arXiv:hep-ph/0606172 v3 15 Aug 2006

Flavor Changing Neutral Currents, an Extended Scalar Sector, and the Higgs Production Rate at the LHC

Aneesh V. Manohar^1 and Mark B. Wise^2 1Department of Physics, University of California at San Diego, La Jolla, CA 92093 2California Institute of Technology, 452-48, Pasadena, CA 91125 (Dated: August 15, 2006)

We study extensions of the standard model with additional colored scalar fields which can couple directly to quarks. Natural suppression of flavor changing neutral currents implies minimal flavor violation, and fixes the scalars to transform as (8, 2)_{1/2} under the SU(3) × SU(2) × U(1) gauge symmetry. We explore the phenomenology of the standard model with one additional (8, 2)_{1/2} scalar, and discuss how this extension can modify flavor physics and the Higgs boson production rate at the LHC. Custodial SU(2) symmetry can be implemented for the octet scalars since they transform as a real color representation. Additional weak scale degrees of freedom needed for gauge unification are discussed.

I. INTRODUCTION

The minimal standard model for strong weak and electromagnetic interactions has been extremely successful. However, the recent measurement of neutrino masses requires some modifications to the minimal theory, the simplest being the addition of nonrenormalizable dimension five operators which generate neutrino masses and mixings. The smallness of the neutrino masses, and the fact that in the minimal standard model the couplings almost unify [1], suggests that unification of the strong weak and electromagnetic interactions occurs at some high scale, and neutrino mass terms are generated by the seesaw mechanism [2].

Most of the extensions of the standard model with new physics at the TeV scale have been motivated by the hierarchy puzzle, i.e., why is the weak scale so small compared with the Planck or unification scales. However, the measured value of the cosmological constant suggests that a fine tuning that is qualitatively similar to that needed to achieve the smallness of the weak scale is needed for the cosmological constant. Perhaps we are not looking at this issue correctly.

If one does not adopt the hierarchy puzzle as the criteria for motivating extensions of the standard model then one can take a more general point of view. Certainly the hypothesis that the scalar sector contains a single scalar doublet has not been tested experimentally. Adding additional scalars that can couple to the quarks typically results in unacceptably large flavor changing neutral currents.^1 Glashow and Weinberg [3] studied extensions with many scalar doublets, and found that if one scalar coupled to the up type quarks and one scalar to the down type quarks, then large tree level flavor changing neutral currents are avoided. They noted that this can be en-

1 We use the phrase “flavor changing neutral currents” even though

scalars couple to quark bilinears that are scalars and not four vectors

forced by discrete symmetries.

In this paper, we study the most general scalar structure of the standard model, which naturally maintains the smallness of flavor changing neutral currents. In the minimal standard model, the Yukawa interactions of the Higgs doublet with the quarks are the only interactions that violate the SU (3)_U × SU (3)_D × SU (3)_Q flavor symmetry. Here SU (3)_U acts on the right-handed up type quarks, SU (3)_D on the right handed down type quarks, and SU (3)_Q on the left handed quark doublets. By studying the breaking of this flavor symmetry, we show in Sec. II that the smallness of flavor changing neutral currents implies the principle of minimal flavor violation (MFV) [4], and restricts the scalars that can Yukawa couple to the quarks to either: (1) have the same gauge quantum numbers as the Higgs doublet, or (2) transform under SU (3) × SU (2) × U (1) as (8, 2)_{1/2}. The phenomenology of the minimal standard model with an additional (8, 2)_{1/2} scalar is studied in the remainder of this paper. This model contains additional sources of CP nonconservation beyond the standard model CKM phase. The new sources of CP nonconservation give rise to a contribution to the electric dipole moment of the neutron that can be near its present experimental limit. The phenomenology of color octet scalars (in the context of Pati-Salam unification) has been studied in Ref. [5].

In a previous paper [6], we showed that the production rate for the Higgs particle at the LHC is very sensitive to new physics. In this paper we show that for a range of parameters, the color octet scalars we have added can have a significant impact on the rate for Higgs production through gluon fusion. Even though there are no flavor changing neutral currents from tree level color octet scalar exchange, the charged octet scalars induce flavor changing effects through loop graphs. These small deviations in the standard model predictions may be of interest in future high precision tests of the flavor structure of the standard model.

There are two perspectives one can have on the model we are studying. One is to treat the scalars as fundamental up to some very high scale. In this case, it is desirable to have unification of the gauge couplings. We show that if one adds three real scalars with SU (3) × SU (2) × U (1) quantum numbers (1, 3)_0 then acceptable unification is achieved with a unification scale that is large enough to suppress proton decay. On the other hand it is possible that the scalars observed are only the low energy remnants of some more complicated dynamics for the scalar sector that becomes manifest at an energy scale much below the GUT or Planck scales.

The next section outlines constraints on the SU (3) × SU (2)×U (1) quantum numbers of additional scalars that couple to quarks and naturally have no tree level flavor changing neutral currents. The explicit model we consider is given in Section III. Section IV discusses the effects of the octet scalars on precision electroweak physics, and on the Higgs production cross-section. Flavor physics and the electric dipole moment of the neutron are discussed in sections V and VI. In section VII, the production cross section of the color octet scalars at the LHC is computed at leading order. Some possible decays of these states are briefly discussed. The impact of the new scalars on unification of the coupling constants is studied in Section VIII. Concluding remarks are given in section IX.

II. FLAVOR CHANGING NEUTRAL CURRENTS AND MINIMAL FLAVOR VIOLATION

We will consider a generalization of the standard model, where we include, in addition to the usual Higgs doublet H, all possible scalar representations which can couple to quarks. We require that the theory naturally have suppressed flavor changing neutral currents. This requirement, that flavor conservation by neutral currents “follows from the group structure and representation content of the theory, and does not depend on the values taken by the parameters of the theory” was formulated by Glashow and Weinberg [3]. We will see that it greatly limits the possible scalar content of the theory and allowed scalar couplings.

The standard model quark Yukawa couplings are

L = −g^U_{ij}ū_{Ri}Q_j H − g^D_{ij} d̄_{Ri}Q_jH^† + h.c., (1)

where i and j are flavor indices, and gauge indices have been omitted. The Yukawa couplings generate the mass matrices M^U_{ij} = g^U_{ij} ⟨H⟩ , M^D_{ij} = g^D_{ij} ⟨H⟩^† , (2) for the charge 2/3 and −1/3 quarks when the Higgs field gets a vacuum expectation value ⟨H⟩ = v/ √ 2. If there are no tree-level flavor changing neutral currents in the Higgs sector, one requires that the Yukawa couplings for the neutral Higgs boson be diagonal in the basis where the quark mass terms are diagonal [3]. This is automatically satisfied by Eq. (1), since the Yukawa couplings and mass matrices are proportional to each other. The standard model Lagrangian has an SU (3)_U × SU (3)_D × SU (3)_Q flavor symmetry under which the Yukawa couplings can be considered as sources which transform as g^U ∼ (3_U , ¯3_Q), g^D ∼ (3_D, ¯3_Q) so that Eq. (1) preserves the flavor symmetry. The flavor symmetry is explicitly broken by setting g^{U,D} equal to fixed matrices.

Now consider the most general set of scalars that can Yukawa couple to standard model quarks through either quark bilinears or quark-lepton bilinears. The possible scalar representations are (1, 2)_{1/2}, (8, 2)_{1/2}, (6, 3)_{1/3}, (6, 1)_{4/3,1/3,−2/3}, (3, 3)_{−1/3}, (3, 1)_{2/3,−1/3,−4/3}, and their complex conjugates, and there may be multiple scalars of each type. Natural neutral current flavor conservation requires that the neutral scalars in all these multiplets automatically have diagonal Yukawa couplings in the basis in which the quark mass matrix is diagonal.

The case of multiple Higgs doublets in the (1, 2)_{1/2} representation was studied by Glashow and Weinberg [3], and we summarize their argument here: One has a set of fields H_α and Yukawa matrices g^{U,D}_α , and the fermion mass matrices are

M^U = ∑ α g^U_α ⟨H_α⟩ , M^D = ∑ β g^D_β ⟨H_β⟩^† . (3)

We require that g^{U,D}_α be diagonal in the same basis where M^{U,D} are diagonal. A natural way this is possible is for there to be only one term in the sum for M^U and only one term in the sum for M^D, i.e. only one scalar doublet couples to the u-type quarks, and one scalar doublet couples to the d-type quarks. The non-zero terms in Eq. (3) can have α = β, or α ≠ β. This is the Glashow-Weinberg criterion for Higgs couplings [3].

We now analyze the Glashow-Weinberg criterion in a group-theoretic way. We will see that it leads to a more general solution than the one in Ref. [3], and also implies the MFV principle [4]. The group-theoretic analysis then generalizes trivially to the case of colored scalars.

g^U_α and M^U transform as (3_U , ¯3_Q) under the flavor symmetry, and g^D_α and M^D transform as (3_D, ¯3_Q). We require that g^U_α are simultaneously diagonal in basis where M^U is diagonal, i.e. that g^U_α and M^U all break SU (3)_U × SU (3)_Q to the same diagonal U (1)^2 subgroup. The only natural way^2 this is possible is for there to be one independent symmetry breaking matrix G^U transforming as (3_U , ¯3_Q), with g^U_α ∝ G^U , M^U ∝ G_U . Similarly, there is one symmetry breaking matrix G^D transforming as (3_D , ¯3_Q), with g^D_α ∝ G^D, M^D ∝ G_D. In summary, all the flavor symmetry breaking terms must be proportional to the matrices G^{U,D}. This is sometimes referred to as MFV [4]; we see that it is a consequence of imposing natural flavor conservation of neutral currents. It allows for Eq. (3) with several terms in each sum, pro-

2 See Appendix A for some comments on naturalness.

vided all the Yukawa matrices are proportional to G^U and G^D.

In our case, one has Yukawa coupling matrices for all the allowed scalar representations which can couple to quarks. Natural neutral current flavor conservation requires that all these Yukawa couplings must be obtained from the basic invariants G^{U,D}, so that they are flavor diagonal in the basis where G^{U,D} (and hence M^{U,D}) are flavor diagonal. This requirement eliminates most of the allowed scalar representations. For example ϕ = (6, 3)_{1/3} couples to Q_iQ_j, and has a Yukawa coupling which transforms as ¯6_Q under flavor, since the symmetric product Q_iQ_j transforms as 6_Q under flavor. It is not possible to make a ¯6_Q from any product of G^U ∼ (3_U , ¯3_Q) and G_D ∼ (3_D, ¯3_Q). A simple way to see this is to look at triality under the diagonal SU (3) group. G^{U,D} have triality 0, and ¯6_Q has triality one. The only representations which have Yukawa couplings to quarks with natural flavor conservation are the (1, 2)_{1/2} and (8, 2)_{1/2}, and the allowed couplings automatically satisfy the MFV constraint. The (8, 2)_{1/2} Yukawa couplings have the same form as the (1, 2)_{1/2} couplings in Eq. (1) except for the color structure and an overall normalization,

L = −η_U g^U_{ij}ū_{Ri}T^AQ_jS^A − η_Dg^D_{ij} d̄_{Ri}T^AQ_jS^{A †} + h.c. , (4) where η_{U,D} are (complex) constants.

The above analysis does not readily generalize to leptons because of incomplete information on the neutrino sector of the theory. There are strong experimental constraints on flavor changing neutral currents in the charged lepton sector, from limits on processes such as K → μe, μ → eγ and μ → 3e, but no comparable limits on flavor changing neutral currents in the neutrino sector. It is also not known whether there are only light doublet neutrinos with Majorana masses, or whether there also exist light singlet neutrinos. The possible scalars which can couple to lepton bilinears (including possible singlet neutrinos) have the quantum numbers (1, 2)_{1/2}, (1, 3)_1, and (1, 1)_{2,1,0}.

III. THE MODEL

The quantum numbers of scalars that can couple to quarks, and hence influence precision flavor physics, are very constrained by the principle of MFV. From the point of view of LHC phenomenology, the case of additional color octets is particularly interesting because virtual color octets that couple to the standard model Higgs doublet through the scalar potential can have a significant impact on the rate for Higgs production through gluon fusion. Motivated by this we study a simple model that adds to the minimal standard model a (8, 2)_{1/2} scalar multiplet

S^A = ( S^{+A} S^{0A} ) , (5) where A = 1, . . . , 8 is an adjoint color index. The usual (1, 2)_{1/2} Higgs doublet is denoted by H.

The most general renormalizable scalar potential is,

V = λ 4 ( H^{†i}H_i − v^2 2 )_2

+ 2m^2_S Tr S^{†i}S_i

+λ_1H^{†i}H_iTr S^{†j}S_j + λ_2H^{†i}H_jTr S^{†j}S_i + [ λ_3H^{†i}H^{†j}Tr S_iS_j + λ_4H^{†i}Tr S^{†j} S_j S_i

+λ_5H^{†i}Tr S^{†j}S_iS_j + h.c. ] +λ_6Tr S^{†i}S_iS^{†j}S_j + λ_7Tr S^{†i}S_j S^{†j} S_i

+λ_8Tr S^{†i}S_iTr S^{†j}S_j + λ_9Tr S^{†i}S_j Tr S^{†j}S_i

+λ_{10}Tr S_iS_j Tr S^{†i}S^{†j} + λ_{11}Tr S_iS_j S^{†j}S^{†i}. (6) We have explicitly displayed the SU (2) indices on the Higgs doublet and on the color octet scalars. Traces are over color indices and the notation, S = S^AT^A is used. λ_3 has been made real by a phase rotation of the S fields. With this phase convention, the phases of η_{U,D}, and λ_{4,5} represent additional sources of CP violation beyond those in the minimal standard model.

The custodial SU (2) symmetry of the standard model can be extended to this theory, since S^A is an SU (2) doublet and a real representation under color. One can construct^3

S^A = ( S^{0∗A} S^{+A} −S^{−A} S^{0A} ) (7) in analogy with the Higgs doublet H = ( H^{0∗} H^+ −H^− H^0 ) (8) which transform under custodial SU (2) as H → U HU^†, S^A → U S^AU^†. (9)

This symmetry is left unbroken by the Higgs vacuum expectation value ⟨H⟩ = (_{v√} 2 0 0^{v√}_2 ) . (10)

The potential Eq. (6) is custodial SU (2) symmetric if

2λ_3 = λ_2, 2λ_6 = 2λ_7 = λ_{11}, λ_9 = λ_{10}. (11)

3 This construction would not be possible if the scalars transformed under a complex color representation since the different components of S would transform differently under color.

The Higgs vacuum expectation value causes a tree level mass splitting between the octet scalars. It is convenient to decompose the neutral complex octet scalars into two real scalars,

S^{A0} =

S^{A0}_R + iS^{A0}_I √ 2 . (12)

Then the tree level mass spectrum is,

m^2_S± = m^2_S + λ_1 v^2 4 , m^2_S0_R = m^2_S + (λ_1 + λ_2 + 2λ_3) v^2 4 , m^2_S0_I = m^2_S + (λ_1 + λ_2 − 2λ_3) v^2 4 . (13)

The Yukawa couplings of the octet scalars to the quarks are given in Eq. (4). In the quark mass eigenstate basis these Yukawa couplings are L = − √ 2η_U ū^i_R m^i_U v T^Au^i_LS^{A0} + h.c. + √ 2η_U ū^i_R m^i_U v T^AV_{ij}d^j_LS^{A+} + h.c. − √ 2η_Dd̄^i_R m^i_D v T^Ad^i_LS^{A0†} + h.c. − √ 2η_Dd̄^i_R m^i_D v V^†_{ij} T^Au^j_LS^{A−} + h.c., (14)

where V is the Cabibbo-Kobayashi-Maskawa matrix and T^A are the eight color generators. Lower case Roman letters are used to denote mass eigenstate fields so, for example, u^1 is the up quark field and m^1_U is its mass.

Which color octet state is the lightest depends on the parameters in the scalar potential. If a neutral state is the lightest, then the heavier charged ones can decay to it by emitting a charged W boson. Whether the W is real or virtual depends on the magnitude of the mass splitting. Similarly if the charged states are the lightest the two neutral states might be able to decay to them via emission of a charged W boson. The color octet scalars can also decay to quarks. The charged ones decay almost exclusively to tb̄ and the two neutral color octet scalars decay almost exclusively to t̄t.

Γ(S^+ → tb̄) = |η_U |^2 16πm^3_S ( m_t v )_2 |V_{tb}|^2 ( m^2_S − m^2_t

)_2 , Γ(S^0_R → tt̄) = m_S 16π (m_t v )_2 [ |Re η_U |^2 ( 1 − 4m^2_t m^2_S )_{3/2}

+ |Im η_U |^2 ( 1 − 4m^2_t m^2_S )_{1/2}] ,

Γ(S^0_I → tt̄) = m_S 16π (m_t v )_2 [ |Re η_U |^2 ( 1 − 4m^2_t m^2_S )_{1/2}

+ |Im η_U |^2 ( 1 − 4m^2_t m^2_S )_{3/2}] . (15)

IV. ELECTROWEAK AND HIGGS PHYSICS

For weak scale physics, the colored scalars can be integrated out and their effects are encoded in the coefficients of non-renormalizable operators that are SU (3) × SU (2) × U (1) invariant. We are most interested in the non-renormalizable operators that, when added to those in the minimal standard model, change the rates for the processes gg → h, h → γγ and h → Zγ. These processes are accessible at the LHC, and since in the standard model they arise from one-loop matrix elements, they are sensitive to beyond the standard model physics. The total width for Higgs decay is approximately independent of the contributions of the higher dimension operators we are considering since for a light Higgs the total width is dominated by the channels, h → bb̄, h → cc̄, h → τ τ̄ , h → ZZ^∗ , h → W W^∗ which arise in the standard model from tree level matrix elements. For a heavier Higgs the decay rate is dominated by h → ZZ and h → W W which also occur at tree level and hence are insensitive to the effects of virtual color octet scalars.^4

Assuming CP conservation the correction to the Lagrange density from the dimension six operators that contribute to σ(gg → h), Γ(h → γγ) and Γ(h → Zγ) are δL = − c_Gg^2_3 2Λ^2 H^†HG^A_{μν}G^{Aμν} − c_W g^2 2Λ^2 H^†HW^a_{μν} W^{aμν} − c_B g^2_1 2Λ^2 H^†HB_{μν} B^{μν} − c_{W B} g_1g_2

2Λ^2 H^†σ^aHB_{μν} W^{aμν} , (16) where g_1, g_2 and g_3 are the weak hypercharge, SU (2) and strong SU (3) gauge couplings, B^{μν} is the field strength tensor for the hypercharge gauge group, W^{aμν} is the field strength tensor for the weak SU (2) gauge group and G^{Aμν} is the strong interaction field strength tensor. The first three terms in Eq. (16) are not constrained by precision electroweak physics. If we replace the Higgs field by its vacuum expectation value then they just give a redefinition of the gauge couplings. However the last term contributes to the precision electroweak variable S [7].

Integrating out the color octet scalars at one loop we find that, c_G Λ^2 = 3 2 c_W Λ^2 = 3 2 c_B Λ^2 = − (2λ_1 + λ_2) 64π^2m^2_S , c_{W B} Λ^2 = − λ_2 48π^2m^2_S c_{γγ} Λ^2 ≡ c_W + c_B − c_{W B} Λ^2 = − λ_1 24π^2m^2_S

. (17)

4 Throughout this paper we assume v^2/m^2_S is significantly less than unity. The center of mass energy of the LHC is s = 14 TeV, which is larger than m_S . Nevertheless, one can still integrate out S to compute its effect on Higgs production, because gg → h is governed by the parton center of mass energy ŝ = m^2_h.

The coefficient c_{W B} is constrained by the experimental results on the precision electroweak parameter S. Explicitly, c_{W B} = − 1 8π Λ^2 v^2

S. (18)

The current experimental limit is S = −0.13 ± 0.10. The constraint on S does not restrict the value of c_G to be so small that it has a negligible impact on Higgs production at the LHC. For example, consider the case m_S = 0.75 TeV, λ_1 = 4 and λ_2 = 1. Then we have that S ≃ 0.006, c_G = −0.03 (Λ/1 TeV)^2 and c_{γγ} = −0.03 (Λ/1 TeV)^2. A value of c_G this large causes almost a factor of two increase in the Higgs production rate at the LHC [6], while decreasing the H → γγ branching ratio by about 10%. At present, the standard model gluon fusion Higgs production cross section has been calculated to NNLO order and a soft gluon resummation has been done [8, 9, 10]. The theoretical uncertainty from higher order QCD corrections is estimated to be around 10%. There are also additional sources of uncertainly in the theoretical prediction for the cross section, for example, from the uncertainty in the parton distributions and the top quark mass. An enhancement by a factor of two is well outside the uncertainties in the standard model Higgs production rate.

The Higgs vacuum expectation value causes a tree level splitting between the charged and neutral S scalars. This gives a contribution to the rho parameter, ρ = M^2_{W +} − M^2_{W 3} M^2_W

. (19)

The change in the rho parameter induced by the color octet scalars is,

Δρ = α dim 16π sin^2 θ_W M^2_W × [ 1 2 f(m_+ , m_R) + 1 2 f(m_+ , m_I ) − 1 2 f(m_R , m_I ) ]

(20)

where m_+ is the charged scalar mass, and m_{R,I} are the neutral scalar masses and dim = 8 is the dimension of the color representation of the scalars. The function f is,

f(m_1, m_2) = m^2_1 + m^2 −

2m^2_1m^2 m^2_1 − m^2 ln m^2_1 m^2

. (21)

For m_1 ≃ m_2

f(m_1, m_2) ≃ ( m^2_1 − m^2

)_2

3m^2_1

, (22)

so that Eq. (20) is approximately Δρ ≃ α 6π sin^2 θ_W M^2_W m^2_{+,R,I} ( m^2_+ − m^2_R ) ( m^2_+ − m^2_I ) (23) where m^2_{+,R,I} is a typical scalar mass, and we have used dim = 8. Using the masses in Eq. (13) gives Δρ ≃ αv^4 96π sin^2 θ_W M^2_W m^2_S ( λ^2 − 4λ^2_3 )

= sin^2 θ_W M^2_W 96απ^3m^2_S ( λ^2 − 4λ^2_3 ) . (24)

Note that the scalar contribution to the rho parameter is related to their contribution to the precision electroweak parameter T by Δρ = αΔT . Suppose m_S = 0.75 TeV, λ_2 = 1 and λ_3 = 1. Then the color octet scalars contribute ΔT = −0.04 which is consistent with the experimental constraint, T = −0.17 ± 0.12.

V. FLAVOR PHYSICS

Virtual charged octet scalar exchange gives rise to new contributions to rare weak processes. For example, one loop diagrams give an additional contribution to the effective Hamiltonian for |ΔS| = 2 K^0 − K̄^0 mixing. This system has provided important constraints on extensions of the scalar sector that contain several (color singlet) Higgs doublets [11]. Writing the new contribution to the effective Hamiltonian in the form,

δH^{(|ΔS|=2)} = C[V^∗_{td}V_{ts}]^2(d̄_Lγ^ν s_L)(d̄_Lγ^ν s_L) + h.c., (25)

we find that at one loop (neglecting, for simplicity, terms suppressed by m^2_W /m^2_S and m^2_t /m^2_S ) the Wilson coefficient C is

C = |η_U |^2

M^2_W m^4_t 24π^2v^4(m^2_t − m^2_W )m^2_S [ 1 − 1 4 ( m^2_t m^2_W )

+ 1 4(m^2_t − m^2_W ) ( 4M^2_W ln ( M^2_W m^2_t )

+ m^2_t M^2_W

(m^2_t − 2m^2_W )ln ( m^2_S m^2_t ) + m^2_W ln ( m^2_S M^2_W ))]

+|η_U |^4 m^4_t 16π^2v^4m^2_S 11 18 . (26)

Here we used the Fierz identities

(d̄_Lγ^ν T^As_L)(d̄_LT^Aγ^ν s_L) = 1 3 (d̄_Lγ^ν s_L)(d̄_Lγ^ν s_L), (27) and (d̄_Lγ^ν T^AT^Bs_L)(d̄_LT^B T^Aγ^ν s_L) = 11 18 (d̄_Lγ^ν s_L)(d̄_Lγ^ν s_L). (28) It is understood that in Eq. (26) the Wilson coefficient is evaluated at a subtraction point of order M_W . We don’t include renormalization group running between m_S and M_W but integrate out the color octet scalars, the top quark and the W -bosons at once. Since we are considering color octet scalars that are heavier than the Higgs doublet vacuum expectation value v, and η_U is a free parameter, it is evident that Eq. (26) can give an acceptably small contribution to K^0 − K̄^0 mixing.

If η_D, is not small then the effects of virtual charged octet can be quite important for weak radiative B-meson decay. For small η_U , the effective Hamiltonian gets the additional contribution

δH^{(γ)} = C_γ [V^∗_{ts}V_{tb}]em_bs̄_Lσ_{μν}F^{μν} b_R + h.c. , (29)

with Wilson coefficient

C_γ = η^∗_U η^∗_D ( m^2_t v^2 ) 1 18π^2m^2_S f_γ (m^2_t /m^2_S ), (30)

where

f_γ (x) = 1 4 ( 1 + 2xlnx − x^2 (1 − x)^3 ) + ( −1 − lnx + x (1 − x)^2 ) . (31)

η_U and η_D also enter the effective Hamiltonian for nonleptonic B decay via the gluon magnetic moment opera- tor δH^{(g)} = C_g[V^∗_{ts}V_{tb}]g_3m_bs̄_Lσ_{μν} G^{μν}b_R + h.c., (32)

with Wilson coefficient C_g = −η^∗_U η^∗_D ( m^2_t v^2 ) 1 24π^2m^2_S f_g (m^2_t /m^2_S ), (33)

where

f_g(x) = ( 1 + 2xlnx − x^2 (1 − x)^3 ) + 1 4 ( −1 − lnx + x (1 − x)^2 ) . (34)

Since the charge −1/3 quarks all have masses much smaller than v, the value of |η_D| can be much larger than unity without the color octet scalars being strongly coupled to the quarks. The inclusive B → X_sγ rate agrees with the standard model prediction to within the experimental and theoretical errors (about 10%). Using Eqs. (29), (30) and (31) gives that the magnitude of the color octet scalar contribution to C_γ divided by the standard model value is,

|C^{(octet)} γ /C^{(s.m.)}_γ | = 0.04 |η_Uη_D|f_γ (m^2_t /m^2_S ) ( 1TeV m_S )_2 . (35) Note that for m_S ∼ 1 TeV f_γ ∼ 3. Since |η_D| can be large even color octet scalars with masses well above a TeV, and hence unobservable at the LHC, can have a significant impact on weak radiative B meson decay. The phases of η_{U,D} can contribute to CP violation in weak radiative B meson decay.

VI. NEUTRON ELECTRIC DIPOLE MOMENT

CP violation in the couplings of the octet scalars contributes to the neutron electric dipole moment. The dominant contribution is through the color electric dipole moment of the b-quark [12], which induces Weinberg’s CP - violating three-gluon operator [13] when the b-quark is integrated out.

The b-quark color electric dipole is given by computing the b → bg amplitude, rather than the the b → sg amplitude computed in Eqs. (32), so the result is obtained by the replacement s̄_L → b̄_L and V^∗_{ts} → V^∗_{tb} in Eq. (32), with Eq. (33) remaining unchanged. Using Eq. (33) at the scale M_W running down to low energies [12, 14] and computing the neutron matrix element of the three-gluon operator at low-energies using naive dimensional analysis [15] gives us an estimate for the neutron electric dipole moment.

There are two versions of naive dimensional analysis which have been used [16]: (a) gG_{μν} is counted as order Λ^2_χ, or (b) G_{μν} is counted as order f_π Λ_χ. The two methods give the same result if one assumes that α_s(μ ∼ 1 GeV) ∼ 4π, otherwise, method (b) gives an estimate for the matrix element that is [α_s(μ)/(4π)]^{3/2} times that of method (a). The renormalization group scaling of the operator to low energies also depends on α_s(μ). Assuming α_s(μ ∼ 1 GeV) ∼ 1, method (b) gives the estimate

d_n ∼ 4 Im [η^∗_U η^∗_D] f_g (m^2_t /m^2_S ) ( 1TeV m_S )_2

10^{−26} e-cm,

(36) and assuming α_s(μ ∼ 1 GeV) ∼ 4π, method (a) gives the estimate

d_n ∼ Im [η^∗_U η^∗_D] f_g(m^2_t /m^2_S ) ( 1TeV m_S )_2

10^{−26} e-cm.

(37) For m_S ∼ 1 TeV, f_g ∼ 1.5. Note that the ratio of these two estimates is not 1/(4π)^{3/2} because of the anomalous dimension of Weinberg’s CP -violating three-gluon operator. Even for color octet scalars with masses larger than a TeV, the electron dipole moment of the neutron can be close to the experimental limit, d_n < 6.3 × 10^{−26} e-cm.

VII. COLOR OCTET PRODUCTION

In addition to changing the standard model values of physical quantities through their virtual effects, the color octet scalars can be produced directly at the LHC. Their production is dominated by gluon fusion and the scalar production cross-section for either the charged or (two) neutral colored scalars is: dσ dt = πα^2_s s^2 2C_Rd_R d^2_A [( C_R − C_A 4 ) + C_A 4 (u − t)^2

s^2 ]

× [ 1 + 2m^2_S t (m^2_S − t)^2 + 2m^2_S u (m^2_S − u)^2 + 4m^4_S (m^2_S − t)(m^2_S − u) ] . (38)

Here C_{R,A} and d_{R,A} are the quadratic Casimir and the dimension of the color representation for the final state scalars and for the adjoint representation, respectively. For octet scalars, C_R = C_A = 3, d_R = d_A = 8. For real scalars, there is an additional factor of 1/2. Eq. (38)

FIG. 1: Production rate for color octet scalars at the LHC via gluon fusion as a function of the scalar mass. The rate shown is that for charged scalars. One needs to use half the above rate for each of the two neutral scalars. The rates were computed using the CTEQ5 distributions at LO (dashed blue) and NLO (solid red).

agrees with the squark production cross-section [17] for C_R = 4/3, d_R = 3.

The integrated cross-section is σ = πα^2_s s^2 2C_Rd_R d^2_A [ 1 6 β ( 6C_R(4m^2_S + s) + C_A(10m^2_S − s) )

− 4m^2_S s ( C_Am^2_S + C_R(s − 2m^2_S ) ) ln 1 + β 1 − β ] , (39)

where β = √ 1 − 4m^2_S s , (40)

is the velocity of the scalars in the center of mass frame.^5 In Fig. 1, we have plotted the charged scalar production rate as a function of the scalar mass. The hadronic cross-sections were computed using the CTEQ5 parton distributions [18], and α_s was evaluated at μ = 2m_S .

5 As β → 0, the cross-section approaches πα^2_s 16m^2 2C_Rd_R d^2_A

(4C_R − C_A)β, (41)

which is positive, since C_Rd_R(4C_R − C_A) is always positive for non-singlet representations of any gauge group.

The neutral scalars S^0_R and S^0_I are real, and so each of them has a production rate half that of a charged scalar with the same mass.

Observability of the color octet scalars depends on their decays. Consider, for example, the situation where the charged color octet scalars are heavier than the neutral ones and can decay to the neutral ones via W boson emission. Then the decay chains, S^+ → W^+S^0 → W^+tt̄ → W^+W^+W^−bb̄, S^+ → tb̄ → W^+b̄b, and S^0 → tt̄ → W^+W^−bb̄ occur.

VIII. UNIFICATION

Simple unification scenarios for the standard model do not give the precise experimental value of sin^2 θ_W , and have a unification scale that is too small for an acceptable proton decay rate. In standard SU (5) unification of the minimal standard model, the one loop running gives sin^2 θ_W = 0.207 and M_G = 7×10^{14} GeV using α_s(M_Z ) = 0.1187. Since sin^2 θ_W is known more accurately than α_s(M_Z ), it is better to use sin^2 θ_W = 0.2312 as the input, and then predict α_s(M_Z ) = 0.07 and M_G = 1×10^{13} GeV. Adding the (8, 1)_{1/2} octet scalar changes the above values to α_s(M_Z ) = 0.06 and M_G = 8 × 10^{13} GeV. This gives a somewhat better value for M_G, but α_s(M_Z ) is about the same as in the standard model.

Unification can be achieved by adding other scalars that do not couple to the quarks and leptons. Consider, for example, adding to the minimal standard model the (8, 1)_{1/2} octet scalars and n_T real (1, 3)_0 scalars. Then for n_T = 3, α_s(M_Z ) = 0.122 and M_G = 9 × 10^{15}GeV.

The additional SU (2) triplets add the following terms to the most general renormalizable scalar potential,

ΔV = m^2_{Tj} T^a_j T^a_j + λ_{jklm}T^a_j T^a_k T^b_l T^b_m + ξϵ_{ijk}ϵ^{abc}T^a_i T^b_j T^c_k + μ_{1j}(S^{A†}σ^aS^A)T^a_j + g_{jk}H^†HT^a_j T^a_k + μ_{2j}(H^†σ^aH)T^a_j . (42)

where j = 1 − 3 labels the different triplets. We have suppressed the SU (2) indices on the Higgs doublet and on the color octet scalars. Brackets are sometimes used to indicate how the suppressed SU (2) indices are contracted. We assume that there is an approximate T → −T symmetry that is broken by the very small dimensionful parameters μ_1 and μ_2 as well as the dimensionful parameter ξ. For simplicity, we take the triplet scalars to be very heavy so that their production at the LHC is negligible.

Since the parameters that break the T → −T symmetry are very small, the vacuum expectation value of the neutral component of these fields can be neglected. Nonetheless, the T → −T symmetry breaking is needed for these scalars to decay.

The above scenario gives acceptable coupling constant unification and proton decay, with only a modest extension of the low-energy scalar sector of the standard model.

IX. CONCLUSIONS

The scalar sector of the standard model may be more complicated than just a single Higgs doublet. We argued that natural suppression of flavor changing neutral currents implies that only scalars with SU (3)×SU (2)×U (1) quantum numbers of the Higgs doublet or (8, 2)_{1/2} will couple to the quarks. Motivated by this we considered the phenomenology of a model where a (8, 2)_{1/2} scalar is added to the minimal standard model. Even though this model has no flavor changing neutral currents at tree level, it does give corrections from loop graphs, that may be important for precision flavor physics. In particular there are new sources of CP violation which give rise to a contribution to the electric dipole monent of the neutron that can be near the present experimental limit.

For a range of parameters, the modification of the standard model we propose can have a significant impact (factors of two) on the Higgs boson production rate at the LHC. The spectrum of the color octet scalars depend on parameters in the Higgs potential, and it influences the decay channels available to these scalars. For a range of parameters, the effects of these colored scalars would first be seen indirectly at the LHC via their influence on the Higgs production rate, rather than via direct colored scalar production. Finally we showed that unification of the gauge couplings occurs in our model if one also adds three real scalars with SU (3) × SU (2) × U (1) quantum numbers (1, 2)_0.

We thank M. Ramsey-Musolf for useful discussions on the electric dipole moment of the neutron. We also thank C. Anastasiou, M. Graesser, D. Hitlin, G. Isidori, and Z. Ligeti for comments.

[1] H. Georgi, H. R. Quinn and S. Weinberg, Phys. Rev.

Lett. 33, 451 (1974).

[2] M. Gell-Mann, P. Ramond and R. Slansky, Rev. Mod.

Phys. 50, 721 (1978).

[3] S. L. Glashow and S. Weinberg, Phys. Rev. D 15 (1977) 1958.

[4] R. S. Chivukula and H. Georgi, Phys. Lett. B 188, (1987) 99; G. D’Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, Nucl. Phys. B 645 (2002) 155.

[5] P. Y. Popov, A. V. Povarov and A. D. Smirnov, Mod.

Phys. Lett. A 20, 3003 (2005).

[6] A. V. Manohar and M. B. Wise, Phys. Lett. B 636, 107 (2006).

[7] B. Grinstein and M. B. Wise, Phys. Lett. B 265 (1991) 326; Z. Han and W. Skiba, Phys. Rev. D 71 (2005) 075009.

[8] S. Dawson, Nucl. Phys. B 359 (1991) 283; A. Djouadi, M. Spira and P. M. Zerwas, Phys. Lett. B 264 (1991) 440; C. J. Glosser and C. R. Schmidt, JHEP 0212 (2002) 016; V. Ravindran, J. Smith and W. L. Van Neerven, Nucl. Phys. B 634 (2002) 247: D. de Florian, M. Grazzini and Z. Kunszt, Phys. Rev. Lett. 82 (1999) 5209.

[9] R. V. Harlander and W. B. Kilgore, Phys. Rev. Lett.

88 (2002) 201801; C. Anastasiou and K. Melnikov, Nucl. Phys. B 646 (2002) 220; V. Ravindran, J. Smith and W. van Neerven, Nucl. Phys. B 665 (2003) 325.

[10] S. Catani, D. de Florian, M. Grazzini and P. Nason, JHEP 0307 (2003) 028; G. Bozzi, S. Catani, D. de Florian and M. Grazzini, Phys. Lett. B 564 (2003) 65; G. Bozzi, S. Catani, D. de Florian and M. Grazzini, Nucl. Phys. B 737 (2006) 73.

[11] L. F. Abbott, P. Sikivie and M. B. Wise, Phys. Rev. D 21, 1393 (1980).

[12] G. Boyd, A. K. Gupta, S. P. Trivedi and M. B. Wise, Phys. Lett. B 241, 584 (1990).

[13] S. Weinberg, Phys. Rev. Lett. 63, 2333 (1989). [14] E. Braaten, C. S. Li and T. C. Yuan, Phys. Rev. Lett.

64, 1709 (1990).

[15] A. Manohar and H. Georgi, Nucl. Phys. B 234, 189 (1984).

[16] J. F. Gunion and D. Wyler, Phys. Lett. B 248, 170

(1990).

[17] S. Dawson, E. Eichten and C. Quigg, Phys. Rev. D 31 (1985) 1581.

[18] CTEQ Collaboration, http://www.phys.psu.edu/∼cteq/

APPENDIX A: NATURALNESS

MFV leads to neutral current flavor conservation. The converse is not necessarily true. Neutral current flavor conservation implies that all the Yukawa matrices are diagonal in the same basis. MFV requires that they are all proportional (to g^U or g^D), which is a stronger constraint. We have argued that the additional requirement of naturalness implies the stronger constraint that all the Yukawa couplings are proportional to g^U or g^D , and hence implies MFV.

What is natural depends on assumptions about the underlying theory and how parameters are generated. We have assumed that symmetries are important, and that the underlying theory has a SU (3)_U × SU (3)_D × SU (3)_Q flavor symmetry that is broken, and this breaking generates Yukawa matrices. There are other scenarios which would lead to different conclusions. For definiteness, consider two Yukawa matrices A and B which transform like g_U . They can be written as

A = U_AΛ_AV_A, B = U_B Λ_BV_B (A1)

where U_{A,B} and V_{A,B} are unitary, and Λ_{A,B} are real, non-negative and diagonal. It is possible that the underlying theory generates Λ_{A,B} by some mechanism, and U_{A,B} , V_{A,B} by a different mechanism which naturally gives U_A = U_B and V_A = V_B . Then one would automatically have no tree-level flavor changing currents, but the MFV constraint would not be satisfied since Λ_A and Λ_B need not be proportional.

Note that a simple algebraic relation such as [A, B] = 0 is not equivalent to the requirement that A and B are simultaneously diagonalizable, since A and B are not hermitian. Simple counterexamples for two flavors are A = ( 1 0 1 0 ) , B = ( 1 0 0 1 ) (A2)

which commute but are not simultaneously diagonalizable, and

A = ( cos θ 0 − sin θ 0 ) , B = ( 0 sin θ 0 cos θ ) (A3)

which are simultaneously diagonalizable but do not commute.