arXiv:0904.4262v2 [hep-ph] 9 Jul 2009

Future prospects of B physics

Yuval Grossman^1, Zoltan Ligeti^2, and Yosef Nir^3

1Newman Laboratory of Elementary Particle Physics Cornell University, Ithaca, NY 14853, USA 2Ernest Orlando Lawrence Berkeley National Laboratory University of California, Berkeley, CA 94720, USA 3Department of Particle Physics, Weizmann Institute of Science Rehovot 76100, Israel

In recent years, the CKM picture of flavor and CP violation has been confirmed, mainly due to B decay data. Yet, it is likely that there are small corrections to this picture. We expect to find new physics not much above the weak scale. This new physics could modify flavor changing processes compared to their SM expectations. Much larger B decay data sets, which are expected from LHCb and super-B-factories, will be used to search for these deviations with much improved sensitivity. The combination of low and high energy data will be particularly useful to probe the structure of new physics.

§1. Introduction

The aim of high energy physics is to understand the fundamental interactions among the elementary particles in Nature. The mathematical tool that is used to describe these interactions is quantum field theory, and high energy physics aims to determine the Lagrangian of Nature. The standard model (SM) has so far proven to be a good description of Nature up to energies of the order of the electroweak scale, m_W ∼ 100 GeV. In particular, the electroweak gauge sector of the SM has been verified to an accuracy better than 1%, mainly by the LEP, SLC, and Tevatron experiments.^{1)}

In recent years, our understanding of the flavor sector has improved dramatically, due to the e^+e^− B factories, BABAR, Belle, and CLEO, and the Tevatron experiments. With over 10^9 decays of B hadrons analyzed, the SM picture of the flavor sector has been tested with impressive accuracy.^{1)}

One sector where deviations from the SM predictions have been found is the lepton sector. The experimental pieces of evidence for neutrino flavor transitions contradict the prediction of massless neutrinos. The SM can be modified in a simple way to accommodate this result. If we consider the SM to be a low energy effective theory, nonrenormalizable terms should be included in the SM action. In particular, the only dimension-five operators that can be added generate neutrino masses. The observed coefficients of these operators suggest a suppression scale that is very high, well beyond direct probe.

The least tested sector of the SM is the Higgs sector. The Higgs boson is the only SM particle that has not yet been discovered. There are numerous alternatives to the SM Higgs sector. These range from mild modifications, such as having additional Higgs doublets, to rather radical alternatives where the mechanism that breaks the

typeset using PTPTEX.cls ⟨Ver.0.9⟩ electroweak symmetry is not the vacuum expectation value of an elementary scalar. One of the most disturbing aspects of the SM is related to the Higgs sector. Once the SM is viewed as an effective theory, the fact that the Higgs mass is not very high becomes puzzling: radiative corrections involving heavy particles would drive the Higgs mass close to the cutoff scale. This well known fine tuning problem is often interpreted as an indication for new physics at the weak scale. Indeed, this is the main motivation to look for new effects at the weak scale with the LHC.

Flavor physics, in particular B physics, has provided strong upper bounds on contributions from new physics models. This situation leads to the “new physics flavor puzzle”, which is the mismatch between the relatively low scale required to solve the fine tuning problem, and the high scale that is seemingly required to suppress the non-SM contributions to flavor changing processes. Let us expand a little on this point. The flavor sector of the SM is impressively successful. This success is linked to the fact that the SM flavor structure is special. First, the CKM matrix is unitary and contains small mixing angles. Second, flavor-changing neutral currents (FCNCs) are highly suppressed. These features are crucial to explain the observed pattern of weak decays. Any extension of the SM must preserve these successful features. Consider a model where the only suppression of new flavor changing interactions comes from the large masses (of scale Λ ≫ m_W ) of the new particles that mediate them. Flavor physics, in particular measurements of meson mixing and CP violation, put severe lower bounds of order Λ >∼ 10^4 TeV. There is therefore a tension. The hierarchy problem can be solved with new physics at a scale Λ ∼ 1 TeV. Flavor bounds, on the other hand, require Λ >∼ 10^4 TeV. This tension implies that any TeV-scale new physics cannot have a generic flavor structure. The new physics flavor puzzle is thus the question of why, and in what way, the flavor structure of the new physics is non-generic.

Flavor physics has been mainly an input to model building, not an output. The flavor predictions of most new physics models are not a consequence of their generic features but rather of the special structure that is imposed specifically to satisfy the existing severe flavor bounds. Therefore, flavor physics is a powerful indirect probe of new physics. We hope that new physics not far above the weak scale will be discovered at the LHC. A major issue will then be to understand its flavor structure. While it is not easy to directly probe this flavor structure at high energy, a lot can be learned from low energy flavor physics.

The precision with which we can probe the high scale physics in flavor physics experiments is limited by theoretical uncertainties (once experimental precision becomes good enough). Thus, the important questions are the following:

1. What are the expected deviations from the SM predictions induced by new physics at the TeV scale?

2. What are the theoretical uncertainties?

3. What can we expect in terms of experimental precision?

4. What will the measurements teach us if deviations from the SM are [not] seen? In the following we discuss these questions in detail. The main lines of our answers read as follows:

1. The expected deviations from the SM predictions induced by new physics at the

TeV scale with generic flavor structure are already ruled out by many orders of magnitudes. We can thus expect any size of deviation below the current bounds. In a large class of scenarios we expect deviations at the 10^{−2} level.

2. The theoretical limitations are highly process dependent. Some measurements are already limited by theoretical uncertainties (mostly due to hadronic, strong interaction, effects), while in various other cases the theory has very small uncertainties, and is more precise than the expected sensitivity of future experiments.

3. Experimentally, the useful data sets can increase by a factor of order one hundred at LHC-b and a super-B factory. Such improvements will therefore probe into the region of fairly generic new physics predictions.

4. The new low energy flavor data will be complementary with the high-p_T part of the LHC program. The synergy of both data sets can teach us a lot about the new physics at the TeV scale.

In the next section we briefly review the current status of (quark) flavor physics. Sections 3–6 discuss questions 1–4, respectively. Section 7 contains our conclusions.

§2. Current status

In the standard model, the distinction between quarks of different generations comes from their Yukawa couplings to the Higgs field. In the mass basis, this flavor physics is manifest in quark masses, in CP violation, and in all flavor changing phenomena described by the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix.^{2), 3)} In the SM all flavor-changing phenomena are described by only a handful of parameters, and therefore intricate correlations are predicted between dozens of different decays of s, c, b, and t quarks, and in particular between CP violating observables. Possible deviations from the CKM paradigm may modify (i) correlations between various measurements (e.g., inconsistent constraints from B and K decays, or from CP asymmetries in different decay modes, for example, B → ψK and B → ϕK); (ii) predictions for FCNC transitions (e.g., enhanced B_{(s)} → ℓ^+ℓ^−); (iii) enhanced CP violation, (e.g., in B → K^∗γ or in B_s → ψϕ).

Over the past decade, much progress has been made in precision measurements of the flavor parameters and in testing the SM flavor sector by many overconstraining measurements. To visualize the constraints from many measurements, it is convenient to use the Wolfenstein parameterization^{4)} of the CKM matrix,

V = V_{ud} V_{us} V_{ub} V_{cd} V_{cs} V_{cb} V_{td} V_{ts} V_{tb} = 1 −^1_2 λ^2 λ Aλ^3(ρ̄ − iη̄) −λ 1 −^1_2 λ^2 Aλ^2 Aλ^3(1 − ρ̄ − iη̄) −Aλ^2 1 + . . . , (2.1) This parameterization exhibits the hierarchical structure of the CKM matrix by expanding in a small parameter, λ ≃ 0.23; however, recent CKM fits use definitions of the λ, A, ρ̄ and η̄ parameters that obey unitarity exactly.^{5)} The unitarity of V implies ∑ i V_{ij} V^∗_{ik} = ∑ i V_{ji}V^∗_{ki} = δ_{jk}. (2.2)

(a) (b)

Fig. 1. Left: Constraints on the apex of the unitarity triangle in the ρ̄ − η̄ plane. The shaded regions show the 95% CL constraints. Right: the allowed h_d − σ_d region in the presence of new physics in B^0–B^0 mixing, as parameterized by Eq. (2.6).^{5), 6)}

Each of the six vanishing combinations can be represented by a triangle in the complex plane. The most commonly used such triangle, often called “the unitarity triangle,” arises from rescaling the

V_{ud} V^∗_{ub} + V_{cd} V^∗_{cb} + V_{td} V^∗_{tb} = 0 (2.3)

relation by V_{cd} V^∗_{cb} and choosing two vertices of the resulting triangle to be (0, 0) and (1, 0). The definition ρ̄ + iη̄ = − V_{ud}V^∗_{ub} V_{cd}V^∗_{cb} , (2.4)

ensures that the apex of the unitarity triangle is (ρ̄, η̄).

The asymmetric-energy B factory experiments, BABAR and Belle, have measured many CP violating observables (around 20 with more than 3σ significance), of which the most precise is the CP asymmetry in B → ψK_S and related modes,

S_{ψK} = sin 2β = +0.671 ± 0.024 , (2.5)

with only a 4% experimental uncertainly.^{∗)} As shown in Fig. 1(a), the result of this and other measurements is that the CP violating parameter η̄ (or, equivalently, the Jarlskog invariant, J) has been determined with a 5% uncertainty. This figure indicates that the existing measurements are consistent with the CKM picture of quark mixing, and, in particular, with the KM phase^{3)} being responsible for the observed CP violation.

The implications of the level of agreement between these various measurements is often overstated, however. Fig. 1(a) does not directly address how well the existing measurements constrain additional non-SM contributions to flavor changing processes. This cannot be easily discussed in a model independent fashion, since the most general low energy effective Hamiltonian contains about a hundred dimensionsix operators, which parameterize the leading corrections to the SM. In a large class of

∗) In the literature there are two common ways to refer to the angles of the unitarity triangle. We use the α, β and γ notation. The other notation is, respectively, ϕ2, ϕ1, and ϕ3.

models, however, the new physics modifies the mixing amplitude of neutral mesons, while leaving tree level decays unaffected. This effect can be parameterized with just two real parameters for each mixing amplitude. For B^0 − B^0 mixing, we write

M_{12} = M^{SM}_{12} ( 1 + h_d e^{2iσd} ) . (2.6)

Fig. 1(b) shows the constraints on h_d and σ_d, indicating that order 10 − 20% corrections to |M_{12}| are still allowed, for (almost) any value of the phase of the new physics contribution. If this phase is aligned with the SM, 2σ_d = 0 mod π, then the new physics contribution to |M_{12}| may still be comparable to the SM one. Similar conclusions apply to new physics contributions to many other FCNC transition amplitudes, though those analyses tend to be more complicated and (strong interaction) model dependent.

The fact that such large deviations from the SM are not yet excluded gives a very strong motivation to continue low energy flavor measurements in order to observe deviations from the SM predictions or establish a stronger hierarchy between the SM and new physics contributions.

§3. Typical effects of TeV-scale new physics

There are at least two good reasons to think that there is new physics at (or below) the TeV scale. First, the fine-tuning problem of the Higgs mass implies that either there are some symmetry partners of (at least) the particles that couple to the Higgs with order one couplings (the top quark, the W - and Z-bosons, and the Higgs itself), or gravity changes its nature at this scale. Second, if the dark matter particles are weakly interacting massive particles (WIMPs), then their annihilation cross section is of order 1/TeV^2. The first argument for TeV-scale physics further implies that the new physics has nontrivial flavor structure, because some of its effects must be related to the top Yukawa coupling. In this section we describe the flavor effects expected from TeV-scale new physics.

The effects of new physics can be parameterized by nonrenormalizable operators, made of the standard model fields, obeying the standard model gauge symmetries, and suppressed by inverse powers of the scale of the new physics. In particular, there is a large number of dimension-six four-fermion operators that contribute to FCNCs. Let us take as an example the following four-quark ΔB = 2 operator: z^{bd}_1 Λ^2_{NP}

(d_Lγ_μb_L)^2, (3.1)

where z^{bd}_1 is a dimensionless coefficient and Λ_{NP} is the scale of new physics. This operator contributes to B^0 − B^0 mixing. Its absolute value is then constrained by Δm_B and its imaginary part (in the basis where the leading decay amplitudes are real) by S_{ψKS} . For a detailed analysis, the reader is referred to Ref.^{7)} Let us now focus on Λ_{NP} <∼ 1 TeV. (3.2) If the contribution of the new physics comes at tree level, with complex couplings of order one, then the contribution of (3.1) will be 5–6 orders of magnitude above the experimental bounds. If the contribution comes at the loop level, say O(α^2) as in the standard model, but there are no additional suppression factors, then the contribution is still 2–3 orders of magnitude above the experimental bounds. The contribution from operators with a different Lorentz structure, in particular z^{bd}_4 Λ^2_{NP}

(d_R b_L)(d_L b_R), (3.3)

is even two orders of magnitude larger (for the same loop suppression factors). These facts lead to two important conclusions:

• New physics at the TeV scale can easily saturate the upper bounds on FCNC.

Conversely, even a mild improvement in the experimental sensitivity may lead to signals of new physics in B decays.

• New physics at the TeV scale must have a highly non-generic flavor structure.

This special structure might involve alignment, particularly with the down sector, or some level of flavor degeneracy, or a combination of the two. For B decays, and with O(10^{−3}) flavor-blind suppression, the flavor factors must suppress, for example, z^{bd}_1 and z^{bd}_4 by order 10^{−3} and 10^{−5}, respectively. Suppose that the suppression of z^{bd}_1 comes from both a loop factor of order 10^{−3} and flavor alignment similar in size to that of the standard model:

z^{bd}_1 ∼ 10^{−3}(V_{tb}V^∗_{td})^2 ∼ 10^{−7}. (3.4)

This is a few percent effect in B^0 − B^0 mixing, which is too small to be observed in Δm_B. If, however, the new phase carried by z^{bd}_1 is of order one, then the effect on S_{ψKS} is also of order a few percent, which may be observed in the future. Note that, in general, we do not expect flavor degeneracy in z^{bd}_1 because the global SU(3)_Q symmetry is strongly broken even within the standard model. The analogous naive estimate for z^{bd}_4 , based on supersymmetric models of alignment,^{8)} gives

z^{bd}_4 ∼ 10^{−3} (m_d/m_b) ∼ 10^{−6}, (3.5)

which can saturate the bounds.

Finally, it is possible that z^{bd}_1 is not just of the order of (V_{tb}V^∗_{td})^2, but actually proportional to it. This happens in a class of models called minimal flavor violation (MFV). An example of such a model is low-energy gauge-mediated supersymmetry breaking. Then the phase of z^{bd}_1 is the same as the one carried by the standard model, and there will be no deviation from the standard model prediction for S_{ψKS} . Furthermore, in this class of models, flavor changing operators involving right-handed quarks, such as (3.3), are highly suppressed.

Similar considerations apply to other operators that contribute to B^0 − B^0 mixing, as well as operators that contribute to FCNC decay amplitudes, for example b → sℓ^+ℓ^−. With new physics at the TeV scale, the new contributions can be as large as the present upper bounds. With loop and flavor suppression factors, there could be effects of order a few percent, which can lead to observable CP violating effects. Finally, if the new physics contributions are loop suppressed and carry the

CKM angles and phases, then the effects on the theoretically cleanest CP asymmetries vanish, while the contributions to CP conserving observables tend to be smaller than the theoretical uncertainties.

§4. Theoretical limitations

In order to have a convincing signal of new physics, we need its effect to be larger than both the experimental and the theoretical uncertainties. The most interesting observables are thus those with small theoretical uncertainties and good experimental precision. Since we search for deviations from the SM, the relevant theoretical uncertainties are those of the SM predictions.

There are in general two kinds of theoretical uncertainties, usually labeled perturbative and nonperturbative. Perturbative uncertainties come from the truncation of expansions in small (or not-so-small) coupling constants, such as α_s(m_b) ≃ 0.2. There are always higher order terms that have not been computed. In principle, such errors can be reduced by performing the higher order calculations; however, the calculations become very demanding. So far, when the precision of a perturbative QCD calculation was the limiting uncertainty, the necessary calculations were possible to carry out. A prime example is the next-to-next-to-leading order calculation (four-loop running, three-loop matching and matrix elements) of B → X_sγ.^{9)} The second kind of uncertainty is due to nonperturbative effects. They arise because QCD becomes strongly interacting at low energies, and one can no longer expand in the coupling constant. In general, there is no systematic method to deal with nonperturbative effects. There are cases, however, when we can get at the fundamental physics even in the presence of such effects. One way to proceed is to find observables where all (or most) of the hadronic parameters cancel or can be extracted from data. Many interesting processes involve hadronic parameters which can neither be measured nor calculated in perturbation theory. In some cases other tools can be used, such as lattice QCD or exploiting symmetries of the strong interaction which arise in certain limits, such as chiral symmetry or the heavy quark expansion. Then the limiting uncertainty is often due to the increasing number of hadronic matrix elements as one goes to higher order. These methods often use experimental data from related processes to constrain the uncertainties. Thus, experimental progress will not only reduce the measurement errors, but can also reduce the theoretical uncertainties. Here we do not discuss in detail the predictions for many modes, but focus on a few representative examples. Discussions about other modes can be found in many reviews.^{10)–13)}

Our first example is extracting γ from B → DK. This is arguably the cleanest measurement in terms of theoretical uncertainties. Basically, all the necessary hadronic quantities can be measured. The idea of all B → DK based analyses^{14)–18)} is to consider decays of the type B → D(D) K(X) → f_D K(X), (4.1) where f_D is a final state that is accessible from both D and D and X represents possible extra particles in the final state. The crucial point is that, in the intermediate state, the D or D are not measured (and in particular their flavor is not tagged), and are thus in a coherent state. On the other hand, the D is on-shell, and therefore the B → D and the D → f_D amplitudes are factorized. Thus, we have quantum coherence and factorization at the same time. Using several B → DKX decays modes (say, n different X states), and several D → f_D modes (say k), one can perform nk measurements, which depend on n + k hadronic decay amplitudes. For large enough n and k, there is a sufficient number of measurements to determine all hadronic parameters, as well as the weak phase we are after. Since all hadronic matrix elements can be measured, the theoretical uncertainties are much below the sensitivity of any foreseeable future experiment.

Next in terms of theoretical cleanliness are cases where the leading hadronic matrix elements cancel. The uncertainties then depend on the ratio of leading and subleading amplitudes. The subleading terms can be suppressed by small CKM matrix elements and/or by loop factors and/or by symmetry breaking corrections (see examples below). The question is to estimate the relative size of the subleading matrix elements.

Consider the time dependent CP asymmetries in neutral B decay into three different CP eigenstates: ψK_S , ϕK_S , and π^0K_S . Using CKM unitarity, Eq. (2.3), we can write the relevant decay amplitudes in the form^{19)}

A = V_{us} V^∗_{ub} A_u e^{iδ} + V_{cs} V^∗_{cb} A_c, (4.2)

such that A_i, which are real and positive, and δ, the CP conserving phase, are mode dependent. The hierarchy of the CKM elements | | | V_{us}V^∗_{ub} V_{cs} V_{cb} | | | ∼ λ^2, (4.3)

suggests that in all three decays we are considering the term proportional to A_u is subleading. Indeed, to first approximation, this is the case, and all three decays determine β. This approximation would fail, however, if A_u ≫ A_c due to hadronic physics. Even if A_u <∼ A_c, we would like to estimate the corresponding uncertainty, so we need to estimate the ratio r ≡ A_u/A_c. (4.4) Here is where hadronic physics enters the analysis, and the three cases differ.

For B → ψK_S , the final state contains cc̄sd̄ quarks, and therefore the quark level decay is dominantly b → cc̄s. Thus, A_c is a tree level decay amplitude, while A_u is a loop (or rescattering) effect. Consequently, r ≪ 1 and the theoretical error in S_{ψKS} is tiny.^{20)–23)} Another comparable effect proportional to ϵ_K is due to the fact that K_S is not a pure CP eigenstate.^{21)}

For B → ϕK_S , the final state contains ss̄sd̄ quarks, and therefore the decay is dominantly mediated by b → ss̄s. The dominant contributions to both A_c and A_u come from loop diagrams, so we expect r ∼ 1. The theoretical uncertainty in interpreting S_{ϕK} is then suppressed by λ^2, and is of order a few percent.^{24)–26)} For B → π^0K_S , the final state has uūsd̄ quarks and therefore the quark level decay is b → uūs. Thus, A_u is generated at tree level while A_c is generated at one loop and we expect r ≫ 1. Therefore, the correction to S_π0_{KS} due to the subleading amplitude cannot be neglected a-priori. However, it is possible to analyze a set of B → Kπ measurements using isospin symmetry relations among them to reduce the theoretical error on the CP asymmetries.^{27)} The remaining theoretical uncertainty is at the level of a few percent, due to isospin breaking. Calculations based on the heavy quark limit also predict small uncertainty in S_π0_{KS} .^{26), 28)}

In some cases, approximate symmetries — isospin or SU(3) — can be used to reduce the theoretical uncertainties, allowing clean extractions of fundamental parameters. The size of SU(3) and U-spin breaking are comparable, so while we often use only U-spin, we generally refer to it as SU(3). The theoretical errors associated with these symmetries are at the few percent level for isospin, and O(20%) for SU(3). Thus, in an era of much higher precision, when the accuracy of some measurements will be comparable to isospin breaking, SU(3) may become of limited use.

Isospin has been used in many cases, in particular in B → ππ,^{29)} B → Kπ, and decays with more pions in the final states. Isospin is very important in measuring α in decays that proceed via the b → uūd quark-level transition, like B → ππ. The theoretical uncertainties arise from electroweak penguin amplitudes and from isospin breaking in the matrix elements. The overall theoretical uncertainties are expected to be at the few percent level.^{30)–32)}

In B → Kπ, isospin is also crucial in reducing the theoretical errors. There are many relations between the decay rates and CP asymmetries of the various B → Kπ modes.^{33)–35)} Here, due to CKM enhancement, the effect of the electroweak penguin amplitude is larger than that in B → ππ. Yet, its calculation is considered reliable and thus precise relations are obtained that can be used to test the SM.^{36), 37)} The residual errors are due to isospin breaking and uncertainties about the magnitude of the electroweak penguin amplitude. In most cases, we expect the isospin breaking to enter at first order, and thus to have theoretical uncertainties at the few percent level. There is, however, one case, the so-called Lipkin sum rule,^{34), 35)} where isospin breaking affects the result only at second order.^{38)} Thus, this sum rule has theoretical uncertainties at the percent level.

Other important theoretical tools come from expanding about the heavy quark limit, m_{b(c)} ≫ Λ_{QCD}. There are several formalisms to do this. For spectroscopy and exclusive semileptonic decays, extra symmetries of the Lagrangian emerge in the m ≫ Λ_{QCD} limit. These heavy quark spin-flavor symmetries (HQS)^{39)} imply, for example, that exclusive semileptonic B → D^{(∗)}ℓν̄ decays are described by a universal Isgur-Wise function in the symmetry limit, providing some model-independent predictions. For inclusive semileptonic B decays an operator product expansion (OPE) can be used to compute sufficiently inclusive rates.^{40)–42)} The leading order result is given by free quark decay, the Λ_{QCD}/m_b terms vanish, and the Λ^2_{QCD}/m^2_b corrections are parameterized by just two hadronic matrix elements, which can be determined from data. Thus, the theoretical uncertainties for inclusive semileptonic rates are at the few percent level. A prime application is the extraction of |V_{cb}|; the theoretical uncertainties are at the few percent level both in the inclusive and exclusive analysis. When severe phase space cuts are imposed experimentally, such as for many determinations of |V_{ub}| from inclusive decays, the expansion is less powerful, since the usual

OPE in terms of local matrix elements is replaced by a “nonlocal OPE” in which the hadronic matrix elements are functions rather than numbers, and Λ_{QCD}/m_b corrections do occur. The heavy quark expansion in fully hadronic decays^{43)} becomes yet more complicated, and motivated many developments in soft-collinear effective theory (SCET).^{44)} In most such applications, we do not have a complete categorization of even the leading power corrections. Furthermore, the corresponding matrix elements have substantial uncertainties. Thus, the theoretical uncertainties are at least at the 10% level, and often larger. One of the possible exceptions is the difference of CP asymmetries, A_K+_π0 − A_K+_π− = 0.15 ± 0.03, which appears hard to reconcile with the heavy quark expansion and any set of assumptions about the Λ_{QCD}/m_b corrections popular in the literature.

A theoretical tool where significant improvements are expected in the next few years is lattice QCD. In principle, lattice QCD enables us to calculate many nonperturbative matrix elements.^{45)} In practice, however, several approximations have to be used to keep the computational time under control, e.g., because the b quark is too heavy to be simulated directly. Yet, we can hope to see improvements in the next few years as new algorithms and more powerful computers are used. One may hope that matrix elements which contain at most one (stable) hadron in the final state may be calculated with percent level uncertainties. Matrix elements involving states with sizable widths, e.g., ρ and K^∗, are more challenging. Matrix elements containing more than one hadron in the final state are much more complicated, and it would require major developments to be able to do calculations with small and reliable uncertainties. Thus, the theoretical errors are expected to shrink especially for measurements that relate to meson mixing, leptonic and semileptonic decays.

While our main focus is B physics, there are interesting and theoretically clean observables in K and D decays. In particular, the decay rates of K^+ → π^+νν̄ and K_L → π^0νν̄ are very clean, with theoretical errors at the few percent level.^{46)–49)} In the neutral D system, the calculations of the mass and width differences suffer from large hadronic uncertainties.^{50)–53)} Yet, the general prediction of the SM is that all CP asymmetries in tree level decays are below the 10^{−2} level. The reason is that charm decay and mixing involve to a good approximation only the two lighter generations, and are thus insensitive to the SM CP violation. Consequently, if CP violation is observed in charm mixing or decay, it will be a good probe of new flavor physics.^{54)–56)}

Finally, we mention lepton flavor violating decays, such as τ → μμμ. Such decays can be studied in future B factories, and are very clean theoretically. The SM prediction is zero for all such decays. Adding neutrino masses to the SM via the see-saw mechanism yields lepton flavor changing operators suppressed by the see-saw scale. The resulting lepton flavor violating branching ratios are tiny, many orders of magnitude below the experimental sensitivities. Thus, these decays are very clean probes of TeV-scale physics.

Our conclusion is that there are many observables with theoretical uncertainties at the few percent level, and some with even smaller errors. This is an important conclusion, since many of these observables are expected to be measured with a percent-level accuracy, which will allow us to discover small contributions from new physics. As argued above, this is also the level of deviations expected from many interesting new physics models.

§5. Expected sensitivity to deviations from the SM

Most of the currently available B decay data is from the two B factories, BABAR and Belle, and from the Tevatron experiments, CDF and DØ. Not much more data is expected from the B factories: BABAR finished its data taking and Belle will stop running in its current configuration soon. While CDF and DØ are still running, the expected increase in integrated luminosity is at most a factor of few. Much more data is expected to be accumulated by future experiments. First, LHCb will start to operate soon. They expect 10 fb^{−1} of data collected by 2015 or so. Beyond that, an LHCb upgrade is planned with 10 times larger luminosity. This hadron collider data is complementary to the e^+e^− data. The statistics is much higher and the sensitivity to the various decay modes is different. There are also proposals for higher luminosity e^+e^− machines. One proposal is to upgrade KEK-B to reach a luminosity near 10^{36}/cm^2/s. The other proposal is to build a new machine in Italy with a luminosity of 10^{36}/cm^2/s or possibly even higher.

Any attempt to assess the sensitivity of future measurements, with a factor of 100 larger statistics than currently available, is unavoidably subject to significant uncertainties. For example, for the expected super-B-factory sensitivities, various studies^{57)–59)} assume quite different beam conditions and detectors. In Table I we list the current status^{60)} and expected sensitivities in some of the channels we view as important. The LHCb expectations are taken from Refs.^{61)–63)} We emphasize that this table is not comprehensive and the entries in the last two columns necessarily have significant uncertainties.

The simplest extrapolations can be done for those measurements in which the experimental uncertainty is expected to be dominated by statistical errors for any foreseen data sets, and the theoretical uncertainties are negligible. An example of this is the determination of the CKM angle γ. In other cases, theoretical uncertainties may still be very small, but the experimental systematic errors become important. An example of this is A^{d,s}_{SL} . In less favorable modes, systematic errors may become dominant on both the experimental and the theoretical sides. Interestingly, the gold-plated measurement of BABAR and Belle, S_{ψK} , is in this category. None of the reports^{57)–59)} expect the uncertainty to decrease by a factor of 10 with 100 times more data. As discussed above, at the 0.005 error level, the relation between S_{ψK} and sin 2β is sensitive to hadronic physics. Similar is the determination of α, where some of the uncertainties not yet addressed in the current analysis (e.g., isospin violation) may become relevant when the experimental precision improves. To what extent they can be controlled using the data^{31)} is hard to foresee.

The magnitudes of CKM elements are important for constraining new physics by comparing the information from tree-dominated and loop-mediated processes. Some |V_{cb}| and |V_{ub}| analyses are already theory limited, while some of the theoretically cleaner (and experimentally less efficient) methods will benefit from more data. In particular, the experimental implementation of many of the theoretically cleaner

12 Grossman, Ligeti, Nir

Observable

Approximate Present Uncertainty / number of events SM prediction status Super-B (50 ab^{−1}) LHCb (10 fb^{−1}) S_{ψK} input 0.671 ± 0.024 0.005 0.01 S_{ϕK} S_{ψK} 0.44 ± 0.18 0.03 0.1 S_η′_K S_{ψK} 0.59 ± 0.07 0.02 not studied α(ππ, ρρ, ρπ) α (89 ± 4)^∘ 2^∘ 4^∘ γ(DK) γ (70^{+27}_{−30})^∘ 2^∘ 3^∘ SK∗γ few × 0.01 −0.16 ± 0.22 0.03 — S_{Bs→ϕγ} few × 0.01 — — 0.05 βs(Bs → ψϕ) 1^∘ (22^{+10}_{−8} )^∘ — 0.3^∘ βs(Bs → ϕϕ) 1^∘ — — 1.5^∘ A^d_{SL} −5 × 10^{−4} −(5.8 ± 3.4) × 10^{−3} 10^{−3} 10^{−3} A^s_{SL} 2 × 10^{−5} (1.6 ± 8.5) × 10^{−3} Υ (5S) run? 10^{−3} ACP (b → sγ) < 0.01 −0.012 ± 0.028 0.005 —

|V_{cb}| input (41.2 ± 1.1) × 10^{−3} 1% — |V_{ub}| input (3.93 ± 0.36) × 10^{−3} 4% — B → Xsγ 3.2 × 10^{−4} (3.52 ± 0.25) × 10^{−4} 4% — B → τ ν 1 × 10^{−4} (1.73 ± 0.35) × 10^{−4} 5% — B → Xsνν̄ 3 × 10^{−5} < 6.4 × 10^{−4} only Kνν̄ ? — B → Xsℓ^+ℓ^− 6 × 10^{−6} (4.5 ± 1.0) × 10^{−6} 6% not studied Bs → τ^+τ^− 1 × 10^{−6} < few % Υ (5S) run? — B → Xs τ^+τ^− 5 × 10^{−7} < few % not studied — B → μν 4 × 10^{−7} < 1.3 × 10^{−6} 6% — B → τ^+τ^− 5 × 10^{−8} < 4.1 × 10^{−3} O(10^{−4}) — Bs → μ^+μ^− 3 × 10^{−9} < 5 × 10^{−8} — > 5σ in SM B → μ^+μ^− 1 × 10^{−10} < 1.5 × 10^{−8} < 7 × 10^{−9} not studied

B → K^∗ℓ^+ℓ^− 1 × 10^{−6} (1 ± 0.1) × 10^{−6} 15k 36k B → Kνν̄ 4 × 10^{−6} < 1.4 × 10^{−5} 20% —

Table I. Some interesting observables. In the “present status” column, upper bounds are 90% CL.

The expected experimental sensitivities are current estimates and may change in the future. In several processes the most interesting information will come from more detailed measurements that cannot be captured simply by a single number.

analyses is based on the full-reconstruction tag method, in which the “other” B meson is fully reconstructed. This way, the four-momenta of both the leptonic and the hadronic systems can be measured. It also gives access to a wider kinematic region due to improved signal purity, and is only possible in the e^+e^− environment. The possibility to precisely determine |V_{cb}| and |V_{ub}| from exclusive decays is almost entirely in the hands of lattice QCD. While a lot of progress is expected, we will need experience to assess under what circumstances one can prove the presence of new physics if there is significant tension between data and lattice QCD predictions (e.g., how the f_{Ds} -problem^{64)} is going to be resolved). At present, there is also some tension between the inclusive and exclusive measurements of both |V_{cb}| and |V_{ub}|, which prompted the PDG in 2008 for the first time to inflate the errors.^{1)} Many rare FCNC decays are sensitive probes of various extensions of the SM. In most cases the theory is under better control for inclusive decays, which are very hard (if not impossible) to measure at hadron colliders. Final states with neutrinos or τ leptons producing final states with large missing energy^{65)–67)} are only possible at e^+e^− colliders. At the same time, the constraints on the very important B_s → μ^+μ^− and B → μ^+μ^− modes are, and will be, dominated by hadron collider data.

The two exclusive decay modes at the bottom of the table are listed for the following reasons. The Kνν̄ mode^{68)} may be the only final state in B → X_sνν̄ decays that can be measured with good precision. For the K^∗ℓ^+ℓ^− mode, there are many interesting differential observables, such as the zero of the forward-backward asymmetry, which LHCb expect to measure with a 0.3 GeV^2 uncertainty with 10 fb^{−1} data, giving a determination of C^{eff}_7 /C^{eff}_9 with 7% statistical error.

The role of LHCb is even more important than Table I might indicate. First, at this time, it is the only future dedicated B physics experiment which will definitely take data. Its expected measurement of B_s → μ^+μ^− is particularly sensitive to some extensions of the SM not well constrained so far. Furthermore, if we parameterize new physics in B^0_s –B^0_s mixing with h_s and σ_s, similar to Eq. (2.6), then the measurement of β_s will give constraints similarly strong as those on h_d, σ_d.^{69)} While we concentrate on the future of B physics, a super-B-factory will also be sensitive to other kinds of physics. It will probe lepton flavor violating decays at a much improved level. For example, sensitivity down to B(τ → μγ) ∼ 2 × 10^{−9} may be achieved. The corresponding bound on the ratio B(μ → eγ)/B(τ → μγ) will be useful to constrain various new physics models. Similarly, decays of the type τ^− → ℓ^−_1 ℓ^−_2 ℓ^+_3 will also be constrained at a level around B(τ → μμμ) ∼ 2 × 10^{−10}. Again, the ratio B(τ → μμμ)/B(τ → μγ) is an interesting probe of new physics; for example, if new physics generates the operators τ̄_Rσ_{αβ}F^{αβ} μ_L and (τ̄_Lγ^αμ_L)(μ̄_Lγ_αμ_L) with coefficients of very different magnitudes, then either decay mode can be more sensitive to a particular model. A super-B-factory will also be able to do precision QCD studies and look for yet unobserved resonances. It may even be able to find direct signals of new physics, such as a very light Higgs boson or light particles^{70)} predicted in some models of dark matter.^{71)–74)}

§6. Synergy and complementarity with LHC new particle searches

The LHC will soon start its operation. As can be learned from Table I, the LHCb experiment will contribute to our understanding of flavor via measurements of B and B_s decays. ATLAS and CMS will also probe FCNC top quark decays at orders of magnitude better level than the current bounds.^{75), 76)} There is, however, another aspect where the LHC is expected to be relevant to flavor physics, and that is the interplay between the high-p_T physics of the ATLAS and CMS detectors and the low energy measurements of the flavor factories.

Let us first comment on a rather pessimistic scenario, where no new physics is observed at ATLAS/CMS. In that case, we will lose the two main clues that we have had to new physics at the TeV scale. First, we have probably misinterpreted the fine-tuning problem of the Higgs mass. Second, the dark matter particles are perhaps not WIMPs. It will be difficult then to argue that a collider with a center of mass energy of, say, 50 or 100 TeV, is likely to discover new physics. It is this point where flavor physics might play an important role. If deviations from the standard model predictions for FCNC processes are established in the flavor factories, they can be used to put an upper bound on the scale of new physics. This might be then the only argument for a relatively low energy new physics. Depending on the pattern of deviations, one might get further clues about the nature of this new physics, and perhaps propose an experimental program that can directly produce and study the new physics.

A much more exciting scenario is one where new physics is observed at ATLAS and CMS. In this case, the interplay between collider physics and flavor physics is expected to be very fruitful:

• It is very likely that we will understand how the new physics flavor puzzle is solved, namely what are the special flavor features of the new physics that are at work in suppressing its contribution to FCNC processes.

• Under some favorable circumstances, we may also get clues about the solution to the standard model flavor puzzle, namely why there is hierarchy and smallness in the Yukawa couplings.

• Understanding the flavor structure of the new physics might teach us about its inner structure and perhaps about physics at a scale much higher than the LHC scale.

In the rest of this section, we explain these three points in more detail.

If new particles are discovered at the LHC, and if they couple to the standard model quarks and/or leptons, then there are new flavor parameters that can, at least in principle, be measured. These include the spectrum of the new particles, and their flavor decomposition, i.e., their decay branching ratios. Realistically one can expect that ATLAS/CMS will be able to measure the leptonic flavor decomposition and, for the quark sector, separate third generation final states (bottom and top) from first two generation final states. Even this limited information might complement in a significant way the information on flavor from FCNC measurements.

As an example of how this information will allow us to make progress in solving the new physics flavor puzzle, consider the principle of minimal flavor violation (MFV).^{77)–80)} Within the standard model, there is a large global symmetry, [U(3)]^5, which is broken only by the Yukawa matrices. Models of new physics where this is still true, namely where there are no new sources of flavor violation beyond the standard model Yukawa matrices, are said to obey the principle of MFV. A well known example of an MFV model is that of gauge mediated supersymmetry breaking. The scale of MFV models can be as low as order TeV without violating the bounds from FCNC, thus solving the new physics flavor puzzle.

Within models of MFV, the only quark flavor changing parameters are the CKM elements. Since the CKM elements that couple the third generation to the lighter ones are very small, new particles in MFV models that decay to a single final quark decay to either a third generation quark or to a first two generation quark, but (to O(10^{−3}) approximation) not to both.^{81)} As a concrete example, consider extra heavy quarks in vector-like representations of the standard model gauge group. If ATLAS/CMS discover such a heavy quark and can establish that it decays to both third generation and light quarks, it will prove that MFV does not hold and is not the solution to the new physics flavor puzzle.^{81)}

Within supersymmetry, the predictive power of MFV is even stronger. It implies that the first two squark generations are quasi-degenerate and decay only to light quarks, while the third generation squarks are separated in mass (except for SU(2)- singlet down squarks if tan β is small) and decay to only third generation quarks.^{82)} If these features can be tested, it will provide us not only with deeper understanding of how the supersymmetric flavor puzzle is solved, but also open a window to the mechanism that mediates supersymmetry breaking, which is physics at a scale much higher than those accessible to the LHC.^{83)}

The standard model flavor parameters – fermion masses and mixing angles – seem to have a structure. In particular, there is smallness and hierarchy in the Yukawa sector. An explanation to this structure might lie in some high scale physics, perhaps an approximate symmetry, such as the Froggatt-Nielsen mechanism,^{84)} or a dynamical mechanism, such as the Nelson-Strassler mechanism.^{85)} If new physics is discovered at the LHC, then we might ask whether its flavor structure is determined by the same mechanism as the Yukawa couplings. For example, the mixing among sleptons in a certain class of supersymmetric models can test the Froggatt-Nielsen mechanism.^{83)}

The only information that we have at present on flavor aspects of possible new physics models is coming from low energy measurements. Such measurements put constraints on the product of the flavor alignment and flavor degeneracy factors (see, however,^{86)}). For example, within supersymmetry, measurements of b → s transitions constrain the product of the mass splitting between the second and third generation down squarks, and their mixing. If in the future we discover the new physics, then we can in principle measure the flavor alignment and flavor degeneracy separately. If, in addition, future B factories establish a deviation from the standard model for such a process, then the overall consistency of the direct measurements and the low energy measurement will assure us that we fully understand the flavor structure of the new physics and how the new physics flavor puzzle is solved. The present situation and an (optimistic) future scenario are schematically depicted in Fig. 2.

§7. Conclusions

We are now in a transition period in flavor physics. In the past, flavor physics led the way to the three generation SM, with the CKM picture of flavor and CP violation. The 2008 Nobel Prize in Physics, awarded to Kobayashi and Maskawa, is a formal recognition that this task is, to large extent, completed. We know that the CKM matrix is the dominant source of flavor and CP violation.

Here we discussed the future of flavor physics, in particular, that of B physics. The question at hand is not less important: Given that the SM is only a low energy effective theory that is very likely to be supplemented by new physics at a scale close to TeV, how can flavor physics help in understanding the ultraviolet completion of the SM? The fine tuning problem of the Higgs mass and the dark matter puzzle lead us to think that there is new physics at the TeV scale. Flavor bounds tell us, in turn, that such new physics must have a special flavor structure.

(a) (b)

Fig. 2. A schematic description of the constraints on the mass splitting, (mi − mj )/(mi + mj ), and mixing angle, Kij , between squarks (or sleptons). Left: A typical present constraint arising from not observing deviations from the standard model predictions. The fact that the region of splitting and mixing of order one is excluded constitutes the new physics flavor puzzle. MFV often implies deviations that are much smaller than present sensitivities. Right: A possible future scenario where the mass splitting and the flavor decomposition are measured by ATLAS/CMS, and they fit deviations observed in a flavor factory.

To make sure that the future of flavor physics may be as successful as its past, we need much more data. Present constraints imply that the new physics, while perhaps not minimally flavor violating, is likely to have flavor suppression factors that are similar to, or stronger than, the SM ones. Since the new physics contributions are further suppressed by a scale somewhat above the electroweak scale, we expect to see small deviations from the SM prediction. A more quantitative statement would be both model dependent and mode dependent, but the main idea is clear: “small deviations” mean that more data is required to discover them. Conversely, with more data, it is not unlikely that deviations will indeed be discovered.

Three facts combine to make the future look promising:

• The technology to collect much more flavor data exists. This includes the LHC experiments that will operate in a hadron environment, and the proposed super-B-factories that will be high luminosity e^+e^− machines.

• Many measurements are not theory limited. That is, the new data can be compared to solid theoretical predictions.

• In many modes we expect deviations to be found at the level of the experimental sensitivity and above the SM theoretical errors.

We may thus be optimistic about obtaining convincing pieces of evidence for new physics in the flavor sector. Together with the anticipated direct discovery of new particles at the LHC, we will be able to learn a great deal about the way that Nature

Future prospects of B physics 17

works at a very fundamental level.

Acknowledgements

We thank Tatsuya Nakada and Jesse Thaler for helpful discussions. This work is supported by the United States-Israel Binational Science Foundation (BSF), Jerusalem, Israel. The work of YG is supported by the NSF grant PHY-0757868. The work of ZL was supported in part by the Director, Office of Science, Office of High Energy Physics of the U.S. Department of Energy under contract DE-AC02-05CH11231. The work of YN is supported by the Israel Science Foundation founded by the Israel Academy of Sciences and Humanities, the German-Israeli foundation for scientific research and development (GIF), and the Minerva Foundation.

References

1) C. Amsler et al. [Particle Data Group], Phys. Lett. B 667, 1 (2008). 2) N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531.

3) M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49 (1973) 652. 4) L. Wolfenstein, Phys. Rev. Lett. 51, 1945 (1983). 5) J. Charles et al., Eur. Phys. J. C 41 (2005) 1 [hep-ph/0406184].

6) A. Höcker, H. Lacker, S. Laplace and F. Le Diberder, Eur. Phys. J. C 21 (2001) 225 [hep-ph/0104062]; and updates at http://ckmfitter.in2p3.fr/.

7) M. Bona et al. [UTfit Collaboration], JHEP 0803, 049 (2008) [arXiv:0707.0636 [hep-ph]]. 8) Y. Nir and N. Seiberg, Phys. Lett. B 309, 337 (1993) [arXiv:hep-ph/9304307]. 9) M. Misiak et al., Phys. Rev. Lett. 98, 022002 (2007) [arXiv:hep-ph/0609232]. 10) D. G. Hitlin et al., arXiv:0810.1312 [hep-ph].

11) T. E. Browder, T. Gershon, D. Pirjol, A. Soni and J. Zupan, arXiv:0802.3201 [hep-ph]. 12) I. I. Bigi and A. I. Sanda, arXiv:hep-ph/0401003.

13) Z. Ligeti and Y. Nir, Nucl. Phys. Proc. Suppl. 111 (2002) 82 [hep-ph/0202117]. 14) M. Gronau and D. London., Phys. Lett. B 253, 483 (1991). 15) M. Gronau and D. Wyler, Phys. Lett. B 265, 172 (1991).

16) D. Atwood, I. Dunietz and A. Soni, Phys. Rev. Lett. 78, 3257 (1997) [arXiv:hepph/9612433].

17) A. Giri, Y. Grossman, A. Soffer and J. Zupan, Phys. Rev. D 68, 054018 (2003) [arXiv:hepph/0303187].

18) Y. Grossman, Z. Ligeti and A. Soffer, Phys. Rev. D 67, 071301 (2003) [arXiv:hepph/0210433].

19) Y. Grossman and H. R. Quinn, Phys. Rev. D 56, 7259 (1997) [arXiv:hep-ph/9705356]. 20) M. Gronau, Phys. Rev. Lett. 63, 1451 (1989).

21) Y. Grossman, A. L. Kagan and Z. Ligeti, Phys. Lett. B 538, 327 (2002) [arXiv:hepph/0204212].

22) H. n. Li and S. Mishima, JHEP 0703, 009 (2007) [arXiv:hep-ph/0610120]. 23) S. Faller, M. Jung, R. Fleischer and T. Mannel, Phys. Rev. D 79, 014030 (2009) [arXiv:0809.0842 [hep-ph]].

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

25) Y. Grossman, Z. Ligeti, Y. Nir and H. Quinn, Phys. Rev. D 68, 015004 (2003) [arXiv:hepph/0303171].

26) M. Beneke, Phys. Lett. B 620, 143 (2005) [arXiv:hep-ph/0505075]. 27) M. Gronau, Phys. Lett. B 627, 82 (2005) [arXiv:hep-ph/0508047]. 28) A. R. Williamson and J. Zupan, Phys. Rev. D 74, 014003 (2006) [Erratum-ibid. D 74, 03901 (2006)] [arXiv:hep-ph/0601214].

29) M. Gronau and D. London, Phys. Rev. Lett. 65, 3381 (1990). 30) S. Gardner, arXiv:hep-ph/9906269.

31) A. F. Falk, Z. Ligeti, Y. Nir and H. Quinn, Phys. Rev. D 69, 011502 (2004) [arXiv:hepph/0310242].

32) M. Gronau and J. Zupan, Phys. Rev. D 71, 074017 (2005) [arXiv:hep-ph/0502139].

18 Grossman, Ligeti, Nir

33) R. Fleischer and T. Mannel, Phys. Rev. D 57, 2752 (1998) [arXiv:hep-ph/9704423]. 34) H. J. Lipkin, Phys. Lett. B 445, 403 (1999) [arXiv:hep-ph/9810351]. 35) M. Gronau and J. L. Rosner, Phys. Rev. D 59, 113002 (1999) [arXiv:hep-ph/9809384]. 36) M. Neubert and J. L. Rosner, Phys. Lett. B 441, 403 (1998) [arXiv:hep-ph/9808493]. 37) M. Gronau, D. Pirjol and T. M. Yan, Phys. Rev. D 60, 034021 (1999) [Erratum-ibid. D 69, 119901 (2004)] [arXiv:hep-ph/9810482].

38) M. Gronau, Y. Grossman, G. Raz and J. L. Rosner, Phys. Lett. B 635, 207 (2006) [arXiv:hep-ph/0601129].

39) N. Isgur and M. B. Wise, Phys. Lett. B 232, 113 (1989); Phys. Lett. B 237, 527 (1990). 40) J. Chay, H. Georgi and B. Grinstein, Phys. Lett. B 247, 399 (1990). 41) I. I. Y. Bigi, N. G. Uraltsev and A. I. Vainshtein, Phys. Lett. B 293, 430 (1992) [Erratumibid. B 297, 477 (1993)] [arXiv:hep-ph/9207214]; I. I. Y. Bigi, M. A. Shifman, N. G. Uraltsev and A. I. Vainshtein, Phys. Rev. Lett. 71, 496 (1993) [arXiv:hep-ph/9304225].

42) A. V. Manohar and M. B. Wise, Phys. Rev. D 49, 1310 (1994) [arXiv:hep-ph/9308246]. 43) M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Phys. Rev. Lett. 83, 1914 (1999) [arXiv:hep-ph/9905312].

44) C. W. Bauer, S. Fleming and M. E. Luke, Phys. Rev. D 63, 014006 (2000) [arXiv:hepph/0005275]; C. W. Bauer, S. Fleming, D. Pirjol and I. W. Stewart, Phys. Rev. D 63, 114020 (2001) [arXiv:hep-ph/0011336].

45) E. Gamiz, arXiv:0811.4146 [hep-lat].

46) G. Buchalla and A. J. Buras, Phys. Lett. B 333, 221 (1994) [arXiv:hep-ph/9405259]. 47) G. Buchalla and A. J. Buras, Phys. Rev. D 54, 6782 (1996) [arXiv:hep-ph/9607447]. 48) Y. Grossman and Y. Nir, Phys. Lett. B 398, 163 (1997) [arXiv:hep-ph/9701313]. 49) A. J. Buras, M. Gorbahn, U. Haisch and U. Nierste, Phys. Rev. Lett. 95, 261805 (2005) [arXiv:hep-ph/0508165].

50) H. Georgi, Phys. Lett. B 297, 353 (1992) [arXiv:hep-ph/9209291]; 51) I. I. Y. Bigi and N. G. Uraltsev, Nucl. Phys. B 592, 92 (2001) [arXiv:hep-ph/0005089]. 52) A. F. Falk, Y. Grossman, Z. Ligeti and A. A. Petrov, Phys. Rev. D 65, 054034 (2002) [arXiv:hep-ph/0110317];

53) A. F. Falk, Y. Grossman, Z. Ligeti, Y. Nir and A. A. Petrov, Phys. Rev. D 69, 114021 (2004) [arXiv:hep-ph/0402204].

54) G. Blaylock, A. Seiden and Y. Nir, Phys. Lett. B 355, 555 (1995) [arXiv:hep-ph/9504306]. 55) Y. Grossman, A. L. Kagan and Y. Nir, Phys. Rev. D 75, 036008 (2007) [arXiv:hepph/0609178].

56) E. Golowich, J. Hewett, S. Pakvasa and A. A. Petrov, Phys. Rev. D 76, 095009 (2007) [arXiv:0705.3650[hep-ph]].

57) A. G. Akeroyd et al. [SuperKEKB Physics Working Group], arXiv:hep-ex/0406071. 58) J. L. Hewett et al., arXiv:hep-ph/0503261. 59) M. Bona et al., arXiv:0709.0451 [hep-ex].

60) E. Barberio et al. [Heavy Flavor Averaging Group], arXiv:0808.1297 [hep-ex]; and updates at http://www.slac.stanford.edu/xorg/hfag/.

61) M. Artuso et al., Eur. Phys. J. C 57, 309 (2008) [arXiv:0801.1833 [hep-ph]]. 62) M. P. Altarelli and F. Teubert, Int. J. Mod. Phys. A 23, 5117 (2008) [arXiv:0802.1901 [hep-ph]].

63) S. Amato, M. Gandelman, C. Gobel, and L. de Paula, LHCb-2007-045; Y. Xie, LHCb-2007- 130; O. Deschamps et al., LHCb-2007-046; K. Akiba et al., LHCb-2008-031; P. Clarke, C. McLean, A. Osorio-Oliveros, LHCb-2007-101; S. Amato et al., LHCb-2007-047; N. Brook et al., LHCb-2007-054; R. Lambert, CERN-THESIS-2009-001.

64) E. Follana, C. T. H. Davies, G. P. Lepage and J. Shigemitsu [HPQCD Collaboration and UKQCD Collaboration], Phys. Rev. Lett. 100, 062002 (2008) [arXiv:0706.1726 [hep-lat]]; B. A. Dobrescu and A. S. Kronfeld, Phys. Rev. Lett. 100, 241802 (2008) [arXiv:0803.0512 [hep-ph]].

65) Y. Grossman, Z. Ligeti and E. Nardi, Nucl. Phys. B 465, 369 (1996) [Erratum-ibid. B 480, 753 (1996)] [arXiv:hep-ph/9510378];

66) Y. Grossman, Z. Ligeti and E. Nardi, Phys. Rev. D 55, 2768 (1997) [arXiv:hepph/9607473].

67) R. Barate et al. [ALEPH Collaboration], Eur. Phys. J. C 19, 213 (2001) [arXiv:hepex/0010022]; K. F. Chen et al. [BELLE Collaboration], Phys. Rev. Lett. 99, 221802 (2007)

Future prospects of B physics 19

[arXiv:0707.0138 [hep-ex]]; B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 96, 241802 (2006) [arXiv:hep-ex/0511015].

68) W. Altmannshofer, A. J. Buras, D. M. Straub and M. Wick, JHEP 0904, 022 (2009) [arXiv:0902.0160 [hep-ph]].

69) Z. Ligeti, M. Papucci and G. Perez, Phys. Rev. Lett. 97, 101801 (2006) [arXiv:hepph/0604112].

70) B. Aubert et al. [The BABAR Collaboration], arXiv:0902.2176 [hep-ex]. 71) N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer and N. Weiner, Phys. Rev. D 79, 015014 (2009) [arXiv:0810.0713 [hep-ph]].

72) Y. Nomura and J. Thaler, arXiv:0810.5397 [hep-ph]. 73) B. Batell, M. Pospelov and A. Ritz, arXiv:0903.0363 [hep-ph]. 74) R. Essig, P. Schuster and N. Toro, arXiv:0903.3941 [hep-ph].

75) J. Carvalho et al. [ATLAS Collaboration], Eur. Phys. J. C 52, 999 (2007) [arXiv:0712.1127];

CMS Physics TDR: Volume II, CERN/LHCC 2006-021, http://cmsdoc.cern.ch/cms/cpt/tdr/. 76) P. J. Fox, Z. Ligeti, M. Papucci, G. Perez and M. D. Schwartz, Phys. Rev. D 78, 054008 (2008) [arXiv:0704.1482 [hep-ph]]; and references therein.

77) G. D’Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, Nucl. Phys. B 645, 155 (2002) [arXiv:hep-ph/0207036].

78) L. J. Hall and L. Randall, Phys. Rev. Lett. 65, 2939 (1990). 79) R. S. Chivukula and H. Georgi, Phys. Lett. B 188, 99 (1987).

80) A. J. Buras, P. Gambino, M. Gorbahn, S. Jager and L. Silvestrini, Phys. Lett. B 500, 161 (2001) [arXiv:hep-ph/0007085].

81) Y. Grossman, Y. Nir, J. Thaler, T. Volansky and J. Zupan, Phys. Rev. D 76, 096006 (2007) [arXiv:0706.1845 [hep-ph]].

82) Y. Nir, arXiv:0708.1872 [hep-ph].

83) J. L. Feng, C. G. Lester, Y. Nir and Y. Shadmi, Phys. Rev. D 77, 076002 (2008) [arXiv:0712.0674 [hep-ph]].

84) C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B 147, 277 (1979). 85) A. E. Nelson and M. J. Strassler, JHEP 0009, 030 (2000) [arXiv:hep-ph/0006251]. 86) K. Blum, Y. Grossman, Y. Nir and G. Perez, Phys. Rev. Lett. 102, 211802 (2009) [arXiv:0903.2118 [hep-ph]].