arXiv:hep-ph/0405108 v2 18 May 2004

MADPH-04-1380; ANL-HEP-PR-04-39; UPR-1078T; hep-ph/0405108

B_s-B_s Mixing in Z^′ Models with Flavor-Changing Neutral Currents

Vernon Barger,^{1, ∗} Cheng-Wei Chiang,^{1, †} Jing Jiang,^{2, ‡} and Paul Langacker^{3, §} 1Department of Physics, University of Wisconsin, Madison, WI 53706 2HEP Division, Argonne National Laboratory, 9700 S. Cass Avenue, Argonne, IL 60439 3Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, PA 19104-6396 (Dated: May 18, 2004)

Abstract

In models with an extra U(1)^′ gauge boson family non-universal couplings to the weak eigenstates of the standard model fermions generally induce flavor-changing neutral currents. This phenomenon leads to interesting results in various B meson decays, for which recent data indicate hints of new physics involving significant contributions from b → s transitions. We analyze the B_s system, emphasizing the effects of a Z^′ on the mass difference and CP asymmetries.

∗e-mail: barger@oriole.physics.wisc.edu †e-mail: chengwei@physics.wisc.edu ‡e-mail: jiangj@hep.anl.gov §e-mail: pgl@electroweak.hep.upenn.edu

I. INTRODUCTION

The study of B physics and the associated CP violating observables has been suggested as a good means to extract information on new physics at low energy scales [1, 2, 3, 4, 5, 6, 7]. Since B-B mixing is a loop-mediated process within the standard model (SM), it offers an opportunity to see the footprints of physics beyond the SM. The currently observed ΔM_d = 0.489 ± 0.008 ps^{−1} [8] and its mixing phase sin 2β = 0.736 ± 0.049 extracted from the B_d → J/ψK_S mode [9] agree well with constraints obtained from other experiments [10]. However, no such information other than a lower bound ΔM_s > 14.5 ps^{−1} [11] is available for the B_s meson yet.

Based upon SM predictions, ΔM_{Bs} is expected to be about 18 ps^{−1} and its mixing phase ϕ_s only a couple of degrees. In contrast to the B_d system, the more than 25 times larger oscillation frequency and a factor of four lower hadronization rate from b quarks pose the primary challenges in the study of B_s oscillation and CP asymmetries. Since the B_s → J/ψϕ decay is dominated by a Cabibbo-Kobayashi-Maskawa (CKM) favored tree-level process, b → cc̄s, that does not involve a different weak phase in the SM, its asymmetry provides the most reliable information about the mixing phase ϕ_s.

Although new physics contributions may not compete with the SM processes in most of the b → cc̄s decays, they can play an important role in B_s-B_s mixing because of its loop nature in the SM [12]. In particular, the mixing can be significantly modified in models in which a tree-level b → s transition is present. Thus, measurement of the properties of B_s meson mixing is of high interest in future B physics studies as a means to reveal new physics [13, 14]. Since the current B factories do not run at the Υ(5S) resonance to produce B_s mesons, it is one of the primary objectives of hadronic colliders to study B_s oscillation and decay in the coming years [15, 16].

Flavor changing neutral currents (FCNC) coupled to an extra U(1)^′ gauge boson arise when the Z^′ couplings to physical fermion eigenstates are non-diagonal. One way for this to happen is by the introduction of exotic fermions with different U(1)^′ charges that mix with the SM fermions [17, 18, 19, 20, 21] as occurs in E_6 models. In the E_6 case, mixing of the right-handed ordinary and exotic quarks, all SU(2)_L singlets, induces FCNC mediated by a heavy Z^′ or by (small) Z-Z^′ mixing, so the quark mixing can be large. Mixing between ordinary (doublet) and exotic (singlet) left-handed quarks induces FCNC mediated by the

SM Z boson [21]. We will also allow for this possibility, but in this case the quark mixing must be very small.

Another possibility involves family non-universal couplings. It is well-known that string models naturally give extra U(1)^′ groups, at least one of which has family non-universal couplings to the SM fermions [24, 25, 26, 27]. Generically, the physical and gauge eigenstates do not coincide. Here, unlike the above-mentioned E_6 case, off-diagonal couplings of fermions to the Z^′ boson can be obtained without mixing with additional fermion states. In these types of models, both left-handed and right-handed fermions can have family non-diagonal couplings with the Z^′, while couplings to the Z are family diagonal (up to small effects from Z − Z^′ mixing).

The Z^′ contributions to B_s-B_s mixing are related to those for hadronic, semileptonic, and leptonic B decays in specific models in which the diagonal Z^′ couplings to qq̄, ℓ^+ℓ^−, etc. are known, but are independent in general [46]. We have found that in specific models, B_s-B_s mixing effects can be significant while being consistent with the other constraints; these results will be presented elsewhere. In the present paper, we will treat the mixing in a model-independent way.

Recently, we have studied the implications of a sizeable off-diagonal Z^′ coupling between the bottom and strange quark in the indirect CP asymmetry of B → ϕK_S decay [28], which appears to show a significant deviation from the SM prediction [5, 6, 29, 30]. Here we extend our analysis to B_s-B_s mixing where the Z^′ contributions also enter at the tree level. Applications to the B → πK anomaly are under investigation [31].

The paper is organized as follows. In Section II, we review the basic formalism of B_s- B_s mixing. In Section III, we evaluate ΔM_s in the SM. In Section IV, we include the Z^′ contributions, allowing both left-handed and right-handed couplings in the mixing, and study their effects on observables. Our main results are summarized in Section V.

II. B_s-B_s MIXING

In the conventional decomposition of the heavy and light eigenstates |B_s⟩_L = p|B^0_s ⟩ + q|B^0_s ⟩ , |B_s⟩_H = p|B^0_s ⟩ − q|B^0_s ⟩ , (1) the mixing factor ( q p ) SM ≃ M^{SM∗}_{12} M^{SM}_{12}

, (2)

has a phase

ϕ^{SM}_s = 2 arg(V_{tb}V^∗_{ts}) = −2λ^2η̄ ≃ −2^∘ , sin 2ϕ^{SM}_s ≃ −0.07 , (3)

where the theoretical expectation Γ^{SM}_{12} ≪ M^{SM}_{12} is used. The approximate formula Eq. (2) receives a small correction once Γ^{SM}_{12} is included. Model independently, this only shifts ϕ_s is at the few percent level. With errors on λ and η̄ included, we have the SM expectation that sin 2ϕ^{SM}_s ≃ −0.07 ± 0.01.

The off-diagonal element of the decay matrix, Γ^{SM}_{12} , is evaluated by considering decay channels that are common to both B_s and B_s mesons, and M_{12} is the off-diagonal element of the mass matrix. Due to the CKM enhancement, Γ^{SM}_{12} is dominated by the charm-quark contributions over the up-quark contribution in a box diagram. Unlike the Kaon system, Γ^{SM}_{12} is much smaller than M^{SM}_{12} for B mesons because the former is related to the B meson decays and set by the scale of its mass, whereas the latter is proportional to m^2_t . We can safely assume that Γ_{12} is not significantly modified by new physics because Γ_{12} receives major contributions from CKM favored b → cc̄s decays in the SM, and the SM result Γ_{12} ≪ M_{12} is unlikely to change.

The mass difference of the two physical states is

ΔM_s ≡ M_H − M_L ≃ 2|M_{12}| . (4)

The width difference is

ΔΓ ≡ Γ_H − Γ_L =

2Re(M^∗_{12}Γ_{12}) |M_{12}| = 2|Γ_{12}| cos θ , (5)

where the relative phase is θ = arg(M_{12}/Γ_{12}). Since Γ_{12} is dominated by the contributions from CKM favored b → cc̄s decays, we have θ = arg ((V_{tb}V^∗_{ts})/(V_{cb}V^∗_{cs})) ≃ π, and thus ΔΓ ≃ −2|Γ_{12}| is negative in the SM. Although Γ_{12} is unlikely to be affected by new physics, the width difference always increases as long as the weak phase of M_{12} gets modified [32].

The observability of B_s-B_s oscillations is often indicated by the parameter x_s ≡ ΔM_s Γ_s

, (6) where Γ_s = (4.51 ± 0.18) × 10^{−13} GeV, converted from the world average lifetime τ_s = 1.461 ± 0.057 ps [8]. The expected large value of x_s is a challenge for experimental searches. Currently, the result from all ALEPH [33], CDF [34], DELPHI [35], OPAL [36], and SLD [37] studies of ΔM_s with a combined 95% confidence level (CL) sensitivity on ΔM_s of 18.3 ps^{−1} gives [11] ΔM_s > 14.5 ps^{−1} , and x_s > 20.8 . (7) It is also measured that m_{Bs} = 5369.6 ± 2.4 MeV [8] and ΔΓ_s/Γ_s = −0.16^{+0.15}_{−0.16}(|ΔΓ_s|/Γ_s < 0.54) (with the 95% CL upper bound given in parentheses [11]) consistent with recent nextto-leading-order (NLO) QCD estimates [38]. In comparison, the B_d system has m_{Bd} = 5279.4 ± 0.5 MeV, ΔM_d = (0.489 ± 0.008) ps^{−1}, x_d = 0.755 ± 0.015, and τ_{Bd} = 1.542 ± 0.076 ps [8].

III. ΔM_s IN THE SM

The |ΔB| = 2 and |ΔS| = 2 operators relevant for our discussions are:

O^{LL} = [s̄γ_μ(1 − γ_5)b][s̄γ^μ(1 − γ_5)b] , O^{LR}_1 = [s̄γ_μ(1 − γ_5)b][s̄γ^μ(1 + γ_5)b] , O^{LR}_2 = [s̄(1 − γ_5)b][s̄(1 + γ_5)b] , O^{RR} = [s̄γ_μ(1 + γ_5)b][s̄γ^μ(1 + γ_5)b] . (8)

Because of the V − A structure, only the operator O^{LL} contributes to B_s-B_s mixing in the SM. The other three operators appear in the Z^′ models because of the right-handed couplings and operator mixing through renormalization, as considered in the next section.

In the SM the contributions to

M^{SM}_{12} ≃ 1 2m_{Bs} ⟨B^0_s |H^{SM}_{eff} |B^0_s⟩ (9)

are dominated by the top quark loop. The result, accurate to NLO in QCD, is given by [39]

M^{SM}_{12} =

G^2_F 12π^2

M^2_W m_{Bs}f^2_{Bs} (V_{tb}V^∗_{ts})^2η_{2B}S_0(x_t)[α_s(m_b)]^{−6/23} [ 1 + α_s(m_b) 4π J_5 ] B^{LL}(m_b) , (10)

where x_t = (m_t(m_t)/M_W )^2 and

S_0(x) =

4x − 11x^2 + x^3 4(1 − x)^2 − 3x^3 ln x 2(1 − x)^3

. (11)

Using m_t(m_t) = 170 ± 5 GeV, we find S_0(x_t) = 2.463. The NLO short-distance QCD corrections are encoded in the parameters η_{2B} ≃ 0.551 and J_5 ≃ 1.627 [39]. The bag parameter B^{LL}(μ) is defined through the relation ⟨B_s|O^{LL}|B_s⟩ ≡ 8 3 m^2_{Bs} f^2_{Bs} B^{LL}(μ) . (12) In the following numerical analysis, we will use G_F = 1.16639 × 10^{−5} GeV^{−2} and M_W = 80.423 ± 0.039 GeV [8], and write the SM part of ΔM_s as

ΔM^{SM}_s = 1.19 | | | | V_{tb}V^∗_{ts} 0.04 | | | | 2 ( f_{Bs} 230 MeV

)_2 ( B^{LL}(m_b) 0.872 ) × 10^{−11} GeV . (13) Current lattice calculations still show quite large errors on the hadronic parameters f_{Bs} = 230 ± 30 MeV and B^{LL}(m_b) = 0.872 ± 0.005 [40, 41, 42]. However, the ratio ξ ≡ f_{Bs} √ B̂_{Bs} f_{Bd} √ B̂_{Bd} (14)

can be determined with a much smaller theoretical error, where B̂_{Bq} is the renomalizationindependent bag parameter for the B_q meson (q = d, s). Therefore, the error on ΔM_s within the SM can be evaluated by comparing with ΔM_d, i.e., ΔM^{SM}_s = ΔM^{SM}_d ξ m_{Bs} m_{Bd} (1 − λ^2)^2 λ^2 [(1 − ρ)^2 + η^2]

. (15) Using the measured values of the Wolfenstein parameters [43] λ = 0.2265 ± 0.0024, A = 0.801 ± 0.025, ρ = 0.189 ± 0.079, and η = 0.358 ± 0.044 [10], ξ = 1.24 ± 0.07 [44], and the mass parameters quoted above, we obtain the SM predictions ΔM^{SM}_s = (1.19 ± 0.24) × 10^{−11} GeV = 18.0 ± 3.7 ps^{−1} , x^{SM}_s = 26.3 ± 5.5 . (16) As noted above, the central value of x_s is slightly larger than the current sensitivity based upon the world average. Recent LHC studies show that with one year of data, ΔM_s can be explored up to 30 ps^{−1} (ATLAS), 26 ps^{−1} (CMS), and 48 ps^{−1} (LHCb) (corresponding to x_s up to 46, 42, and 75); the LHCb result is based on exclusive hadronic decay modes [16]. The sensitivity of both CDF and BTeV on x_s can also reach up to 75 using the same modes [15], for a luminosity of 2 fb^{−1}. The sensitivity on sin 2ϕ_s is correlated with the value of x_s, and it becomes worse as x_s increases. A statistical error of a few times 10^{−2} can be reached at CMS and LHCb for moderate x_s ≃ 40 [16].

IV. Z^′ CONTRIBUTIONS

For simplicity, we assume that there is no mixing between the SM Z and the Z^′ (small mixing effects can be easily incorporated [17]). A purely left-handed off-diagonal Z^′ coupling to b and s quarks results in an effective |ΔB| = 2, |ΔS| = 2 Hamiltonian at the M_W scale of H^{Z ′}_{eff} = G_F √ 2 ( g_2M_Z g_1M_Z′ B^L_{sb} )_2 O^{LL}(m_b) ≡ G_F √ 2 ρ^2_Le^{2iϕL} O^{LL}(m_b) , (17) where g_2 is the U(1)^′ gauge coupling, g_1 = e/(sin θ_W cos θ_W ), M_Z′ is the mass of the Z^′, and B^L_{sb} is the FCNC Z^′ coupling to the bottom and strange quarks. The parameters ρ_L and the weak phase ϕ_L in the Z^′ model are defined by the second equality. Generically, we expect that g_2/g_1 ∼ 1 if both U(1) groups have the same origin from some grand unified theory, and M_Z /M_Z′ ∼ 0.1 for a TeV-scale Z^′. If |B^L_{sb}| ∼ |V_{tb}V^∗_{ts}|, then an order-of-magnitude estimate gives us ρ_L ∼ O(10^{−3}), which is in the ballpark of giving significant contributions to the B_s-B_s mixing. The Z^′ does not contribute to Γ_{12} at tree level because the intermediate Z^′ cannot be on shell. After evolving from the M_W scale to m_b, the effective Hamiltonian becomes [39]

H^{Z ′}_{eff} = G_F √ 2 [ 1 + α_s(m_b) − α_s(M_W ) 4π J_5 ] R^{6/23}ρ^2_Le^{2iϕL} O^{LL}(m_b) , (18)

where R = α_s(M_W )/α_s(m_b). Although the above effective Hamiltonian is largely suppressed by the ratio (g_2M_Z )/(g_1M_Z′ ), it contains only one power of G_F in comparison with the corresponding quadratic dependence in the SM because the Z^′-mediated process occurs at tree level.

The full description of the running of the Wilson coefficient from the M_W scale to m_b can be found in [39]. We only repeat the directly relevant steps here. The renormalization group equation for the Wilson coefficients ⃗C, d d ln μ ⃗C = γ^T (g) ⃗C(μ) , (19)

can be solved with the help of the U matrix

⃗C(μ) = U(μ, M_W ) ⃗C(M_W ) , (20)

in which γ^T (g) is the transpose of the anomalous dimension matrix γ(g). With the help of dg/d ln μ = β(g), U obeys the same equation as ⃗C(μ). We expand γ(g) to the first two terms in the perturbative expansion,

γ(α_s) = γ^{(0)} α_s 4π + γ^{(1)} ( α_s 4π )_2

. (21)

To this order the evolution matrix U(μ, m) is given by U(μ, m) = ( 1 + α_s(μ) 4π J ) U^{(0)}(μ, m) ( 1 − α_s(m) 4π J ) , (22)

where U^{(0)} is the evolution matrix in leading logarithmic approximation and the matrix J expresses the next-to-leading corrections. We have

U^{(0)}(μ, m) = V [ α_s(m) α_s(μ) ] ⃗γ^{(0)}_{2β0}

D V^{−1} , (23)

where V diagonalizes γ^{(0)T} , i.e., γ^{(0)}_D = V^{−1}γ^{(0)T} V , and ⃗γ^{(0)} is the vector containing the diagonal elements of the diagonal matrix γ^{(0)}_D . In terms of G = V^{−1}γ^{(1)T} V and a matrix H whose elements are H_{ij} = δ_{ij} γ^{(0)}_i β_1 2β^2_0 − G_{ij} 2β_0 + γ^{(0)}_i − γ^{(0)}_j

, (24)

the matrix J is given by J = V HV^{−1}.

The operators O^{LL} and O^{RR} do not mix with others under renormalization. Their Wilson coefficients follow exactly the same RGEs, where the above-mentioned matrices are all simple numbers. The factor [ 1 + α_s(m_b) − α_s(M_W ) 4π J_5 ] R^{6/23} (25)

in Eq. (18) reflects the RGE running. On the other hand, O^{LR}_1 and O^{LR}_2 form a sector that is mixed under RG running. Although the Z^′ boson only induces the operator O^{LR}_1 at high energy scales, O^{LR}_2 is generated after evolution down to low energy scales and, in particular, its Wilson coefficient C^{LR}_2 is strongly enhanced by the RG effects [45].

With contributions from both the SM and the Z^′ boson with only left-handed FCNC couplings included, the B_s mass difference is

ΔM_s = ΔM^{SM}_s ( 1 + ΔM^{Z′}_s ΔM^{SM}_s ) = 18.0 | | |1 + 3.858 × 10^5ρ^2_Le^{2iϕL} | | | ps^{−1} , (26)

The corresponding result for the oscillation parameter is

x_s = 26.3 | | |1 + 3.858 × 10^5ρ^2_Le^{2iϕL} | | | . (27)

(a) (b)

FIG. 1: Three-dimensional plot of x_s (a) and sin 2ϕ_s (b) versus ρ_L and ϕ_L with a Z^′-mediated FCNC for left-handed b and s quarks. The color shadings in both plots have no specific physical meaning.

With couplings of only one chirality, the physical observables ΔM_s, x_s, and sin 2ϕ_s are periodic functions of the new weak phase ϕ_L with a period of 180^∘.

Fig. 1 (a) shows the effects of including a Z^′ with left-handed coupling. We see that if ρ_L is small, x_s is dominated by the SM contribution and has a value ∼ 26. For ϕ_L around 90^∘ and ρ_L between 0.001 and 0.002, the Z^′ contribution tends to cancel that of the SM and reduces x_s to be smaller than the SM value of 26.3. In Eq. (27) and Fig. 1 (a), we see that the Z^′ has a comparable contribution to the SM if ρ_L >∼ 0.002, independent of the actual value of ϕ_L. The planned resolution of Fermilab Run II and LHCb are both about x_s <∼ 75 [15, 16]. Thus, a ρ_L greater than about 0.003 will result in an x_s beyond the planned sensitivity. If x_s is measured to fall within a range, one can read from the plot what the allowed region is for the chiral Z^′-model parameters. The same discussion can easily be applied to a Z^′ model with only right-handed couplings. Fig. 1 (b) shows sin 2ϕ_s as a function of ρ_L and ϕ_L. As ρ_L increases, sin 2ϕ_s goes through more oscillations when ϕ_L varies from 0 to π.

In Fig. 2, we show the overlayed plot of the contours of fixed x_s and those of fixed sin 2ϕ_s. The shaded region in the center shows the experimentally excluded points in the ϕ_L−ρ_L plane

FIG. 2: Contour plot of x_s and sin 2ϕ_s with a Z^′-mediated FCNC for left-handed b and s quarks. The shaded region is for x_s < 20.6, which is excluded at 95% CL by experiments. The hatched region corresponds to 1σ ranges around the SM value x_s = 26.3 ± 5.5 (black curve). The solid curves open to the left are contours for x_s = 50 (red), 70 (green) and 90 (blue) from left to right. The curves open to the right are contours for sin 2ϕ_s = 0.5 (dotted), −0.5 (solid) and the SM value −0.07 ± 0.01 (dashed).

that induce x_s values smaller than 20.6. The hatched area corresponds to the parameter space points that produce x_s values falling within the 1σ range of the SM value of 26.3. Contours for higher values of x_s are also shown. The SM predicted sin 2ϕ_s ≃ −0.07 ± 0.01 would appear as narrow bands around the sin 2ϕ_s = −0.07 curves. Note that even if the x_s measurement turns out to be consistent with the SM expectation, it is still possible that the new physics contributions, such as the Z^′ model considered here, can alter the sin 2ϕ_s value significantly. It is therefore important to have a clean determination of both quantities simultaneously. Once x_s and sin 2ϕ_s are extracted from B_s decays, one can determine ρ_L up to a two-fold ambiguity and ϕ_L up to a four-fold ambiguity, except for the special case with sin 2ϕ_s ≃ 0.

ΔΓ_s can be determined with a high sensitivity by measuring the lifetime difference between decays into CP -specific states and into flavor-specific states. Using the J/ψϕ mode, simulations determine [16] that the LHC can measure the ratio ΔΓ_s/Γ_s with a relative error

<∼ 10% for an actual value around −0.15. Tevatron simulations show that ΔΓ_s/Γ_s can be measured with a statistical error of ∼ 0.02. For a sufficiently large ρ_L, the cos θ factor in Eq. (5) increases from −1 at ϕ_L = 0^∘ (mod 180^∘) to the maximum 1 at ϕ_L = 90^∘ (mod 180^∘). We are left with the phase ranges 0^∘ <∼ ϕ_L <∼ 30^∘, 60^∘ <∼ ϕ_L <∼ 120^∘, and 150^∘ <∼ ϕ_L <∼ 180^∘ (mod 180^∘) where a 3σ determination of ΔΓ_s can be made.

Once the right-handed Z^′ couplings are introduced, we also have to include the new |ΔB| = 2 operators O^{LR}_1 , O^{LR}_2 , and O^{RR} defined in Eq. (8) into the effective Hamiltonian that contributes to the B_s-B_s mixing. The matrix element of O^{RR} is the same as that of O^{LL}, while those of O^{LR}_1 and O^{LR}_2 are ⟨B_s|O^{LR}_1 |B_s⟩ = − 4 3 ( m_{Bs} m_b(m_b) + m_s(m_b)

)_2

m^2_{Bs} f^2_{Bs} B^{LR}_1 (m_b) (28) ⟨B_s|O^{LR}_2 |B_s⟩ = 2 ( m_{Bs} m_b(m_b) + m_s(m_b)

)_2

m^2_{Bs} f^2_{Bs} B^{LR}_2 (m_b) (29)

For the Z^′ coupling to right-handed currents, we define new parameters ρ_R and the associated weak phase ϕ_R: ρ_Re^{iϕR} ≡ g_2M_Z g_1M_Z′

B^R_{sb} . (30) At the M_W scale, we have additional contributions to the effective Hamiltonian due to the right-handed currents, similar to Eq. (17). The terms due to the left-right mixing are

H^{Z ′}_{eff} ⊃ G_F √ 2 ρ_Lρ_Re^{i(ϕL+ϕR)}(O^{LR}_1 + O^{RL}_1 , O^{LR}_2 + O^{RL}_2 ) 1 0 . (31)

In the RGE running, the Wilson coefficient of O^{LR}_1 mixes with that of O^{LR}_2 ; the relevant anomalous dimension matrices are [45]

γ^{(0)} = 6 N_c 12

0 −6N_c +^6_{Nc} , (32)

γ^{(1)} = 137 6 +^{15}_{2N 2c} −^{22}_{3Nc} f^{200}_3 N_c −^6_{Nc} −^{44}_3 f 71 4 +^9_{Nc} − 2f −^{203}_6 N^2_c +^{479}_6 +^{15}_{2N 2c} +^{10}_3 N_cf −^{22}_{3Nc} f , (33)

where N_c is the number of colors and f is the number of active quarks. At the scale of the B meson masses, the value of f is 5.

We take m_b(m_b) = 4.4 GeV, m_s(m_b) = 0.2 GeV, and Λ^{(5)}_{M S} = 225 MeV. Following

Eqs. (23-24), we find the effective Hamiltonian terms for the operators O^{LR}_{1,2} at m_b to be

H^{Z ′}_{eff} ⊃ G_F √ 2 ρ_Rρ_Le^{i(ϕL+ϕR)}(O^{LR}_1 + O^{RL}_1 , O^{LR}_2 + O^{RL}_2 )

0.930 −0.711 . (34)

Note that there is no contribution of the operator O^{LR}_2 at the M_W scale. It is induced through the operator mixing in RGE running and actually has an important effect at the m_b scale, as one can see from its Wilson coefficient in Eq. (34).

In the numerical analysis, we use the central values of B^{LR}_1 (m_b) = 1.753 ± 0.021 and B^{LR}_2 (m_b) = 1.162 ± 0.007 given in Ref. [41] with the decay constant f_{Bs} the same as before. The predicted mass difference with all the Z^′ contributions included is then

ΔM_s = 18.0 | | |1 + 3.858 × 10^5 ( ρ^2_Le^{2iϕL} + ρ^2_Re^{2iϕR} ) − 2.003 × 10^6ρ_Lρ_Re^{i(ϕL+ϕR)} | | | ps^{−1} . (35)

The overall contribution to x_s from the SM and Z^′ is

x_s = 26.3 | | |1 + 3.858 × 10^5 ( ρ^2_Le^{2iϕL} + ρ^2_Re^{2iϕR} ) − 2.003 × 10^6ρ_Lρ_Re^{i(ϕL+ϕR )} | | | . (36)

To illustrate the interference among different contributions, we set ρ_L = ρ_R = 0.001 and plot x_s and sin 2ϕ_s versus the weak phases ϕ_L and ϕ_R in Fig. 3 (a) and (b), respectively.

First, we note that after the RGE running the operators O^{LR}_1 and O^{LR}_2 interfere constructively. This can be seen from the relative minus sign between the Wilson coefficients in Eq. (34) and a corresponding relative minus sign in the hadronic matrix elements given in Eqs. (28) and (29). Because of the constructive interference and the fact that the bag parameters B^{LR}_1 and B^{LR}_2 are twice as large as B^{LL}, the LR and RL operators together become the dominant contributions. The interference of all the terms makes x_s reach its maximum when one of the weak phases is 180^∘ and the other is 0^∘ (mod 360^∘). If ρ_L and ρ_R are both much smaller than 10^{−3}, the variation in x_s in the ϕ_L-ϕ_R space will be indistinguishable from the predicted SM range. Compared to Fig. 1 (a) for Z^′ with only LL couplings, Fig. 3 (a) shows that even for large values of ρ_L and ρ_R, x_s can be smaller than 20.6 due to the interference among all the terms in Eq. (36). The current x_s ≥ 20.6 bound excludes the regions with ϕ_L + ϕ_R ≃ 0^∘ (mod 360^∘). Because of the assumed equal values of ρ_L and ρ_R, the parameter space points with the same sin 2ϕ output lie along directions that are roughly parallel to the ϕ_L + ϕ_R = 360^∘ line. For the more general cases of different ρ_L and ρ_R values, the crests and troughs in Fig. 3 (b) are no longer parallel to the ϕ_L + ϕ_R = 360^∘ line.

(a) (b)

FIG. 3: x_s (a) and sin 2ϕ_s (b) as functions of ϕ_L and ϕ_R for ρ_L = ρ_R = 0.001. The color shadings have no specific physical meaning.

V. CONCLUSIONS

In this paper we discuss the effects of a Z^′ gauge boson with FCNC couplings to quarks on the B_s-B_s mixing. We show how the mass difference and CP asymmetry are modified by the left-handed and right-handed b-s-Z^′ couplings that may involve new weak phases ϕ_L and ϕ_R. In the particular case of a left-chiral (right-chiral) Z^′ model, one can combine the measurements of ΔM_s (or x_s) and sin 2ϕ_s to determine the coupling strength ρ_L (ρ_R) and the weak phase ϕ_L (ϕ_R) up to discrete ambiguities. Once comparable left- and right-chiral couplings are considered at the same time, we find the left-right interference terms dominate over the purely left- or right-handed terms, partly because of the renormalization running effects and partly because of the larger bag parameters.

Acknowledgments: C.-W. C. would like to thank the hospitality of the high energy theory group at University of Pennsylvania. This work was supported in part by the United States Department of Energy, High Energy Physics Division, through Grant Contract Nos.

DE-FG02-95ER40896, W-31-109-ENG-38, and EY-76-02-3071.

[1] Y. Grossman and M. P. Worah, Phys. Lett. B 395, 241 (1997) [arXiv:hep-ph/9612269]. [2] R. Fleischer, Int. J. Mod. Phys. A 12, 2459 (1997) [arXiv:hep-ph/9612446]. [3] D. London and A. Soni, Phys. Lett. B 407, 61 (1997) [arXiv:hep-ph/9704277]. [4] R. Fleischer and T. Mannel, Phys. Lett. B 511, 240 (2001) [arXiv:hep-ph/0103121]. [5] G. Hiller, Phys. Rev. D 66, 071502 (2002) [arXiv:hep-ph/0207356].

[6] M. Ciuchini and L. Silvestrini, Phys. Rev. Lett. 89, 231802 (2002) [arXiv:hep-ph/0208087]. [7] M. Neubert, talk given at Super B Factory Workshop, Hawaii, January 19-22, 2004. [8] K. Hagiwara et al. [Particle Data Group Collaboration], Phys. Rev. D 66, 010001 (2002). [9] T. E. Browder, arXiv:hep-ex/0312024.

[10] A. Hocker, H. Lacker, S. Laplace and F. Le Diberder, Eur. Phys. J. C 21, 225 (2001) [arXiv:hep-ph/0104062]. Updated results may be found on the web site

http://ckmfitter.in2p3.fr/.

[11] Heavy Flavor Averaging Group, results for winter 2004. Updated results may be found on the web site http://www.slac.stanford.edu/xorg/hfag/rare.

[12] For recent new physics studies, see, for example, A. J. Buras, P. H. Chankowski, J. Rosiek and L. Slawianowska, Nucl. Phys. B 619, 434 (2001) [arXiv:hep-ph/0107048]; P. Ball, S. Khalil and E. Kou, Durham U. IPPP Preprint No. IPPP-03-61, arXiv:hep-ph/0311361; S. Jager and U. Nierste, talk given at International Europhysics Conference on High-Energy Physics (HEP 2003), Aachen, Germany, 17-23 Jul 2003, Fermilab Preprint No. FERMILAB-CONF-03-394- T, arXiv:hep-ph/0312145.

[13] Y. Grossman, Y. Nir and R. Rattazzi, Adv. Ser. Direct. High Energy Phys. 15, 755 (1998) [arXiv:hep-ph/9701231].

[14] I. Dunietz, R. Fleischer and U. Nierste, Phys. Rev. D 63, 114015 (2001) [arXiv:hep-ph/0012219].

[15] K. Anikeev et al., arXiv:hep-ph/0201071; D. Lucchesi [CDF Collaboration], eConf C0304052, WG207 (2003) [arXiv:hep-ex/0307025].

[16] P. Ball et al., CERN Workshop On Standard Model Physics (And More) At The LHC, 14-15 Oct 1999, Geneva, Switzerland; arXiv:hep-ph/0003238.

[17] P. Langacker and M. Plumacher, Phys. Rev. D 62, 013006 (2000) [arXiv:hep-ph/0001204] and references therein.

[18] E. Nardi, Phys. Rev. D 48, 1240 (1993) [arXiv:hep-ph/9209223]; J. Bernabeu, E. Nardi and D. Tommasini, Nucl. Phys. B 409, 69 (1993) [arXiv:hep-ph/9306251]; Y. Nir and D. J. Silverman, Phys. Rev. D 42, 1477 (1990); V. D. Barger, M. S. Berger and R. J. Phillips, Phys. Rev. D 52, 1663 (1995) [arXiv:hep-ph/9503204]; M. B. Popovic and E. H. Simmons, Phys. Rev. D 62, 035002 (2000) [arXiv:hep-ph/0001302]; D. Silverman, talk given at Super B Factory Workshop, Hawaii, January 19-22, 2004.

[19] K. S. Babu, C. F. Kolda and J. March-Russell, Phys. Rev. D 54, 4635 (1996) [arXiv:hep-ph/9603212]; ibid. 57, 6788 (1998) [arXiv:hep-ph/9710441].

[20] T. G. Rizzo, Phys. Rev. D 59, 015020 (1999) [arXiv:hep-ph/9806397]. [21] K. Leroux and D. London, Phys. Lett. B 526, 97 (2002) [arXiv:hep-ph/0111246]. [22] X. G. He and G. Valencia, arXiv:hep-ph/0404229.

[23] G. Buchalla, G. Burdman, C. T. Hill and D. Kominis, Phys. Rev. D 53, 5185 (1996) [arXiv:hep-ph/9510376]; G. Burdman, K. D. Lane and T. Rador, Phys. Lett. B 514, 41 (2001) [arXiv:hep-ph/0012073]; A. Martin and K. Lane, arXiv:hep-ph/0404107.

[24] S. Chaudhuri, S. W. Chung, G. Hockney and J. Lykken, Nucl. Phys. B 456, 89 (1995) [arXiv:hep-ph/9501361].

[25] G. Cleaver, M. Cvetic, J. R. Espinosa, L. L. Everett, P. Langacker and J. Wang, Phys. Rev.

D 59, 055005 (1999) [arXiv:hep-ph/9807479].

[26] M. Cvetic, G. Shiu and A. M. Uranga, Phys. Rev. Lett. 87, 201801 (2001) [arXiv:hep-th/0107143]; Nucl. Phys. B 615, 3 (2001) [arXiv:hep-th/0107166].

[27] M. Cvetic, P. Langacker and G. Shiu, Phys. Rev. D 66, 066004 (2002) [arXiv:hep-ph/0205252]. [28] V. Barger, C. W. Chiang, P. Langacker and H. S. Lee, Phys. Lett. B 580, 186 (2004) [arXiv:hep-ph/0310073].

[29] Y. Grossman, G. Isidori and M. P. Worah, Phys. Rev. D 58, 057504 (1998) [arXiv:hep-ph/9708305].

[30] C. W. Chiang and J. L. Rosner, Phys. Rev. D 68, 014007 (2003) [arXiv:hep-ph/0302094]. [31] V. Barger, C. W. Chiang, P. Langacker, and H. S. Lee, work in progress. [32] Y. Grossman, Phys. Lett. B 380, 99 (1996) [arXiv:hep-ph/9603244]. [33] A. Heister et al. [ALEPH Collaboration], Eur. Phys. J. C 29 (2003) 143.

[34] F. Abe et al. [CDF Collaboration], Phys. Rev. Lett. 82, 3576 (1999). [35] W. Adam et al. [DELPHI Collaboration], Phys. Lett. B 414, 382 (1997). [36] G. Abbiendi et al. [OPAL Collaboration], Eur. Phys. J. C 11, 587 (1999) [arXiv:hep-ex/9907061].

[37] K. Abe et al. [SLD Collaboration], Phys. Rev. D 67, 012006 (2003) [arXiv:hep-ex/0209002]. [38] M. Beneke, G. Buchalla, C. Greub, A. Lenz and U. Nierste, Phys. Lett. B 459, 631 (1999) [arXiv:hep-ph/9808385]; M. Beneke and A. Lenz, J. Phys. G 27, 1219 (2001) [arXiv:hep-ph/0012222]; D. Becirevic, arXiv:hep-ph/0110124.

[39] G. Buchalla, A. J. Buras and M. E. Lautenbacher, Rev. Mod. Phys. 68, 1125 (1996) [arXiv:hep-ph/9512380].

[40] N. Yamada et al. [JLQCD Collaboration], Nucl. Phys. Proc. Suppl. 106, 397 (2002) [arXiv:hep-lat/0110087].

[41] D. Becirevic, V. Gimenez, G. Martinelli, M. Papinutto and J. Reyes, JHEP 0204, 025 (2002) [arXiv:hep-lat/0110091].

[42] S. M. Ryan, Nucl. Phys. Proc. Suppl. 106, 86 (2002) [arXiv:hep-lat/0111010]. [43] L. Wolfenstein, Phys. Rev. Lett. 51, 1945 (1983). [44] M. Battaglia et al., arXiv:hep-ph/0304132.

[45] A. J. Buras, M. Misiak and J. Urban, Nucl. Phys. B 586, 397 (2000) [arXiv:hep-ph/0005183];

A. J. Buras, S. Jager and J. Urban, Nucl. Phys. B 605, 600 (2001) [arXiv:hep-ph/0102316]. [46] B_s-B_s mixing in leptophobic E_6 models was considered in Ref. [21]. A model with nonuniversal right-handed couplings was discussed in [22]. Mechanisms for flavor change in dynamical symmetry breaking models are described in [23].