arXiv:hep-ph/0012073 v3 26 Jun 2001

BUHEP-00-25 hep-ph/0012073

B̄{B Mixing Constrains Topcolor{Assisted

Technicolor

Gustavo Burdman^∗, Kenneth Lane^†, and Tonguç Rador^‡ Department of Physics, Boston University, 590 Commonwealth Avenue, Boston, MA 02215

June 26, 2001

Abstract

We argue that extended technicolor augmented with topcolor requires that all mixing between the third and the first two quark generations resides in the mixing matrix of left–handed down quarks. Then, the B̄_d–B_d mixing that occurs in topcolor models constrains the coloron and Z^′ boson masses to be greater than about 5 TeV. This implies fine tuning of the topcolor couplings to better than 1%.

∗burdman@bu.edu †lane@physics.bu.edu ‡rador@buphy.bu.edu

The impressive agreement of the standard model’s predictions with experimental data does not lessen the need for new physics to explain the dynamics underlying electroweak and flavor symmetry breaking. This physics may manifest itself not only in high energy collider experiments but also in precision low energy measurements of meson decays and mixing. In turn, low energy measurements powerfully constrain flavor physics scenarios. A prime example is technicolor [1] with extended technicolor (ETC) [2,3], a natural, dynamical scheme for electroweak and flavor symmetry breaking. There, |ΔS| = 2 effects in the neutral kaon system require ETC gauge boson masses of 10^2–10^4 TeV and walking technicolor to produce the correct first and second generation quark masses. With such large masses, ETC by itself cannot account for the top quark’s mass. Therefore, we take it to be augmented by topcolor, a system referred to as topcolor–assisted technicolor (TC2) [4,5,6].

All TC2 models assume that color SU(3)_C and weak hypercharge U(1)_Y arise from the breakdown of the topcolor groups SU(3)_1 ⊗ SU(3)_2 and U(1)_1 ⊗ U(1)_2 to their diagonal subgroups. Here SU(3)_1 and U(1)_1 are strongly–coupled, SU(3)_2 and U(1)_2 are weakly– coupled, with the color and weak hypercharge couplings given by g_C = g_1g_2/ √ g^2_1 + g^2 ≡ g_1g_2/g_{V8} ≃ g_2 and g_Y = g^′_1g^′_2/ √ g^{′ 2}_1 + g^{′ 2}_2 ≡ g^′_1g^′_2/g_Z0 ≃ g^′_2. Top and bottom quarks are SU(3)_1 triplets. The broken topcolor interactions are mediated by a color octet of colorons, V_8, and a color singlet Z^′ boson, respectively. By virtue of the different U(1)_1 couplings of t_R and b_R, V_8 and Z^′ exchange between third generation quarks generates a large contribution m̂_t(1 TeV) ≃ 160 GeV to the top mass, but none to the bottom mass.

If topcolor is to provide a natural explanation of m̂_t, the V_8 and Z^′ masses ought to be O(1 TeV). In the Nambu–Jona-Lasinio (NJL) approximation—which we rely heavily upon here—the degree to which this naturalness criterion is met is quantified by the ratio [7]

α(V_8) + α(Z^′) − (α^∗(V_8) + α^∗(Z^′)) α^∗(V_8) + α^∗(Z^′) = α(V_8) r_{V8} + α(Z^′) r_Z0 α(V_8)(1 − r_{V8} ) + α(Z^′)(1 − r_Z0 )

. (1)

Here,

α(V_8) =

4α_{V8} cos^4 θ_C 3π , α(Z^′) = α_Z0 Y_{tL} Y_{tR} cos^4 θ_Y π ; tan θ_C = g_2 g_1

, tan θ_Y = g^′_2 g^′_1

, r_i = m̂^2_t M^2_i ln ( M^2_i m̂^2_t ) , (i = V_8, Z^′) ; (2)

and Y_{tL,R} are the U(1)_1 charges of t_{L,R}. The NJL condition on the critical couplings for top condensation is α^∗(V_8) + α^∗(Z^′) = 1. In this letter, we show that, for such large couplings, TC2 is tightly constrained by the magnitude of B̄_d–B_d mixing: it requires M_{V8} ≃ M^′_Z >∼ 5 TeV [8]. This implies that the topcolor coupling α(V_8) + α(Z^′) must be within less than 1% of its critical value, a tuning we regard as unnaturally fine.

There are two variants of TC2: The “standard” version [5], in which only the third generation quarks are SU(3)_1 triplets, and the “flavor–universal” version [9] in which all quarks are SU(3)_1 triplets. In standard TC2, V_8 and Z^′ exchange gives rise to flavor– changing neutral currents (FCNC) that mediate |ΔB| = 2. In flavor–universal TC2, only Z^′ exchange can generate such FCNC. Our results constrain both types of TC2 theory.

The coloron interaction at energies well below M_{V8} is

H_{V8} = g^2_{V8} 2M^2_{V8} 8∑ A=1 J^{Aμ}J^A_μ , (3)

where the coloron current written in terms of electroweak eigenstate (primed) fields is given by J^A_μ = cos^2 θ_C ∑ i=t,b q̄^′_iγ_μ λ_A 2 q^′_i − sin^2 θ_C ∑ i=u,d,c,s q̄^′_iγ_μ λ_A 2 q^′_i . (4)

The dominant coloron interactions for |ΔB| = 2 come from b̄^′b^′b̄^′b^′ terms in Eq. (3). When written in terms of mass eigenstate fields, they are (neglecting smaller terms proportional to α_C alone):

H_{V8} =

2πα_C cot^2 θ_C M^2_{V8} ∑ λ1,λ2=L,R ( D^∗_{λ1bb}D_{λ1bdi} D^∗_{λ2bb}D_{λ2bdi} b̄_{λ1} γ^μ λ_A 2 d_{iλ1} b̄_{λ2} γ_μ λ_A 2 d_{iλ2} + h.c. )

(5) Here, d_i = d or s, and the unitary matrices D_{L,R} arise from vacuum alignment in the down–quark sector. We discuss them shortly.

In order that Z^′ exchange not induce large |ΔS| = 2 transitions, quarks of the two light (electroweak basis) generations must have the same U(1)_1 charge. Then, the Z^′ interaction for |ΔB| = 2 is

H_Z0 =

2πα_Y cot^2 θ_Y M^2_Z0 ∑ λ1,λ2=L,R ( D^∗_{λ1bb}D_{λ1bdi} D^∗_{λ2bb}D_{λ2bdi} ΔY_{λ1} ΔY_{λ2} b̄_{λ1} γ^μ d_{iλ1} b̄_{λ2}γ_μ d_{iλ2} +h.c. )

(6) Here, ΔY_λ = Y_{bλ} − Y_{dλ} is the difference of U(1)_1 charges.

Vacuum alignment in the technifermion sector leads to unitary matrices W = (W^U , W^D) which represent the mismatch between the directions of spontaneous and explicit breaking of technifermion chiral symmetries. A common feature of these matrices is that all their phases are rational multiples of π. That is, for N technifermion doublets, these phases may be integral multiples of π/N^′ for various N^′ from 1 to N [10]. Extended technicolor couples quarks to technifermions and generates the “primordial” quark mass matrices M_{qij} = Λ^{qT}_{iIJj} W^T_{IJ} Δ_T (except for the m̂_t part of M_{u tt}). Here (q, T ) = (u, U) or (d, D); i, j = u, c, t or d, s, b; I, J label the technifermion flavors. The Λ^{qT}_{iIJj} are real ETC couplings of order (100 − 1000 TeV)^{−2} and Δ_T is the real technifermion condensate renormalized at the ETC breaking scale. If the Λ^{qT}_{iIJj} properly image W^T ’s rational phases onto M_q, there will be no strong CP violation, i.e., θ̄_q = arg det(M_u) + arg det(M_d) <∼ O(10^{−10}). In this imaging, all elements of M_u and M_d have (generally different) rational phases that add to zero in the determinant. We assume this can happen in ETC models.

Vacuum alignment in the quark sector [11] is achieved by minimizing the quark energy E_q(U, D) = −Tr(M_uU^† + M_dD^† + h.c.). The up and down–quark alignment matrices U = U_LU^†_R and D = D_LD^†_R are 3 × 3 diagonal blocks in the (SU(6)_L ⊗ SU(6)_R)/SU(6)_V matrices.^∗ The ETC and TC2 interactions restrict the texture of the M_u and M_d. This, in turn, determines the form of U_{L,R} and D_{L,R} and, ultimately, of the TC2 amplitude for B̄_d–B_d mixing.

Flavor–changing neutral current limits imply that ETC contributions to M_{u,d} are at most a few GeV, just enough to produce m_b(M_{ET C}). The TC2 interactions generate m̂_t, but off-diagonal elements in the third row and column of M_u come from ETC. They are expected to be no larger than the 0.01–1.0 GeV associated with m_u and m_c. Thus, M_u is very nearly block–diagonal and, so, |U_{L,R tui} | ∼= |U_{L,R uit}| ∼= δ_{tui} . Limits on B̄_d–B_d mixing induced by exchange of “bottom pions” [13,14], together with the need to generate appropriate intergenerational mixing in the Cabibbo–Kobayashi–Maskawa (CKM) matrix V = U^†_LD_L, require that d_R, s_R ↔ b_L elements of M_d are much smaller than the d_L, s_L ↔ b_R elements [6]. This makes D_R nearly 2 × 2 times 1 × 1 block–diagonal.

Since D_L contains almost all the mixing between b and d, s and, hence, between the third generation and the first two, the mixing pattern of V = U^†_LD_L is essentially the same as that of D_L. To an excellent approximation, |V_{tdi} | = |U^∗_{Ltt}D_{Lbdi} | = |D_{Lbdi} | ; V^∗_{tb}V_{tdi} = U_{Ltt}D^∗_{Lbb}U^∗_{Ltt}D_{Lbdi} = D^∗_{Lbb}D_{Lbdi} . (7) Our strongest limit on the V_8 and Z^′ masses will arise from Eq. (7).

The dominant TC2 contribution to |ΔB_d| = 2 is given by the LL terms in H_{V8} + H_Z0 . The relevant observable is the B^0_L–B^0_S mass difference. Since Γ_{12} ≪ M_{12}, it is given by ΔM_{Bd} = 2|M_{12}| [16]. Fierzing H_{V8} into a product of color–singlet currents and calculating the B̄_d–B_d matrix element in the usual vacuum–insertion approximation, the TC2 contribution to M_{12} is

2(M_{12})_{TC2} = 4π 3 [ α_C cot^2 θ_C

3M^2_{V8} + α_Y cot^2 θ_Y (ΔY_L)^2 M^2_Z0 ] η_BM_{Bd} f^2_{Bd} B_{Bd} (D^∗_{Lbb}D_{Lbd})^2 . (8)

∗Actually, quark vacuum alignment is based on first–order chiral perturbation theory, so it is inapplicable to the heavy quarks c, b, t. When θ̄_q = 0, Dashen’s procedure is equivalent to making the mass matrices diagonal, real, and positive [12]. Thus, it correctly determines the quark unitary matrices U_{L,R}, D_{L,R} and the magnitude of strong and weak CP violation.

Here, η_B = 0.55 ± 0.01 is a QCD radiative correction factor for the LL product of color– singlet currents. We take f_{Bd} √ B_{Bd} = (200 ± 40)MeV [16], where f_{Bd} and B_{Bd} are, respectively, the B_d–meson decay constant and bag parameter. This TC2 contribution is to be added to the standard model one,

2(M_{12})_{SM} =

G^2_F 6π^2 η_BM_{Bd} f^2_{Bd} M^2_W S_0(x_t)(V^∗_{tb}V_{td})^2 , (9)

where the top–quark loop function S_0(x_t) ∼= 2.3 for x_t = m^2_t (m_t)/M^2_W and m_t(m_t) = 167 GeV.

To determine the ΔM_{Bd} –restriction on TC2, we adopt the ETC–based analysis of quark mixing matrices made above. Then, D^∗_{Lbb}D_{Lbd} = V^∗_{tb}V_{td} ∼= V_{td}, so that the standard model and TC2 contributions add coherently. Next, to simplify our discussion, we ignore for now the Z^′ contribution to ΔM_{Bd} and m̂_t. The NJL approximation then implies cot^2 θ_C = 3π/4α_C (1 TeV) >∼ 25 for α(V_8) ≥ α^∗(V_8) = 1 and α_C (1 TeV) ≃ 0.093. Using ΔM_{Bd} = (3.11 ± 0.11) × 10^{−13} GeV [15], we plot in Fig. 1 the constraint in the (M_{V8} , |V_{td}|) plane. The width of the allowed band comes mostly from the error in f_{Bd} √ B_{Bd} .

Figure 1: The allowed region in the (M_{V8} , |V_{td}|) plane. The upper horizontal line comes from the lower limit on |V_{td}| derived by making use of ϵ plus the CKM unitarity triangle. The lower line is the lowest value of |V_{td}| for which Im(V^∗_{ts}V_{td}) and, therefore, ϵ^′/ϵ are not too small.

To set a bound on M_{V8} , we must find the lowest possible value of |V_{td}|. If ETC contributions to the kaon CP–violating parameter ϵ are negligible, this lowest |V_{td}| can be read off the (ρ̄, η̄) plane fits using ϵ and |V_{ub}/V_{cb}|. (Data on ΔM_{Bd,s} are not used as these quantities are affected by TC2.) The most recent fit [17] gives ρ̄ < 0.40 and η̄ > 0.20 at the 95% C.L. This yields |V_{td}| = λ|V_{cb}| √ (1 − ρ̄)^2 + η̄^2 > 5 × 10^{−3} , (10)

where we used the 2σ lower limit value |V_{cb}| = 0.036. This bound is displayed as the upper horizontal line in Fig. 1. Its intersection with the left edge of the band gives the conservative lower limit for M_{V8} ,

M_{V8} ≥ 4.8 TeV ⇒ α(V_8) − α^∗(V_8) α^∗(V_8)

≤ 0.0075 , (11)

The tuning of α(V_8) is unnaturally fine.

If ETC contributes significantly to ϵ, we must remove its constraint from the standard model (ρ̄, η̄) plane. The remaining limitation on |V_{td}|, other than unitarity of V , comes from ϵ^′/ϵ. We expect that ϵ^′ is unaffected by ETC [18]. In the standard–model Wolfenstein parameterization [15], it is given by ϵ^′ ϵ ≡ Im(V^∗_{ts}V_{td})S = A^2λ^5η̄S . (12)

Here, A = |V_{cb}|/λ^2 = 0.83 is obtained using |V_{cb}| = 0.04. Also, S = P^{(1/2)} − P^{(3/2)} where P^{(ΔI)} contains the hadronic matrix elements in the |ΔI| = 1/2 and 3/2 amplitudes [19]. In Eq. (12), ϵ is taken from experiment, so that potential ETC contributions to it are not an issue. From Ref. [19], hadronic matrix element calculations imply S < 21.6. The world average is ϵ^′/ϵ = (19.3 ± 2.4) × 10^{−4} [20]. The experimental situation is still somewhat unsettled; we conservatively assume the lower limit ϵ^′/ϵ > 12×10^{−4}. This gives η̄ > 0.156. Using this, and the 95% C.L. upper limit |V_{ub}/V_{cb}| < 0.14, we find ρ̄ < 0.60 and

|V_{td}| > 3.4 × 10^{−3} . (13)

Intersecting this value with the allowed band in Fig. 1 yields

M_{V8} ≥ 3.1 TeV ⇒ α(V_8) − α^∗(V_8) α^∗ (V_8)

≤ 0.016 (14)

Although somewhat a matter of taste, we regard this level of fine tuning at the edge of acceptability for a dynamical theory with naturalness as a design goal.

To estimate the effect of the Z^′ on this naturalness criterion, we suppose that V_8 and Z^′ exchange contribute equally to generating m̂_t, i.e., that α^∗(V_8) = α^∗(Z^′) =^1_2 in the NJL approximation. We also assume (ΔY_L)^2 ≃ Y_{tL} Y_{tR} . Then, cot^2 θ_C ≥ cot^2 θ^∗_C = 3π/8α_C (1 TeV) = 12.5 and

α_C cot^2 θ_C 3M^2_{V8} + α_Y cot^2 θ_Y (ΔY_L)^2

M^2_Z0 >∼ π 8 ( 1 M^2_{V8} + 4 M^2_Z0 ) . (15)

Equating the right–hand side to its maximum value π/(4(4.8 TeV)^2) obtained when we neglected Z^′ gives

M_Z0 = 2 [ 2 (4.8 TeV)^2 − 1 M^2_{V8}

]_−^1_2

> 6.8 TeV ⇒ α(Z^′) − α^∗(Z^′) α^∗(Z^′)

< 0.0042 (16)

when M_{V8} → ∞. For M_{V8} = 4.8 TeV, we have M_Z0 = 9.6 TeV and

α(V_8) r_{V8} + α(Z^′) r_Z0 α(V_8)(1 − r_{V8} ) + α(Z^′)(1 − r_Z0 )

≃ 0.0049 . (17)

In short, adding the Z^′ contribution to ΔM_{Bd} does not make TC2 more natural.

It is possible to avoid this naturalness problem if, contrary to ETC expectations, all mixing between the third generation and the two light ones is contained in the up–sector matrices U_{L,R}. Even this possibility is constrained by V_8 and Z^′–exchange contributions to the neutron electric dipole moment, d_n. They affect only the up–quark moment. The V_8 contribution suffices; it is

(d_u)_{TC2} = 2e 3 α_C cot^2 θ_C 4π 4 3 m_t(m_t) M^2_{V8} Im(U^∗_{Ltu}U_{Ltt}U^∗_{Rtt}U_{Rtu}) . (18) The limit [15] d_n < 0.63 × 10^{−25} e–cm yields^†

M_{V8} >∼ 1 TeV √ |Im(U^∗_{Ltu}U_{Ltt}U^∗_{Rtt}U_{Rtu})| 10^{−7}

. (19)

Since U_{Ltu} = ∑ d_i DLbdi V^∗ud_i ∼= DLbbV^∗ub implies |ULtu| >∼ 2 × 10^− 3, a natural V_8 mass of a 1–2 TeV suggests |U_{Rtu}| <∼ 5 × 10^{−5}. Thus, the analog of the Kominis constraint [13,14] applies to U_R.

In summary, generation of light quark masses via extended technicolor strongly suggests that all quark mixing occurs in the left–handed down sector. Then, the TC2 mechanism for m_t requires, in the NJL approximation, V_8 and Z^′ masses exceeding 5 TeV. This, in turn, needs fine–tuning of the topcolor couplings to within less than 1% of their critical values. We do not know how this difficulty will be resolved.

Note added in proof: The contribution to Z^0 → bb̄ from top–pions, the pseudoGoldstone bosons arising from top condensation, also significantly constrains TC2 [21]. This contribution can be made consistent with experiment by increasing the top–pion decay constant and/or its mass. Increasing either requires raising the TC2 scale embodied in M_{V8} and M_Z0 . In the NJL approximation, we estimate that this implies a fine–tuning of about 1%, comparable to what we found above from ΔM_{Bd} .

†Im(U^∗_{Ltu}U_{Ltt}U^∗_{Rtt}U_{Rtu}) = 0 in ETC, but we cannot appeal to that here.

We have benefitted from conversations with S. Chivukula, L. Giusti, C. Hill, and E. Simmons. G.B. thanks Lawrence Berkeley National Laboratory for its hospitality during the latter stages of this work. This research was supported in part by the U. S. Department of Energy under Grant No. DE–FG02–91ER40676.

References

[1] S. Weinberg, Phys. Rev. D19, 1277 (1979);

L. Susskind, Phys. Rev. D20, 2619 (1979).

[2] E. Eichten and K. Lane, Phys. Lett. B90, 125 (1980;

S. Dimopoulos and L. Susskind, Nucl. Phys. B155, 237 (1979)

[3] For a review of modern technicolor, see K. Lane, Technicolor 2000, Lectures at the LNF Spring School in Nuclear, Subnuclear and Astroparticle Physics, Frascati (Rome), Italy, May 15–20, 2000; hep-ph/0007304.

[4] C. T. Hill, Phys. Lett. B266, 419 (1991);

S. P. Martin, Phys. Rev. D45, 4283 (1992); ibid D46, 2197 (1992); Nucl. Phys. B398, 359 (1993); M. Lindner and D. Ross, Nucl. Phys. B370, 30 (1992); R. Bönisch, Phys. Lett. B268, 394 (1991);

C. T. Hill, D. Kennedy, T. Onogi, H. L. Yu, Phys. Rev. D47, 2940 (1993).

[5] C. T. Hill, Phys. Lett. B345, 483 (1995).

[6] K. Lane and E. Eichten, Phys. Lett. B352, 382 (1995);

K. Lane, Phys. Rev. D54, 2204 (1996), hep-ph/9602221; K. Lane, Proceedings of the 1996 Workshop on Strongly Coupled Gauge Theories, p72, Nagoya, Japan, (November 1996), hep-ph/9703233; K. Lane, Phys. Lett. B433, 96 (1998), hep-ph/9805254.

[7] R. S. Chivukula, B. A. Dobrescu and J. Terning, Phys. Lett. B353, 289 (1995), hep-ph/9503203.

[8] Lower limits than this on M_{V8} and M_Z0 were obtained in Ref. [7], in R. S. Chivukula and J. Terning, Phys. Lett. B385, 209 (1996), hep-ph/9606233, and in I. Bertram and E. H. Simmons, Phys. Lett. B443, 347 (1998), hep-ph/9809472. The first contains a model–independent bound from the t–b loop contributions to the ρ–parameter. The latter two are based on fits to precision electroweak data and Tevatron jet data, respectively.

[9] R. S. Chivukula, A. G. Cohen and E. H. Simmons, Phys. Lett. B380, 92 (1996), hep-ph/9603311;

M. Popovic and E. H. Simmons, Phys. Rev. D58, 095007 (1998), hep-ph/9806287. [10] K. Lane, T. Rador, and E. Eichten, Phys. Rev. D62, 015005 (2000), hep-ph/0001056. [11] R. F. Dashen, Phys. Rev. D3, 1879 (1971) [12] J. Nuyts, Phys. Rev. Lett. 26, 1604 (1971);

K. Lane, Physica Scripta 23, 1005 (1981); Proceedings of Conference on Topical Questions in QCD, Copenhagen, June 9–13, 1980, edited by K. Hansan, et al.

[13] D. Kominis, Phys. Lett. B358, 312 (1995), hep-ph/9506305.

[14] G. Buchalla, G. Burdman, C. T. Hill, and D. Kominis, Phys. Rev. D53, 5185 (1996), hep-ph/9510376.

[15] Review of Particle Properties, D. E. Groom, et al., Eur. Phys. J. C15, 1 (2000). [16] A. J. Buras and R.Fleischer, Heavy Flavors II, World Scientific, A. J. Buras and M. Lindner, eds. (1997), hep-ph/9704376.

[17] F. Caravaglios, et al., in the Proceedings of the Third International Conference on B Physics and CP Violation, Taipei, Taiwan, 3-7 Dec 1999, hep-ph/0002171.

[18] The details of our calculation of ETC contributions to ΔM_K0 , ϵ, ϵ^′, and B decays are contained in G. Burdman, K. Lane, and T. Rador, Quark Mixing and Rare Processes in Technicolor Theories, in preparation.

[19] S. Bosch et al., Nucl. Phys. B565, 3 (2000), hep-ph/9904408.

[20] A. Alavi-Harati et al., the KTeV collaboration, Phys. Rev. Lett. 83, 22 (1999); V.

Fanti et al., the NA48 collaboration, Phys. Lett. B465, 335 (1999). [21] G. Burdman and D. Kominis, Phys. Lett. B403, 101 (1997); hep-ph/9702265.