arXiv:0907.2057v1 [hep-ph] 12 Jul 2009

a. THE “4th GENERATION”, B-CP ANOMALIES & THE LHC

AMARJIT SONI Department of Physics, Brookhaven National Laboratory, Upton, NY 11973, USA

Attention is drawn to the several 2-3 σ “anomalies” in B, Bs mixings and decays involving CP-observables. Perhaps the most interesting theoretical scenario that could cause such effects is based on warped extra-dimensional models and indeed some of the effects were predicted there. However, a rather simple explanation is that based on a fourth family of quarks with masses in the range of (400 - 600) GeV. The built-in hierarchy of the 4×4 mixing matrix is such that the t^′ readily provides a needed perturbation (≈ 15%) to sin 2β as measured in B → ψKs and simultaneously is the dominant source of CP asymmetry in Bs → ψϕ. The latter mode is theoretically very clean (unlike the others) and therefore it would be extremely desirable that Fermilab gives a very high priority to clarify this anomaly at the earliest. 4th family explanation allows, with relative ease, to accomodate the stringent flavor changing constraints which usually can be quite challenging for new physics scenarios. Implications for the LHC are briefly discussed; t^′ and b^′ lead to high pt multilepton events, in particular b^′ decays produce rather distinctive same sign leptons with asymmetric energies.

1 Introduction

The spectacular performance of the two asymmetric B-factories allowed us to reach an important milestone in our understanding of CP-violation phenomena. For the first time it was established that the observed CP-violation in the B and K systems was indeed accountable by the single, CP-odd, Kobayashi-Maskawa phase in the CKM matrix 1^,2. In particular, the time dependent CP-asymmetry in the gold-plated B^0 → ψK_s can be accounted for by the Standard Model (SM) CKM-paradigm to an accuracy of around 15% 3^,4. It has then become clear that the effects of a beyond the standard model (BSM) phase can only be a perturbation. Nevertheless, in the

aInvited talk at the EW Moriond ’09

past few years as more data were accumulated and also as the accuracy in some theoretical calculations was improved it has become increasingly apparent that several of the experimental results are difficult to reconcile within the SM with three generations [SM3] 5^,6^,7. It is clearly important to follow these indications and to try to identify the possible origin of these discrepancies especially since they may provide experimental signals for the LHC which is set to start quite soon. While at this stage many extensions of the SM could be responsible, it seems that a very simple explanation is provided by the addition of a fourth family of quarks 8^,9. In fact in 8 it is shown that the data suggests that the charge 2/3 quark of this family needs to have a mass in the range of (400 - 600) GeV. New physics scenarios with warped extra dimension also provide a very interesting and viable explanation; indeed some of the effects were predicted in these models. We will briefly discuss these as well.

2 B-CP anomalies

Below we briefly summarize the experimental observations involving B, B_s-CP asymmetries that are indicative of possible difficulties for the CKM picture of CP-violation.

1. The predicted value of sin 2β in the SM seems to be about 2-3 σ larger than the directly measured values. Using only ϵ_k and ΔM_s/ΔM_d from experiment along with the necessary hadronic matrix elements, namely kaon “B-parameter” B_K and using SU(3) breaking ratio ξ_s ≡^{fbs} √ B_{bs} f_{bd} √ B_{bd} , from the lattice, alongwith Vcb yields a prediction, sin 2β prediction noV_{ub} = 0.87 ± 0.09 7 in the SM; see Fig. 1. If along with that^{Vub}_{Vcb} is also included as an input then one gets a somewhat smaller central value but with also appreciably reduced error: sin 2β^{prediction} fullfit = 0.75 ± 0.04; see Fig. 2

Figure 1: Unitarity triangle fit in the SM. All constraints are imposed at the 68% C.L.. The solid contour is obtained using the constraints from εK and ΔMB_s /ΔMB_d . The regions allowed by a_{ψK} and a_{(ϕ+η}′_{+2Ks)Ks} are superimposed; see 7^,16 for more details.

2. The celebrated measurement, via the “gold-plated” mode B → ψK_s, gives sin 2β_{ψKs} = 0.672 ± 0.024 which is smaller than either of the above predictions by ≈ 1.7 to 2.1 σ 7.

3. As is well known penguin-dominated modes, such as B → (ϕ, η^′, π^0, ω, K_sK_s, ...)K_s also allow an experimental determination of sin 2β in the SM. 10^,11. This method is less clean

Figure 2: Unitarity triangle fit in the SM. All constraints are imposed at the 68% C.L.. The solid contour is obtained using the constraints from εK , ΔMB_s /ΔMB_d and |V_{ub}/V_{cb}|. The dashed contour shows the effect of excluding |V_{ub}/V_{cb}| from the fit. The regions allowed by a_{ψK} and a_{(ϕ+η}′_{+2Ks)Ks} are superimposed; see 7^,16 for more details.

as it has some hadronic uncertainty. which was naively estimated to be at the level of 5% 11,?. Unfortunately, this uncertainty cannot be reliably determined in a model-independent manner. However, several different estimates 13 find that amongst these modes, (ϕ, η^′, K_sK_s)K_s are rather clean up to an error of only a few percent. In passing, we note also another intriguing feature of many such penguin-dominated modes is that the central value of sin 2β that they give seems to be below the two SM predicted values given above in #1 and in fact, in many cases, even below the value measured via B → ψK_S (given in #2).

To further exhibit this more clearly we show a direct comparison between the fitted value of sin 2β and the one obtained by direct measurements via ψK_s and via the penguin dominated modes; see Fig. 3. A crucial test of the CKM paradigm of CP violation is that the single CP-odd phase in the 3×3 mixing matrix must be able to explain simultaneously the CP violation in K-decays as well as in B, B_s decays. This means that directly measured values of sin 2β whether they are obtained from ψK_s or from clean penguin modes such as η^′K_s or ϕK_s must agree with the fitted value of sin2β. We see that whether we use V_{ub} or not the fitted value is not only high compared to the ψK_s one but in fact is higher even more compared to the penguin modes. It is also striking that the central value of the sin 2β from almost all ten or so penguin modes is lower than the fitted value. The only exception to this is the mode B_d → ϕπ^0K_s but here the negative error is huge, O(50%), so its meaningless to pay attention to the central value right now.

We also want to emphasize that, strictly speaking, a comparison of sin 2β from ψK_s with the one from penguin-modes need not reveal New Physics (NP) beyond CKM if NP is confined to B_d mixing only and does not affect b → s penguin transtions or b → c c̄ s tree decay. Therefore, direct comparison with the fitted value of sin 2β obtained by using ϵ_K is essential.

4. Another apparent difficulty for the SM is understanding the rather large difference in the direct CP asymmetries ΔA_{CP} ≡ A_{CP} (B^− → K^−π^0)−A_{CP} (B̄^0 → K^−π^+) = (14.4±2.9)% 3. Naively this difference is supposed to be zero, since the two decaying B’s are related

Figure 3: Results of the fit to the unitarity triangle within the SM. In the table on top we collect the results we obtain for different selection of inputs. The plot is a graphical comparison between the SM predictions given above and the direct determinations in b → cc̄s and b → s penguin modes. In bottom-right table we show the deviation of the clean sin 2β measurements from the SM predictions obtained using εK , ΔMB_q , |V_{cb}, α, γ. The last column shows the impact of |V_{ub}|; taken from 16.

by switching of the spectator u and d quark, but it is not by almost five σ. Using QCD factorization14 in conjunction with any of the four scenarios for 1/m_b corrections that have been proposed 15, we were able to estimate ΔA_{CP} = (2.2 ± 2.4)% 16 which is several σ’s away from the experimental observations. It is important to understand that by varying over those four scenarios one is actually spanning the space of a large class of final state interactions; therefore the discrepancy with experiment is serious 17. Note also that this result for the ΔA_{CP} is quite consistent with results obtained when a completely different approach is used to estimate final state rescattering effects giving rise to the non-leading corrections 18. However, given our limited understanding of hadronic decays still makes it difficult to draw compelling conclusions from this difficulty for the SM (with three generations).

5. Finally, recently the possibility of the need for a largish non-standard CP-phase has been raised 19^,20 in the study of B_s → ψϕ at Fermilab by CDF 21 and D0 22 experiments. Since the presence of a beyond the SM CP odd phase in b → s transitions as (for example) already emphasized in 5, such non-standard effects in B_s decays are quite unavoidable.

Table 1: Scale of New Physics, accompanied by a CP-odd phase, relevant to different scenarios to account for CP anomalies in the data; taken from Ref. 16.

Scenario Operator Λ (TeV) φ (^o)

B_d mixing O^{(d)}_1 { 1.1 ÷ 2.1 no V_{ub} 1.4 ÷ 2.3 with V_{ub} { 15 ÷ 92 no V_{ub} 6 ÷ 60 with V_{ub}

B_d = B_s mixing O^{(d)}_1 & O^{(s)}_1 { 1.0 ÷ 1.4 no V_{ub} 1.1 ÷ 2.0 with V_{ub} { 25 ÷ 73 no V_{ub} 9 ÷ 60 with V_{ub}

K mixing

O^{(K)}_1 O^{(K)}_4 < 1.9 < 24

130 ÷ 320 A_{b→s} O^{b→s}_4 O^{b→s}_{3Q} .25 ÷ .43 .09 ÷ .2 0 ÷ 70 0 ÷ 30

Given that this effect (i.e a non-vanishing CP-asymmetry in B_s → ψϕ) is theroretically very clean, it has special importance. Unfortunately, at present it is quite limited by statistics and stands at around ≈ 2.2 σ. Fortunately the Tevatron is running very well and accumulating luminosity. If analysis with increased luminosity lead to an enhancement of the significance of this asymmetry, that could be very important. Thus running the Tevatron to resolve this issue deserves a very high priority.

3 Theoretical interpretations of the anomalies

In the following we discuss a few theoretical scenarios that could be the underlying cause for the observed anomalies. However, we first very briefly consider a model independent point of view and then some specific models that appear to be relevant.

3.1 Brief Summary of the model independent analysis

One of the important issue is how these B-CP anomalies will impact search for New Physics at the LHC. For this purpose it is vitally important to understand the scale of NP. With this in mind we 16 write down dimension-6 operators under the general assumptions of NP in ΔF lavor = 2 effective Hamiltonian for K, B_d or B_s mixing or for the case of ΔF lavor = 1 Hamiltonian relevant for b → s penguin transitions 16. Table 1 summarises results of such a model independent analysis. We see that the scale of NP is only a few hundred GeV if it orginates from b → s, ΔF lavor = 1 penguin Hamiltonian. It rises to about a few TeV if it originates from B_d and/or B_s mixing. From the perspective of LHC the scneario that is the most pessimistic, with NP scale in the range of a few tens of TeVs, is when all of the NP resides only in the dimension-6 LR-operator relevant for the K − K̄ mixing 23. But in this case the indications for a non-vanashing CP-asymmetry in the CDF and D0 data for B_s → ψϕ or for the large value of ΔA_{CP} [Kπ] or for the smallish value of sin 2β from penguin modes becomes difficult to reconcile.

3.2 Warped Flavordynamics & duality

Perhaps the most interesting and even compelling BSM scenario is that of warped extra dimensional models24 as they offer a simultaneous resolution to EW-Planck hierarchy as well as flavor puzzle 25^,26. While explicit flavor models are still evolving, potentially this class of models does have extra CP-violating phase(s) 27 that can have important repercussions for flavor physics.

Indeed in the simplest scenario (with the assumption of “anarchic” Yukawas i. e. in the 5D theory the entries in the Yukawa matrices are roughly of similar order) it was predicted28 that there should be smallish (i.e. O(20%)) deviations from the SM in B_d decays to penguin-dominated final states such as ϕK_s, η^′K_s etc as well as the possibility of largish CP-odd phase in B_s mixing which then of course has manifestations in e.g. B_s → ψϕ; forward-backward asymmetry in X_sl^+l^− etc27^,28. However, in this original study, for simplicity it was assumed that B_d mixing was essentially described by the SM. More recently there have been two extensive studies of the possibilty of warped models being the origin of the several hints in B, B_s decays mentioned above29^,30^,31.

A common feature of these warped models is that they also imply the existence of various Kaluza-Klein states, excitated counterparts of the gluon, weak gauge bosons and of the graviton with masses heavier than about 3 TeV 32. Note also that unless the masses of these particles are less than about 3 TeV their direction detection at LHC will be very difficult 33^,34^,35^,36^,37^{,?,}39^,40^,41.

An extremely interesting subtelty about these 5-dimensional warped modeles is that they are supposed to be dual to some 4-dimensional models with strong dynamics 42^,43^,44^,45. This motivates us to search for effective 4-dimensional models that seem to provide a good description of the data.

3.3 Two Higgs doublet model for the top quark

Another interesting BSM scenario that was studied in the context of such hints of new physics in B_d, B_s physics is that of a two higgs doublet model. Such class of models are of course a very simple extension of the SM and in fact in SUSY they find a natural place as there the 2HDM’s become a necessity. However, a specific such model, the two higgs doublet model for the top-quark (T2HDM)46 is also of interest for a variety of reasons. It naturally accomodates m_t >> m_b by postulating that the second Higgs doublet has a much larger VEV (v_2) compared to the VEV (v_1) of the “first” doublet that couples with all the fermions other than the top quark. This of course means that this model does not preserve “natural flavor conservation” 47; so, indeed it has tree-level flavor changing-Higgs couplings. However, these are restricted to the charge + 2/3 sector only. Thus the severe K − K̄, B_d − B̄_d, B_s − B̄_s constraints are respected but the model predicts enhanced D^0 − D̄^0 mixing48 and enhanced flavor changing decays of the type Z→ b s̄, t → c Z etc49. Furthermore, the model has additional CP violating phases that can have many interesting effects in flavor physics51^,5

Specifically, the relevance of this model for some of the aforementioned anomalies in B decays, was examined in 5.

3.4 Possible relevance of a “4th generation” of quarks

Interestingly SM with a fourth generation [SM4] provides a rather simple explanation for many of the observed deviations in B, B_s decays from the predictions of Standard Model’s CKMparadigm, the SM3 (Standard Model with 3 generations). Indeed the data is suggestive for the need of a t^′ in the range (400 - 600) GeV 8.

For completeness, let us note that SM4 is a simple extension of SM3 with additional up-type (t^′) and down-type (b^′) quarks. It retains all the features of the SM. The t^′ quark, like u, c, t quarks, contributes in the b → s transition at the loop level52. The addition of fourth generation means that the quark mixing matrix will become a 4 × 4 matrix and the parametrization of this unitary matrix requires six real parameters and three phases. The two extra phases imply the possibility of extra sources of CP violation 53. In order to constrain these extra parameters we use experimental inputs from processes such as, B_d − B̄_d and B_s − B̄_s mixing, BR(B → X_sγ),

Table 2: Inputs used to constrain the SM4 parameter space; the error on V_{ub} is increased (to 2 σ) to reflect the disagreement between the inclusive and exclusive methods; taken from 8.

B_K = 0.72 ± 0.05 f_{bs} √ B_{bs} = 0.281 ± 0.021 GeV ΔM_s = (17.77 ± 0.12)ps^{−1} ΔM_d = (0.507 ± 0.005)ps^{−1} ξ_s = 1.2 ± 0.06 γ = (75.0 ± 22.0)^∘ |ϵ_k| × 10^3 = 2.32 ± 0.007 sin 2β_{ψKs} = 0.672 ± 0.024 BR(K^+ → π^+νν) = (0.147^{+0.130}_{−0.089}) × 10^{−9} BR(B → X_cℓν) = (10.61 ± 0.17) × 10^{−2} BR(B → X_sγ) = (3.55 ± 0.25) × 10^{−4} BR(B → X_sℓ^+ℓ^−) = (0.44 ± 0.12) × 10^{−6} ( High q^2 region ) R_{bb} = 0.216 ± 0.001 |V_{ub}| = (37.2 ± 5.4) × 10^{−4} |V_{cb}| = (40.8 ± 0.6) × 10^{−3} η_c = 1.51 ± 0.24 54 η_t = 0.5765 ± 0.0065 55 η_{ct} = 0.47 ± 0.04 56 m_t = 172.5 GeV

BR(B → X_sℓ^+ℓ^−) , indirect CP violation in K_L → ππ described by |ϵ_k|, Z → bb̄ etc. Table 2 summarizes complete list of inputs that we have used to constrain the SM4 parameter space. Using these input parameters we have obtained the constraints on various parameters of the 4×4 mixing matrix. In Table 3 we present the one sigma allowed ranges of |V^∗_t′_sV_t′_b| and ϕ^′_s (the phase of V_t′_s), which follow from our analysis 57.

The SM3 expressions for ϵ_k and Z → bb̄ decay width have been taken from 60 and 61 respectively whereas the relevant expressions for^{ΔMs}_{ΔMd} , along with the other observables can be found in 62. The corresponding expressions in SM4 i.e., the additional contributions arising due to t^′ quark can be obtained by replacing the mass of t-quark by m_t′ in the respective Inami-Lim functions. For concreteness, we use the parametrization suggested by Botella and Chau in 63 for 4×4 CKM matrix [V_{CKM4}]. In ΔM_d and ΔM_s, apart from the other factors, we have the CKM elements V_{tq}V^∗_{tb} and ΔM_s respecitively, contains the term V_{ts}V^∗_{tb} (with q=d or s),

V_{tq}V^∗_{tb} = −(V_{uq}V^∗_{ub} + V_{cq}V^∗_{cb} + V_t′_qV^∗_t′_b) V_{ts}V^∗_{tb} = −(V_{us}V^∗_{ub} + V_{cs}V^∗_{cb} + V_t′_sV^∗_t′_b), (1)

which is replaced by using the unitarity relation, λ_u + λ_c + λ_t + λ_t′ = 0 where λ_q = V_{qb}V^∗_{qs}. using the 4×4 CKM matrix unitarity relations. The phase of V_{td} and V_{ts} will also be obtained by using this unitarity relation. In this way we have reduced the number of unknown parameters by using information from known parameters.

With a sequential fourth generation, the effective Hamiltonian describing, as an example, the decay modes B^− → π^0K^− and B̄^0 → π^+K^− becomes H_{eff} = G_F √ 2 [λ_u(C^u_1 O_1 + C^u_2 O_2 + 10∑ i=3 C^u_i O_i)

Table 3: Allowed ranges for the parameters, λ^s_t′ (×10^{−2}) and phase ϕ^′_s (in degree) for different masses m_t′ ( GeV), that has been obtained from the fitting with the inputs in Table 2; taken from 8.

m_t′ 400 500 600 700 λ^s_t′ (0.08 - 1.4) (0.06 - 0.9) (0.05 - 0.7) (0.04 - 0.55) ϕ^′_s -80 → 80 - 80 → 80 -80 → 80 -80 → 80

Figure 4: The left panel shows the allowed range for S_{ψϕ} in the (S_{ψϕ} − ϕ^s_t′ ) plane for m_t′ = 400 (red), 500 (green), 600 (magenta) and 700 (blue) GeV respectively. Black and red horizontal lines in the figure indicate 1-σ and 2-σ experimental ranges for S_{ψϕ} respectively. The right panel shows the correlation between S_{ϕKs} and S_{ψϕ} for m_t′ = 400 (red), 500 (green), 600 (magenta) and 700 (blue) GeV respectively. The horizontal lines represent the experimental 1σ range for S_{ϕKs} whereas the vertical lines (Black 1-σ and red 2-σ ) represent that for S_{ψϕ}; taken from 8. .

+λ_c 10∑ i=3 C^c_i O_i − λ_t′ 10∑ i=3 ΔC^{t′}_i O_i] , (2)

where C^q_i ’s are the Wilson coefficients, ΔC^{t′}_i ’s are the effective (t subtracted) t^′ contributions and O_i are the current-current operators. Using the above effective Hamiltonian, for the b → s transition and following 5 we use the S4 scenario of QCD factorization approach 15 for the evaluation of hadronic matrix elements and the amplitudes for the decay modes B → πK and B → ϕK_s for m_t′ = 400 , 500, 600, 700 GeV respectively.

Using the ranges of λ^s_t′ ≡ |V^∗_t′_sV_t′_b| and ϕ^′_s, the phase of V_t′_s as obtained from the fit for different m_t′ (Table 3), the allowed regions in the ΔA_{CP} − λ^s_t′ plane for different values of m_t′ were studied. With the 4th family there is some enhancement and ΔA_{CP} up to about 8% may be feasible which is till somewhat small compared to the observed value (14.4 ± 2.9)%. Again, as we mentioned before this could be due to the inadequacy of the QCD factorization model we are using.

In Fig.4 we have shown the allowed regions in the S_{ψϕ} − ϕ^s_t′ plane for different values of m_t′ and also the correlation between CP asymmetries in B → ψϕ and B → ϕK_s. We follow the notation S_{ψϕ} = sin(ϕ^Δ_s − 2β_s) = sin 2β^{eff}_s , where ϕ^Δ_s is the phase coming from mixing and β_s = arg(−^{V ∗tbVts}_V ∗_{cbVcs} ) = 1.1^∘ ± 0.3^∘, is the phase of b → cc̄s decay amplitude 64^{,?}. The range for new B_s mixing phase ϕ^Δ_s is given (@68% CL) by ϕ^Δ_s ∈ (−18 ± 7)^∘ or, ϕ^Δ_s ∈ (−70 ± 7)^∘. The corresponding 2-σ and 1-σ ranges for S_{ψϕ} is given by [-0.90, -0.17] and [-0.78, -0.40] respectively. The large error on S_{ϕKs} and S_{ψϕ} does not allow at present to draw strong conclusions on m_t′ , nevertheless the present experimental bounds seem to mildly disfavor m_t′ > 600 GeV.

A very appealing feature of the 4th family hypothesis is that it quite readily explains the pattern of the observed anomalies. First of all the heavy m_t′ generates a very important new source of electroweak penguin (EWP) contribution since, as is well known, these amplitudes are able to avoid the decoupling theorem and grow as m^2_t′ 66^,52. This helps to explain two of the anomalies in b → s transitions. The enhanced EWP contribution helps in explaining the difference in CP-asymmetries, ΔA_{CP} as it is really the K^±π^0 that is enhanced because of the color allowed coupling of the Z to the π^0. A second important consequence of t^′ is that b → s penguin has a new CP-odd phase carried by V_t′_bV^∗_t′_s. This is responsible for the fact that sin 2β measured in B → ψK_s differs with that measured in penguin-dominated modes such as B → (ϕ, η^′, K_sK_s)K_s. Note also that ΔB = 2 box graph gets important new contributions from the t^′ since these amplitudes as mentioned before are proportional to m^2_t′ . Furthermore, they are accompanied by new CP-odd phase which is not present in SM3. This phase is responsible for the fact that the sin 2β measured in B → ψK_s seems to be bigger than the value(s) “predicted” in SM3 7 given in item # 1 on page 1.

Finally, we note briefly in passing how SM4 gives a rather simple explanation for the size of the new CP-phase effects in B_d versus B_s mesons. In B_d oscillations resulting in B → ψK_s, top quark plays the dominant role and we see that the measured value of sin 2β deviates by ≈ 15% from predictions of SM3. It is then the usual hierarchical structure of the mixing matrix (now in SM4) that guarantees that on sin 2β, t^′ will only have a subdominant effect. However, when we consider B_s oscillations then the role of t^′ and t get reversed. In B_s mixing the top quark in SM3 has negligible CP-odd phase, therein then the t^′ has a pronounced effect. SM4 readily explains that just as t is dominant in sin 2β and subdominant in sin 2β_s, the t^′ is dominant in sin 2β_s and subdominant in sin 2β.

Improved prospects for baryogenesis

In SM3 a well known difficulty for baryognesis is that the process is driven by product of square of mass differences of the 3 up-type quarks and the 3 down-type quarks:

Q_B ≈ A_{UT −SM3}[(m^2_c − m^2_u)(m^2_t − m^2_c )(m^2_t − m^2_u)(m^2_s − m^2_d)(m^2_b − m^2_s)(m^2_b − m^2_d)/m^{12}_W (3)

where A_{UT −SM3} is twice the (invariant) area of the unitarity triangle for the 3-generation SM69. As is well known, A_{UT −SM3} s multiplied by an extremely small number making it very difficult for baryogenesis to occur. However, in SM4 since each set of 3-generations (of three linearly independent ones) will have its own associatd CP-odd phase 2. In the corresponding quantity with new CP-odd phase(s), therefore, masses of the first family no longer need to enter leading to a huge enhancement by the ratio,

(m^2_t /m^2_c )(m^{′4}_t /m^4_t )(m^2_b /m^2_s)(m^{′4}_b /m^4_b ) ≈ 10^{16} (4)

So, at least from this point of view the chances of baryogenesis in SM4 are significantly improved 70^,71 though its claimed that other difficulties may still need to be confronted 72.

Repurcussions for SBF

We now briefly summarize some of the definitive signatures of the 4th family scenario in flavor observables 58 at the flavor facilities of today or tomorrow, such as LHCb and Super-B Factory (SBF). The need for new CP phase(s) beyond the single KM phase2 of course must continue to persist. This means that the three values of sin 2β, the fitted one, the one measured via ψK_s and the one measured via penguin dominated modes (e.g. ϕK_s, η^′K_s etc.) should continue to differ from each other as more accurate analysis become available. Furthermore, B_s mixing should also continue to show the presence of a non-standard phase (e.g. in B_s → ψϕ) as higher statistics are accumulated. For sure SM4 will have many more interesting applications in flavor physics, for example, direct CP asymmetry in K_L → π^0νν̄, forward-backward asymmetry in B → X_sl^+l^− etc. which need to be explored 58.

Repurcussions for the LHC

For the LHC, one definitive pediction of this analysis is a 4th family of quarks in the range of ≈ 400-600 GeV and the detection of these heavier quarks and their leptonic counterparts deserves attention. EW precision constrains the mass-splitting between t^′ and b^′ to be small, around 50 GeV 67. This constraint will clearly have important repercussions for their decays and therefore their signals at the LHC.

For 500 GeV quarks the cross-section for pair production by gluon fusion is estimated to be around 4pb 79. The final states via their decays should have pair of opposite sign charged leptons with missing energy carried by neutrinos and a t − t̄ pair. Since the t^′ − b^′ mass splitting is likely to be less than m_W , the 2-body decays of the t^′ (assuming it is heavier) may not be kinemattically allowed. This should have the indirect consequence of boosting BR for the 2-body mode, t^′ → bW .

For the b^′ we should expect prominent 2-body mode, b^′ → t + W . The partial width will be suppressed by V_b′_t boosting its lifetime. Flavor changing b^′ → bZ may also be enhanced and quite interesting.

The decays of t^′ and/or b^′ should lead to hgh P_t multilepton final states. Decays of the t^′ are likely to be dominated by t^′ → b + W , followed by decays of the W. Thus we should expect opposite sign dilptons from pairs of t^′ . From the pair production of b^′ followed by their decays, we can get both opposite sign or same sign dileptons. The same sign ones arise (e.g.) when one lepton comes from W^− originating from the b^′ and the other from the W^+ originating from the t̄ on the opposite side. These high p_t same sign dileptons clearly provide very distinctive signatures. Futhermore, the opposite sign leptons tend to have similar energies, whereas same sign tend to be asymmetric in energy with their average energies differing by a factor of about two.

Another important consequence of the 4th generation scenario with such heavy quarks is that correspondingly the higgs may be heavier with m_H >∼ 300GeV 78. This could make its detection via decays to ZZ, WW final states more prominent and perhaps easier than the light mass case.

Possibilty for a dark matter candidate

As far as the lepton sector is concerned, it is clear that the 4th family leptons have to be quite different from the previous three families in that the neutral leptons have to be rather massive, with masses > m_Z /2. This may also be a clue that the underlying nature of the 4th family may be quite different from the previous three families68. KM 2 mechanism taught us the crucial role of the three families in endowing CP violation in SM3. It is conceivable that 4th family plays an important role 70^,72 in yielding enough CP to generate baryogenesis which is difficult in SM3. Of course it also seems highly plausible that the heavy masses in the 4th family play a significant role in dynamical generation of electroweak symmetry breaking. In particular, the masses around 500 or 600 GeV that are being invoked in our study, point to a tantalizing possibility of dynamical electroweak symmetry breaking as the Pagels-Stokar relation in fact requires quarks of masses around 500 or 600 GeV for dynamical mass generation to take place 73,74,75,76,77. For such heavy masses the values of Yukawa coupling will be large but not so large to break down perturbation theory. Clearly all this brief discussion is signaling is that there is a lot of physics involving the new family that needs to be explored and understood.

Does need some tuning

While from the point of view of dynamical EW symmetry breaking, baryogenesis and the possibilty of a dark matter candidate, a pair of 4th generation-like heavy quarks may be quite interesting, to put things in perspective we should also recall that some degree of cancellations or tuning will be needed to accomodate such a family. First of all the EWP constraints show that some of the contribution of the heavier quarks to the S and T-parameters may have to cancel against a heavier higgs. Moreover, the EWP constraints also require that for such heavy quarks, the mass difference between the t^′ and the b^′ cannot be more than around 50 GeV 78. This means their masses may be degenerate to about 10%. While such a tuning may be a cause for concern, it may be worth remembering that this degeneracy is a lot less than protonneutron mass difference which we now understand results from isospin symmetry of the strong interactions.

Cannot be a conventional 4th generation

Since LEP experiments tell us that there cannot be another squential, essentially masslss neutrino, the underlying nature of this “4th generation” that we need for fixing B-CP anomalies must be quite different. In fact, from our point of view, all that is really needed is a heavy charge + 2/3 quark that paricipates in the EW interactions through the 4×4 mixing matrix 80. Thus the underlying nature of this 4th generation may be quite different from the previous three82.

4 Summary & Outlook

Attention is drawn to several 2-3 σ indications for new CP violatng physics in B, Bs and possibly in K-mixings and decays. Heavier quarks of another (“4th”) family offer a simple explanation for these effects. These indications should be resolved with high priority. In particular, the hints in B_s → ψϕ are very clean from a theoretical standpoint and since the fermilab Tevatron is also working very well and acumulating data at a high luminosity, it is highly desirable to let the Tevatron run for another few years so that we can get to the bottom of this anomally as soon as possible.

If these signals for NP are confirmed they will obviously have a large impact on flavor and on collider physics. It is useful to note that the flavor structure of warped model is sufficiently intricate that signals such as those highlighted here could originate from this class of new physics. However, our current understanding of these models is such that the Kaluza-Klein particles are likely to have masses heavier than about 3 GeV making their direct verification at the LHC rather challenging. In that case, higher sensitivity experiments in the flavor sector, at high luminosity machines may be our only way to seek confirmation. In contrast, if a 4th family explanation is the underlying cause then the masses of the new particles need only be around 600 GeV making their detection at LHC also quite feasible.

Acknowledgements

I want to thank the organizers of the EW Moriond 2009, and in particular Jean-Marie Frere for inviting me. Also, I want to thank my collaborators on the 4th family analysis, Anjan Giri, Ashutosh Alok, Rukmani Mohanta and especially Soumitra Nandi and also Enrico Lunghi, Michael Begel, Hooman Davoudiasl, Shrihari Gopalakrishna, Thomas Gadfort and Christian Sturm for useful discussions. This work is supported in part by the US DOE contract No. DE-AC02-98CH10886.

References

1. N. Cabibbo, Phys. Rev. Lett.10, 531, (1963).

2. M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).

3. See http://www.slac.stanford.edu/xorg/hfag/ 4. T. E. Browder, T. Gershon, D. Pirjol, A. Soni and J. Zupan,

arXiv:0802.3201 .

5. E. Lunghi and A. Soni, JHEP 0709, 053, (2007). 6. M. Bona et al. [UT Fit collaboration], arXiv:0707.0636 . 7. E. Lunghi and A. Soni, arXiv:0803.4340 .

8. A. Soni, A. Alok, A. Giri, R. Mohanti, S. Nandi, arXiv:0807.1871. 9. Possible role of the fourth family in B-decays has also been emphasized in, W. -S. Hou, M.

Nagashima, G. Raz and A. Soddu, JHEP 0609, 012, (2006); W. -S. Hou, M. Nagashima and A. Soddu, Phys. Rev. Lett.95, 141601, (2005); W. -S. Hou, H. -Nan Li, S. Mishima and M. Nagashima, Phys. Rev. Lett.98, 131801, (2007) [arxiv: hep-ph/061107]. Phys. Rev. D76, 016004, (2007). [hep-ph/0610385].

10. Y. Grossman and M. Worah, Phys. Lett. B395, 241, (1997) [hep-ph/9612269]. 11. D. London and A. Soni, Phys. Lett. B407, 61, (1997) [hep-ph/9704277]. 12. Y. Grossman, G. Isidori and M. Worah, Phys. Rev. D58, 057504, (1998) [arxiv:hep-ph/9708305].

13. M. Beneke, Phys. Lett. B620, 143, (2005); H. -Y. Cheng, C. -K. Chua and A. Soni, Phys. Rev. D72, 014006, (2005); Phys. Rev. D72, 094003, (2005); G. Buchalla, G. Hiller, Y. Nir and G. Raz, JHEP 0509, 074, (2005); A. Williamson and J. Zupan, Phys. Rev. D74, 014003, (2006).

14. M. Beneke, G. Buchalla, M. Neubert and C. Sachrajda, Nucl. Phys. B606, 245, (2001);

[hep-ph/0104110].

15. M. Beneke and M. Neubert, Nucl. Phys. B675,333, (2003). 16. E. Lunghi and A. Soni, arXiv:0903.5059 17. See also, R. Fleischer, S. Jager, D. Pirjol and J. Zupan, arXiv:0806.2900 [hep-ph]. 18. H. Y. Cheng, C. K. Chua and A. Soni, Phys. Rev. D 71, 014030 (2005) [arXiv:hep-ph/0409317]; based on this work ΔA_{CP} (3^{+1}_{−3})%. We thank Hai-Yang Cheng for discussions on this issue.

19. A. Lenz and U. Nierste, hep-ph/0612167. 20. M. Bona et al. [UTFit collaboration].

21. T. Aaltonen et al. [CDF Collaboration], arXiv:0712.2397. 22. V. M. Abazov et al. [D0 Collaboration], arXiv:0802.2255.

23. This results in part from the enhanced value of the matrix elements for the LR ΔS = 2 operator, see G. Beall, M. Bander and A. Soni, Phys. Rev. Lett. 48, 848 (1982); see also M. Bona et al [UTfit Collab.], JHEP 0803, 049 (2008) [arXiv:0707.0636].

24. L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999) [arXiv:hep-ph/9905221]. 25. Y. Grossman and M. Neubert, Phys. Lett. B 474, 361 (2000) [arXiv:hep-ph/9912408]. 26. T. Gherghetta and A. Pomarol, Nucl. Phys. B 586 (2000) 141 [arXiv:hep-ph/0003129]. 27. K. Agashe, G. Perez and A. Soni, Phys. Rev. Lett. 93, 201804 (2004) [arXiv:hep-ph/0406101] 28. K. Agashe, G. Perez and A. Soni, Phys. Rev. D 71, 016002 (2005) [arXiv:hep-ph/0408134].

29. M. Blanke, A. Buras, B. Duling, S. Gori and A. Weiler, arXiv:0809.1073. 30. M. Blanke, A. Buras, B. Duling, K. Gemmler and S. Gori, arXiv:0812.3803. 31. S. Casagrande, F. Goertz, U. Haisch, M. Neubert, T. Pfoh, arXiv:0807.4397. 32. K. Agashe, A. Delgado, M. May. R. Sundrum, JHEP 0308, 050, (2003); hep-ph/0308036. 33. K. Agashe, A. Belyaev, T. Krupovnickas, G. Perez and J. Virzi, Phys. Rev. D77, 015003, (2008), hep-ph/0612015.

34. B. Lillie, L. Randall and L. T. Wang, JHEP 0709, 074 (2007) [arXiv:hep-ph/0701166]. 35. K. Agashe et al, Phys. Rev. D76, 115015, (2007), arXiv:0709.0007.

36. K. Agashe et al, arXiv:0810.1497.

37. A. Fitzpatrick, J. Kaplan and L. Randall, JHEP 0709, 013, (2007), hep-ph/0701150. 38. K. Agashe, H. Davoudiasl, G. Perez and A. Soni, Phys. Rev. D76, 036006, (2007), hep-ph/0701186.

39. O. Antipin, D. Atwood and A. Soni, Phys. Lett. B666, 151, 2008, arXiv:0711.3175. 40. O. Antipin and A. Soni, JHEP 0810, 018, (2008), arXiv:0806.3427. 41. K. Agashe, G. Perez and A. Soni, Phys. Rev. D75, 015002, (2007), hep-ph/0606293. 42. J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)] [arXiv:hep-th/9711200];

S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Phys. Lett. B 428, 105 (1998) [arXiv:hep-th/9802109];

E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998) [arXiv:hep-th/9802150]. 43. N. Arkani-Hamed, M. Porrati and L. Randall, JHEP 0108, 017 (2001) [arXiv:hep-th/0012148];

44. R. Rattazzi and A. Zaffaroni, JHEP 0104, 021 (2001) [arXiv:hep-th/0012248]. 45. R. Contino, Y. Nomura and A. Pomarol, Nucl. Phys. B 671, 148 (2003) [arXiv:hep-ph/0306259];

K. Agashe, R. Contino and A. Pomarol, Nucl. Phys. B 719, 165 (2005) [arXiv:hep-ph/0412089].

46. A. K. Das and C. Kao, Phys. Lett. B372, 106 (1996); hep-ph/9511329. 47. S. Glashow and S. Weinberg, Phys. Rev. Lett. 20, 224 (1968) 48. G.-H. Wu and A. Soni, Phys. Rev. D 62, 056005 (2000); hep-ph/9911419. 49. D. Atwood, S. Bar-Shalom, G. Eilam and A. Soni, Phys. Rev. D 66, 093005 (2002);

hep-ph/0203200.

50. K. Kiers, A. Soni and G.-H. Wu, Phys. Rev. D 62, 116004 (2000);hep-ph/0006280. 51. K. Kiers, A. Soni and G.-H. Wu, Phys. Rev. D 62, 116004 (2000);hep-ph/0006280. 52. W. -S. Hou, R. Willey and A.Soni, Phys. Rev. Lett. 58, 1608 (1987); W. -S. Hou, A.

Soni and H. Steger, Phys. Rev. Lett. 59, 1521 (1987). 53. W. -S. Hou, A. Soni and H. Steger, Phys. Lett. B192, 441, (1987). 54. S. Herrlich and U. Nierste, Nucl. Phys. B419, 292, (1994). 55. A. J. Buras, M. Jamin and P. H. Weisz, Nucl. Phys. B347, 491, (1990). 56. S. Herrlich and U. Nierste, Phys. Rev. D52, 6505, (1995).

57. Recently constraints due to oblique corrections have been included, see, M. S. Chanowitz, arXiv:0904.3570 [hep-ph]; see also 58^,59 .

58. More details will be given in a forthcoming article, see A. Alok, A. Giri, R. Mohanta, S.

Nandi and A. Soni (to be published).

59. For another recent study of the quark mixings due to a 4th generation see, M. Bobrowski, A. Lenz, J. Riedl and J. Rohrwild, arXiv:0902.4883 [hep-ph].

60. A. J. Buras, D. Guadagnoli, arXiv:0805.3887 .

61. J. Bernabeu, A. Pich and A. Santamaria, Nucl. Phys. B363, 326, (1991). 62. G. Buchalla and A. J. Buras, Nucl. Phys. B548, 309, (1999); A. J. Buras and R. Fleischer, Adv. Ser. Direct. High Energy Phys. 15, 65 (1998); A. J. Buras, hep-ph/9806471.

63. F. J. Botella and L. L. Chau, Phys. Lett. B168, 97, (1986).

64. M. Beneke, G. Buchalla, A. Lenz and U. Nierste, Phys. Lett. B 576, 2003, (173). M. Ciuchini, E. Franco, V. Lubicz, F. Mescia and C. Tarantino, JHEP 0308, 031, (2003).

65. A. Lenz and U. Nierste, JHEP 0706, 072, (2007).

66. T. Inami and C. S. Lim, Prog. Theor. Phys. 65, 297 (1981); ibid 65, 1772E (1981); see also, G. Buchalla, A. J. Buras and M. E. Lautenbacher, et al., Rev.Mod.Phys.68, 1125, (1996).

67. Particle Data Group ( D. E. Groom et al), Eur. Phys. J. C 15, 1, (2000); M. Maltoni et al., Phys. Lett. B476, 107, (2000). V. A. Novikov et al., Phys. Lett. B529, 111, (2002).

68. See, e.g. G. E. Volovik, Pisma Zh. Eksp. Teor. Fiz. 78, 1203 (2003) [JETP Lett. 78, 691 (2003)].

69. C. Jarlskog, Phys. Rev. Lett. 55, 1039 (1985); Z. Phys. C 29, 491 (1985). 70. W. S. Hou, arXiv:0803.1234 , 71. See also, F. del Aguila, J. A. Aguilar-Saavedra and G. C. Branco, Nucl. Phys. B 510, 39 (1998); hep-ph/9703410.

72. See also, R. Fok and G. D. Kribs, arXiv:0803.4207 . 73. H. Pagels and S. Stokar, Phys. Rev. D20, 2947, (1979).

74. H. -J. He et al., C. T. Hill and T. M. P. Tait, Phys. Rev. D65, 055006, (2002) [arxiv:hep-ph/0108041].

75. B. Holdom, JHEP 0608, 076, (2006).

76. G. Burdman and L. D. Rold, JHEP 0712, 086, (2007).

77. For unitarity issues see: M. S. Chanowitz, Phys. Lett. B352, 376, (1995). and M. S.

Chanowitz, M. A. Furman and I. Hinchliffe, Phys. Lett. B78, 285, (1982). 78. For electroweak precision tests see: G. D. Kribs, T. Plehn, M. Spannowsky and T. M. P.

Tait, Phys. Rev. D76, 075016, (2007). This study shows that with m_t′ >∼ 400 GeV, the Higgs may have to be heavier than about 300 GeV.

79. M. Cacciari, S. Frixione, M. Mangano, P. Nason and G. Ridolfi, arXiv:0804.2800. 80. Extending the hidden symmetry ideas of 81 the four generation mixing matrix may be accessible; see, S. Bar-Shalom, D. Oaknin and A. Soni, arXiv:0904.1341 [hep-ph.]

81. R. Friedberg and T. D. Lee, Ann. of Phys. 323, 1087,(2008); Ann. of Phys. 323, 1677 (2008).

82. For one example of an unconventional fourth generation see, O. Antipin, M. Heikinheimo and K. Tuominen, arXiv:0905.0622 [hep-ph]; see also, M. Frandsen, I. Masina and F. Sannino, arXiv:0905.1331 [hep-ph].