accompanied by a discrete violation of baryon number [12].

All of the Sakharov conditions are thus satisfied, and a baryon asymmetry can be produced during the phase transition. G-sphalerons will be unsuppressed above the phase transition, but will generally be suppressed at low temperatures [13]. Thus, to avoid washout of the produced asymmetry by G-sphalerons after the phase transition, one must demand the usual condition [14] v(T_c) T_c ≥ 1, (7)

where v(T_c) = ⟨ϕ⟩ is the order parameter of the first order phase transition. This mechanism is reminiscent of electroweak baryogenesis [15], but does not suffer from the tunings required to fit electroweak baryogenesis into the parameter space allowed by LEP-II data and EDM bounds [16, 17, 18].

It is interesting to note that the amount of chiral matter charged under G and U(1)_L need not be the same as the amount charged under G and U(1)_B . As a result, there may be a U(1)_{B−L} − G^2 anomaly (indeed, U(1)_L may have no anomaly). In IBMs, one expects a U(1)_{B−L} − G^2 anomaly unless U(1)_L lives on a lepton brane which is parallel to the QCD branes, as in a Pati-Salam model. On thus expects that these G sphalerons can violate both B and B − L. As a result, even if G breaks at a scale significantly larger than TeV, electroweak sphalerons will not wash out the baryon asymmetry. This naturally avoids one of the difficulties of GUT baryogenesis.

Of course, one can choose models where the G-sphaleron does preserve B − L. This will occur if the U(1)_L − G^2 anomaly has the same magnitude as the U(1)_B − G^2 anomaly, as is the case in Pati-Salam constructions of the SM sector (where U(1)_{B−L} is a non-diagonal subgroup of U(4)). In this case, the hidden sector drives baryogenesis only if the scale of G breaking is approximately at or below the electroweak scale. This would be natural in a scenario where supersymmetry breaking is communicated to both the G and SM sectors by gravity/moduli.

In our specific example, the exotic particles generated by the G sphalerons will be the exotic baryons schematically represented by q_iq_iq_i, as well as λ_i, η and ξ. We will use a tilde to represent the scalar of the appropriate chiral multiplet, while the fermion will be represented without a tilde where no confusion is caused. In order to provide realistic baryogenesis, there must be a process whereby the qqq baryons decay to Standard Model baryons and the λ fermions decay to Standard Model particles. Generically, there will be Yukawa coupling terms of the form^3 W_{yuk.} = c_{ik}q_iu^c_kη + d_{jm}λ_j e^c_mξ + ... (8) which allow an exotic q_i quark to decay to u^c and η̃ and allow λ_i to decay to e^c and ξ̃; we assume that these decays are kinematically allowed (if this is not the case, then we would instead find exotic baryons which do not decay to SM baryons). These decays conserve R-parity if we assign the following charges: Q_η = Q_λ = −1, Q_q = Q_ξ = 1. Indeed, we must be sure that λ_i can decay to only charged SM and neutral exotics before nucleosynthesis, in order to avoid Li^6 production bounds [19].

The fields η and ξ can play the role of dark matter particles. These fields can get Majorana masses once the U(1)_{T3R} × U(1)_L symmetry is broken (leaving only U(1)_Y ). The fermionic parts of the fields (assuming they are lighter) can take part in constituing the dark matter of the universe. The annihilation of these new particles can happen via a t-channel exchange of exotic quarks.

But in a more general scenario where U(1)_L is unbroken, ξ cannot obtain a Majorana mass. As ξ is produced by the same G-sphalerons, one expects the ξ number density to be related to the baryon number density (the precise ratio depends on the specifics of a model). In a simple scenario the mass of ξ could be 10m_{proton} which would provide a nice mechanism for relating the baryon and dark matter densities, along the lines of [20].

As we have not specified the precise nature of the hidden sector, it is not clear whether baryogenesis is dominated by local or nonlocal processes. If nonlocal baryogenesis dominates, and if G-sphalerons do not violate L, then one might face a variety of effects which suppress baryogenesis [21].

3.3 Different transitions

In many known intersecting braneworld models, the hidden sector gauge groups are known to confine (the β-function for the USp groups are negative) [7], rather than break at low energies. It is interesting to consider how this impacts baryogenesis. The role of the first-order transition in the Sakharov conditions is to drive the system away from thermal equilibrium. From that point of view, a first-order confining phase transition will do just as well as a symmetry breaking transition. The fundamental question is the suppression of G-sphalerons after the transition. In a Higgsing transition, it is clear that G-sphalerons

3The subscripts on u^c and e^c denote flavors of right-handed up-type quarks and electron-type leptons.

will be suppressed below the transition, and thus would be unable to wash out the baryon asymmetry. But after a confining transition, it is not entirely clear if sphaleron-like processes are suppressed. This is analogous to the question of whether or not strong sphalerons are suppressed at temperatures below Λ_{QCD}. It is of course difficult to make any concrete calculations, due to the inherent difficulties in computing in a strongly coupled gauge theory near confinement. But we expect that there should be a mass-gap on the confining side of the phase transition. Thus, we expect that there will be an upper limit on the size of instantons after confinement. As such, the energy barrier which the sphaleron-like process must cross should have a non-zero minimum size, which in turn implies Boltzmann suppression at low temperatures. So although it is not clear, it seems quite plausible that a first-order confining transition in the G sector can also produce a departure from equilibrium and seed baryogenesis, while shutting off sphalerons to prevent washout.

4 Signatures at the LHC

It is of prime interest to determine the signatures for this type of hidden sector baryogenesis (HSB) at LHC. As mentioned, HSB can occur even if G breaks at a relatively high-scale, provided that B − L is also broken. In this case, however, there will not necessarily be any clear signature visible at LHC. However, if supersymmetry breaking is mediated to both the visible and hidden sectors by gravity, then one might expect G to in any case break at a scale ∼ TeV. One might expect that G-sphaleron processes can then be accessed at LHC. Unfortunately, this is likely not the case. As shown in [22] in the context of electroweak theory, sphalerons can be accessed efficiently at high temperature, but not in high-energy scattering. On the other hand, if G sector particles have masses set by the TeV scale, then they can be produced directly at LHC.

At the LHC, the exotic quark (q) can be pair-produced and the production process in this case would be gg → qq̄ via a t-channel exchange of the exotic quark. The exotic quark q would then decay into q_{SM} and missing energy (η). The q_{SM} could be one of the up type quarks. The Yukawa couplings between the exotic quarks and the SM quarks are controlled by the structure of intersections between the G-branes and SM branes. In general, the signal will be multiple jets +leptons(arising from the decay of top quarks) +missing energy. The exotic quark can also be singly produced via gq → q_{exotic}η. The exotic quark then decays into a SM quark and η. The jet E_T depends on the mass difference between the exotic quark and η. If the E_T is large the signal becomes more easily accessible. So the final state can have a high E_T jet plus missing energy. We can also have leptonic signals once the λs are produced (via Z interaction) which will then decay into lepton plus missing energy (ξ). So the signal is similar as in R-parity conserving SUSY scenarios.

Interestingly, if the exotic quarks do not have the same hypercharge as Standard Model quarks, then the scalars λ and η would have fractional charge. This would provide a unique signature of new physics. But due to the difficulty in decaying fractionally charged particles into SM particles, such models would be tightly bound by cosmology data and direct tests, requiring the fractionally charged particles to recombine or annihilate almost entirely.

5 Conclusions

We have discussed a novel mechanism for baryogenesis which avoids many of the tight constraints arising from electroweak and GUT baryogenesis. This model utilizes a first-order transition in a hidden sector which has a mixed anomaly with U(1)_B to drive baryogenesis. As such, this mechanism naturally provides a way to break B −L, allowing the hidden sector group to break at any scale without washout from electroweak sphalerons (a major concern for GUT baryogenesis). Furthermore, this mechanism does not face the same challenge as electroweak baryogenesis in fitting the precision data from LEP-II and other experiments.

Perhaps most notable, however, is that this mechanism seems natural in IBM’s. Hidden sectors appear generically, and it is quite natural for them to have mixed anomalies with U(1)_B . For an IBM model to be viable, such hidden sector groups (those with matter also charged under SU(3)) must break, and if the breaking is a first-order transition then one would expect baryogenesis. This mechanism can be expected to occur quite naturally, regardless of any other sources of baryon asymmetry. If the exotic baryons produced at the hidden sector transition can decay to SM baryons, then HSB can provide a substantial component of the asymmetry. If not, then it will provide exotic baryons which become a challenge in reconciling the IBM with observation. The signal of this scenario at the LHC will be consistent with multiple jets plus missing energy and jets plus leptons plus missing energy.

This is a fascinating example of how string theoretic input can provide intuition for lowenergy phenomenology and cosmology. It will be interesting to see how this mechanism works in specific models, particularly those IBMs for which flux vacua can be counted. It would be quite interesting to determine, for example, brane models with large amounts of flux vacua which exhibit HSB. An analysis of the open string hidden-sector landscape [23] would be quite useful for this purpose.

Acknowledgements

We gratefully acknowledge Z. Chacko, M. Cvetic, J. Harvey, D. Morrissey, A. Rajaraman, S. Thomas, J. Wells and especially C. Wagner for very helpful discussions. J.K. would like to thank the Aspen Center for Physics, where part of this work was completed, for their hospitality. This work is supported in part by NSF grant PHY-0314712.

References

[1] For a review of the experimental evidence for the baryon asymmetry, see G. Steigman, Ann. Rev. Astron. Astrophys. 14, 339 (1976).

[2] A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967) [JETP Lett. 5, 24 (1967 SOPUA,34,392-393.1991 UFNAA,161,61-64.1991)].

[3] I. Affleck and M. Dine, Nucl. Phys. B 249, 361 (1985).

[4] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).

[5] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B 155, 36 (1985).

A. G. Cohen, D. B. Kaplan and A. E. Nelson, Ann. Rev. Nucl. Part. Sci. 43, 27 (1993) [arXiv:hep-ph/9302210]. M. Quiros, Helv. Phys. Acta 67, 451 (1994). V. A. Rubakov and M. E. Shaposhnikov, Usp. Fiz. Nauk 166, 493 (1996) [Phys. Usp. 39, 461 (1996)] [arXiv:hep-ph/9603208]. A. Riotto and M. Trodden, Ann. Rev. Nucl. Part. Sci. 49, 35 (1999) [arXiv:hep-ph/9901362]. M. Quiros and M. Seco, Nucl. Phys. Proc. Suppl. 81, 63 (2000) [arXiv:hep-ph/9903274]. C. Balazs, M. Carena, A. Menon, D. E. Morrissey and C. E. M. Wagner, SNOWMASS-2005-ALCPG0333 In the Proceedings of the 2005 International Linear Collider Physics and Detector Workshop and 2nd ILC Accelerator Workshop, Snowmass, Colorado, 14-27 Aug 2005

[6] R. Blumenhagen, L. Goerlich, B. Kors and D. Lust, JHEP 0010, 006 (2000) [arXiv:hep-th/0007024]. C. Angelantonj, I. Antoniadis, E. Dudas and A. Sagnotti, Phys. Lett. B 489, 223 (2000) [arXiv:hep-th/0007090]. R. Blumenhagen, L. Goerlich, B. Kors and D. Lust, Fortsch. Phys. 49, 591 (2001) [arXiv:hep-th/0010198]. G. Aldazabal, S. Franco, L. E. Ibanez, R. Rabadan and A. M. Uranga, J. Math. Phys. 42, 3103 (2001) [arXiv:hep-th/0011073]. G. Aldazabal, S. Franco, L. E. Ibanez, R. Rabadan and A. M. Uranga, JHEP 0102, 047 (2001) [arXiv:hep-ph/0011132]. M. Cvetic, G. Shiu and A. M. Uranga, Nucl. Phys. B 615, 3 (2001) [hep-th/0107166]; D. Cremades, L. E. Ibanez and F. Marchesano, JHEP 0207, 022 (2002) [hep-th/0203160]; M. Cvetic, P. Langacker and G. Shiu, Nucl. Phys. B 642, 139 (2002) [hep-th/0206115]; R. Blumenhagen, V. Braun, B. Kors and D. Lust, arXiv:hep-th/0210083. A. M. Uranga, Class. Quant. Grav. 20, S373 (2003) [arXiv:hep-th/0301032]. E. Kiritsis, Fortsch. Phys. 52, 200 (2004) [Phys. Rept. 421, 105 (2005 ERRAT,429,121-122.2006)] [arXiv:hep-th/0310001]. D. Lust, Class. Quant. Grav. 21, S1399 (2004) [arXiv:hep-th/0401156]. G. Honecker and T. Ott, Phys. Rev. D 70, 126010 (2004) [Erratum-ibid. D 71, 069902 (2005)] [arXiv:hep-th/0404055]. C. Kokorelis, hep-th/0406258; hep-th/0410134; Nucl. Phys. B 732, 341 (2006) [hep-th/0412035]; R. Blumenhagen, M. Cvetic, P. Langacker and G. Shiu, Ann. Rev. Nucl. Part. Sci. 55, 71 (2005) [arXiv:hep-th/0502005]. J. Kumar and J. D. Wells, JHEP 0509, 067 (2005) [arXiv:hep-th/0506252]. C. M. Chen, T. Li and D. V. Nanopoulos, Nucl. Phys. B 732, 224 (2006) [hep-th/0509059]; C. M. Chen, V. E. Mayes and D. V. Nanopoulos, Phys. Lett. B 633, 618 (2006) [arXiv:hep-th/0511135]. B. Dutta and Y. Mimura, Phys. Lett. B 633, 761 (2006) [arXiv:hep-ph/0512171]. C. M. Chen, T. Li and D. V. Nanopoulos, Nucl. Phys. B 740, 79 (2006) [arXiv:hep-th/0601064].

[7] M. Cvetic, P. Langacker and J. Wang, Phys. Rev. D 68, 046002 (2003) [arXiv:hep-th/0303208]. M. Cvetic, T. Li and T. Liu, Nucl. Phys. B 698, 163 (2004) [arXiv:hep-th/0403061].

[8] F. Marchesano and G. Shiu, Phys. Rev. D 71, 011701 (2005) [arXiv:hep-th/0408059].

F. Marchesano and G. Shiu, JHEP 0411, 041 (2004) [arXiv:hep-th/0409132].

[9] M. Berkooz, M. R. Douglas and R. G. Leigh, Nucl. Phys. B 480, 265 (1996) [arXiv:hep-th/9606139].

[10] F. Bauer, M. T. Eisele and M. Garny, Phys. Rev. D 74, 023509 (2006) [arXiv:hep-ph/0510340]. L. E. Ibanez, arXiv:hep-th/0602279.

[11] S. Kachru and J. McGreevy, Phys. Rev. D 61, 026001 (2000) [arXiv:hep-th/9908135].

M. Cvetic, G. Shiu and A. M. Uranga, Nucl. Phys. B 615, 3 (2001) [arXiv:hep-th/0107166]. J. Kumar, Int. J. Mod. Phys. A 21, 3441 (2006) [arXiv:hep-th/0601053]. J. Kumar and J. D. Wells, arXiv:hep-th/0604203.

[12] G. ’t Hooft, Phys. Rev. D 14, 3432 (1976) [Erratum-ibid. D 18, 2199 (1978)].

[13] N. S. Manton, Phys. Rev. D 28, 2019 (1983). F. R. Klinkhamer and N. S. Manton, Phys. Rev. D 30, 2212 (1984). D. Bodeker, Phys. Lett. B 426, 351

(1998) [arXiv:hep-ph/9801430]. P. Arnold and L. G. Yaffe, Phys. Rev. D 62, 125014 (2000) [arXiv:hep-ph/9912306]. P. Arnold, Phys. Rev. D 62, 036003 (2000) [arXiv:hep-ph/9912307]. G. D. Moore and K. Rummukainen, Phys. Rev. D 61, 105008 (2000) [arXiv:hep-ph/9906259]. G. D. Moore, Phys. Rev. D 62, 085011 (2000) [arXiv:hep-ph/0001216].

[14] A. I. Bochkarev and M. E. Shaposhnikov, Mod. Phys. Lett. A 2, 417 (1987).

[15] P. Huet and A. E. Nelson, Phys. Rev. D 53, 4578 (1996) [arXiv:hep-ph/9506477].

[16] K. Jansen, Nucl. Phys. Proc. Suppl. 47, 196 (1996) [arXiv:hep-lat/9509018]. K. Rummukainen, M. Tsypin, K. Kajantie, M. Laine and M. E. Shaposhnikov, Nucl. Phys. B 532, 283 (1998) [arXiv:hep-lat/9805013]; arXiv:hep-ph/9809435. M. Carena, M. Quiros and C. E. M. Wagner, Phys. Lett. B 380, 81 (1996) [arXiv:hep-ph/9603420]. M. Losada, Phys. Rev. D 56, 2893 (1997) [arXiv:hep-ph/9605266]; Nucl. Phys. B 569, 125 (2000) [arXiv:hep-ph/9905441]. M. Laine, Nucl. Phys. B 481, 43 (1996) [Erratum-ibid. B 548, 637 (1999)] [arXiv:hep-ph/9605283]. G. R. Farrar and M. Losada, Phys. Lett. B 406, 60 (1997) [arXiv:hep-ph/9612346]. D. Bodeker, P. John, M. Laine and M. G. Schmidt, Nucl. Phys. B 497, 387 (1997) [arXiv:hep-ph/9612364]. B. de Carlos and J. R. Espinosa, Nucl. Phys. B 503, 24 (1997) [arXiv:hep-ph/9703212]. M. Carena, M. Quiros and C. E. M. Wagner, Nucl. Phys. B 524, 3 (1998) [arXiv:hep-ph/9710401]. M. Laine and K. Rummukainen, Nucl. Phys. B 535, 423 (1998) [arXiv:hep-lat/9804019]. M. Laine and M. Losada, Nucl. Phys. B 582, 277 (2000) [arXiv:hep-ph/0003111].

[17] R. Barate et al. [LEP Working Group for Higgs boson searches], Phys. Lett. B 565, 61 (2003) [arXiv:hep-ex/0306033].

[18] C. Balazs, M. Carena, A. Menon, D. E. Morrissey and C. E. M. Wagner, Phys. Rev. D 71, 075002 (2005) [arXiv:hep-ph/0412264]. V. Cirigliano, S. Profumo and M. J. Ramsey- Musolf, JHEP 0607, 002 (2006) [arXiv:hep-ph/0603246]. S. J. Huber, T. Konstandin, T. Prokopec and M. G. Schmidt, arXiv:hep-ph/0606298.

[19] M. Kaplinghat and A. Rajaraman, arXiv:astro-ph/0606209. M. Pospelov, arXiv:hep-ph/0605215.

[20] D. B. Kaplan, Phys. Rev. Lett. 68, 741 (1992). G. R. Farrar and G. Zaharijas, arXiv:hep-ph/0406281. D. Hooper, J. March-Russell and S. M. West, Phys. Lett. B 605, 228 (2005) [arXiv:hep-ph/0410114]. R. Kitano and I. Low, Phys. Rev. D 71, 023510 (2005) [arXiv:hep-ph/0411133]. N. Cosme, L. Lopez Honorez and M. H. G. Tytgat, Phys.

Rev. D 72, 043505 (2005) [arXiv:hep-ph/0506320]. T. Banks, S. Echols and J. L. Jones, arXiv:hep-ph/0608104.

[21] R. N. Mohapatra and X. m. Zhang, Phys. Rev. D 45, 2699 (1992). G. F. Giudice and M. E. Shaposhnikov, Phys. Lett. B 326, 118 (1994) [arXiv:hep-ph/9311367]. G. D. Moore, Phys. Lett. B 412, 359 (1997) [arXiv:hep-ph/9705248].

[22] M. Dine, O. Lechtenfeld, B. Sakita, W. Fischler and J. Polchinski, Nucl. Phys. B 342, 381 (1990).

[23] J. Gomis, F. Marchesano and D. Mateos, JHEP 0511, 021 (2005) [arXiv:hep-th/0506179].