arXiv:1108.1218v1 [hep-ph] 4 Aug 2011

TUM-HEP-813/11 August 8, 2011

Theoretical status of the CKM Matrix

Alexander Lenz

Physik Department, Technische Universität München, D-85748 Garching, Germany

Abstract

In this talk I review the current status of the CKM matrix. A special emphasis is also given to several discrepancies between experiments and the standard model at the level of about three standard deviations. Recent results that appeared after FPCP2011 are also included in the discussion.

PRESENTED AT

The Ninth International Conference on Flavor Physics and CP Violation (FPCP 2011) Maale Hachamisha, Israel, May 23–27, 2011

1 Introduction

The Cabibbo-Kobayashi-Maskawa-matrix [1, 2] describes flavor transitions in the quark sector. Its elements have been investigated in the last years in detail in particular by the PDG [3], the HFAG [4] and the collaborations CKMfitter [5] and UTfit [6]. A recent fit [7] gives e.g. the following values for the CKM matrix

V_{CKM} = 0.97426 ± 0.00030 0.22545 ± 0.00095 0.00356 ± 0.00020 0.22529 ± 0.00077 0.97341 ± 0.00021 0.04508^{+0.00075}_{−0.00528} 0.00861^{+0.00021}

−0.00037 0.04068 ± 0.00138 0.999135

+0.000057 −0.000018 . (1)

The precision of the individual elements is quite impressive. Also the fit of the socalled unitarity triangle shows a good overall consistency (figure from [7]).

Similar recent results can be found e.g. in [8, 9, 10]. Due to the success of the CKM-picture, Kobayashi and Maskawa were awarded in 2008 with the nobel price. In Section 2 we investigate a little more in detail the determination of the individual CKM-elements, while we discuss some hints for deviations from the standard model in Section 3. In Section 4 we conclude and give an outlook. We end with a What to do list in Section 5.

2 Status of the individual CKM elements

In this section we review very briefly the current status of our knowledge about the values of the CKM elements. More detailed reviews can be found e.g. in [3, 4, 7].

2.1 First row of the CKM Matrix

The CKM element V_{ud} is determined in the nuclear β-decay, in the neutron β-decay and in the pion β-decay [3, 11]. Data for the CKM element V_{us} stem from K_{l3}-decays, hadronic τ decays and semileptonic hyperon decays [3, 12, 13].

|V_{ud}| = 0.97425 ± 0.00022 , |V_{us}| = 0.2254 ± 0.0013 . (2)

Both elements are quite precisely known, while we have different values of V_{ub}, depending on the extraction method: exclusive B-decays, inclusive B-decays (see e.g. the article of Kowalewski and Mannel in [3] for a list of references or [4]), from B → τν and from a global fit [7, 8].

|V_{ub}|^{Exclusive} = 0.00351 ± 0.00047 , |V_{ub}|^{Inclusive} = 0.00432 ± 0.00027 , |V_{ub}|^{B→τ ν} = 0.00510 ± 0.00059 , |V_{ub}|^{GlobalFit} = 0.00356 ± 0.00020 . (3)

The third value is taken from [14], the rest of the values is from [7]. Concerning the numerical value of V_{ub} serveral comments are appropriate: In particular the last two numbers differ quite sizeably, while the different values for the inclusive and exclusive extraction might hint to the fact that hadronic uncertainties (e.g. lattice, LCSR) are underestimated, see also [15]. There is also a new physics explanation for this discrepancy. Right-handed currents could lead to a deviation of the exclusive from the inclusive determination [16, 17]. New Physics in B_d-mixing might also enhance the global fit value of V_{ub} and therefore reduce the discrepancy with the value extracted from B → τν. Due to these problems with V_{ub} Soni and Lunghi (see e.g. [9]) suggested not to use V_{ub} in the global fit.

Finally we would like to mention that, V_{ub} is actually of order λ^4 and not of order λ^3 in the Wolfenstein parameter λ ≈ 0.2254 [18]

0.00356 = (0.2254)^{3.79} . (4)

With all the values of the CKM elements from the first row one can test the unitarity of the CKM matrix √ 1 − V^2_{ud} − V^2_{us} = 0.00564^{+0.02669}_{−0.00564} . (5)

A nice way to study the bounds on the unitarity of the CKM matrix is to investigate an extension of the standard model with an hypothetical fourth generation of fermions. If one assumes that V_{CKM4} is unitary, one gets the result that V_{ub}′ can still be larger than V_{ub} (see e.g. [19, 20, 21, 22, 23, 24] for some recent studies and also [25]) V_{ub}′ < 0.04 . (6) Despite the impressive accuracy of the extracted values of the first row of the CKM matrix, it is still desirable to reduce the error of V_{us} further and to clarify the discrepancies in V_{ub}. Currently it is still not excluded that there exists a value of V_{ub}′ , which is larger than V_{ub}.

2.2 Second row of the CKM Matrix

V_{cd} is measured [3] in semileptonic charm decays D → πlν and in charm production in neutrino interactions. V_{cs} is determined [3] in neutrino scattering, on-shell W decays and in semi-leptonic charm decays. V_{cb} is obtained from inclusive B → X_clν decays and from exclusive B → D^{(∗)} transitions (see e.g. the article of Kowalewski and Mannel in [3] for a list of references or [4]). |V_{cd}| = 0.230 ± 0.011 , |V_{cs}| = 1.023 ± 0.036 , |V_{cb}|^{Exclusive} = 0.03885 ± 0.00047 , |V_{cb}|^{Inclusive} = 0.04115 ± 0.00027 . (7)

Here the uncertainties are considerably larger than in the first row and again the inclusive determination of V_{cb} yields larger values than the inclusive one. Sometimes avarages are used for V_{cb}, e.g. |V_{cb}| = { (40.6 ± 1.3) · 10^{−3} [3] , (40.89 ± 38 ± 0.59) · 10^{−3} [7] . (8) To test the accuracy of the second row we again investigate a hypothetical 4th generation of fermions and assume that V_{CKM4} is unitary. One finds [19, 20, 21, 22, 23, 24] that V_{cb}′ can still be considerably larger than V_{cb} V_{cb}′ < 0.15 . (9) This is almost the size of the Wolfenstein parameter λ! So clearly an improvement in the determination of the CKM elements of the second row is mandatory.

2.3 Third row of the CKM Matrix

Except for V_{tb} we do not have any direct information about the CKM elements of the third row. Single top production at the Tevatron [26]^∗ gives

V_{tb} = 0.88 ± 0.07 . (10)

The precise values for V_{td}, V_{ts} and V_{tb} from Eq.(1) are obtained under the assumption of the unitarity of the 3 × 3 CKM matrix. Giving up this assumption the elements of the third row of the CKM matrix can deviate substantially from the values in Eq.(1). As an illustration we show the results of an analysis of the SM4, where it is assumed that the four dimensional CKM matrix is unitary, while the three dimensional matrix does not have to be unitary [19], similar results were obtained in [20, 21, 22, 23, 24]. In Fig. (1,2,3) we show the possible values of V_{td}, V_{ts} and V_{tb} in a complex plane and we compare it with the value from Eq.(1). The possible values of V_{td}, V_{ts} and V_{tb} were obtained by replacing the unitarity of the 3x3 CKM matrix by the unitarity of the 4x4 CKM matrix and by demanding that all direct measurements for the CKM elements, as well as bounds from FCNC and electro-weak precision observables are ful-filled.

For the last row of the CKM matrix still deviations of the order of 100% (for V_{td} and V_{ts}) from the standard values in Eq.(1) are possible. Here more precise determinations of V_{tb} (single-top, R-ratio) and any idea how to determine V_{td} and V_{ts} directly (see e.g. [28]) would be extremly helpful.

2.4 Another success of the CKM paradigm

Another success of the CKM picture represents the rare penguin decay b → sγ [29]. Experiment [4] agrees well with the NNLO theory prediction [30]

Br(b → sγ)^{Exp} = (3.55 ± 0.26) · 10^{−4} , (11) Br(b → sγ)^{Theo} = (3.15 ± 0.23) · 10^{−4} . (12)

The experimental average uses numbers from BaBar, BELLE and CLEO. For a more comprehensive list of references see e.g. [31].

3 Hints for deviations from the SM

Besides the impressive success of the CKM picture, we see currently several hints for deviations of experiment from theory.

∗After the conference D0 published [27] a measurement of the ratio (R = |V_{tb}|^2/(|V_{td}|^2| + V_{ts}|^2 + |V_{tb}|^2) = 0.90 ± 0.04, that gives a more tight bound on V_{tb}.

Figure 1: Allowed value of V_{td} in a complex plane. The value from Eq.(1) is denoted by the red lines.

Figure 2: Allowed value of V_{ts} in a complex plane. The value from Eq.(1) is denoted by the red lines.

Figure 3: Allowed value of V_{tb} in a complex plane. The value from Eq.(1) is denoted by the red lines.

3.1 B_s-mixing

In the B_s system the dimuon asymmetry measured by the D0 collaboration [32], see also [33], is a factor of 42 larger than the standard model prediction [34].

A^b_{sl} := (0.506 ± 0.043)a^d_{sl} + (0.494 ± 0.043)a^s_l , (13) A^{b,SM}_{sl} = (−0.023 + 0.005 − 0.006)% , (14) A^{b,Exp}_{sl} = (−0.957 ± 0.251 ± 0.146)% , (15)

where a^q_{sl} is the semileptonic CP asymmetry in the B_q-system, see e.g. [35]. The SM prediction has been obtained by using the NLO-QCD calculations in [36], see also [37]. The statistical significance of the deviation is 3.2 σ^†, which triggered a lot of interest. At the time of writing this proceedings the first paper of [32] had approximately 150 citations within 15 months.

In terms of box diagrams the semileptonic CP-asymmetries are given by

a^q_{sl} :=

|Γ^q_{12}| |M^q_{12}| sin (ϕ_q) ϕ_q := arg ( − M^q_{12} Γ^q_{12} ) . (16)

M_{12} is expected to be very sensitive to new physics, while Γ_{12} should be free of new physics contributions within the hadronic uncertrainities (see e.g. [40]). Therefore

† After the conference D0 updated [38] the measurement. First the coeffcients defining the dimoun asymmetry were updated: A^b_{sl} = (0.594 ± 0.022)a^d_{sl} + (0.406 ± 0.022)a^s_l. Using also updated theory predictions for the mixing observables [39] one gets A^{b,SM}_{sl} = (−0.023 ± 0.004)%. For the new measurement instead of 6.1 fb^{−1} now 9.0 fb^{−1} of data were used. As expected [40] the central value went down, but the statistical significance increased to 3.9 σ: A^{b,Exp}_{sl} = (−0.787 ± 0.172 ± 0.093)%.

one can write in the presence of new physics model independently

M^q_{12} = M^{q,SM}_{12} · |Δ_q|e^{iϕΔq} Γ^q_{12} = Γ^{q,SM}_{12} . (17)

Large new physics contributions to Γ_{12} would also affect the lifetime ratios of heavy hadrons - which agree relatively well, although there are large uncertainties due to the non-perturbative bag parameters, see e.g. [39, 41]) - and also the average number of charm quarks per b-decays n_c and BR(b → s + no charm), see e.g. [42] for a minireview.

Now one can write the general expression for semi leptonic CP asymmetries in the presence of new physics. a^q_{sl} = |Γ^{q,SM}_{12} | |M^{q,SM}_{12} | sin ( ϕ^{SM}_q +ϕ^Δ_q ) |Δ_q| . (18)

Using the SM predictions for the mixing parameters [34, 39] and the bounds on Δ_q from [7] we get a maximal value of the dimuon asymmetry of

A^b_{sl} = (0.594 ± 0.022)(5.4 ± 1.0)10^{−3} sin(ϕ^{SM}_d + ϕ^Δ_d ) |Δ_d| + (0.406 ± 0.022)(5.0 ± 1.1)10^{−3} sin(ϕ^{SM}_s + ϕ^Δ_s ) |Δ_s| , (19)

A^b_{sl} ≤ −4.8 · 10^{−3} , (20) A^b_{sl} ≤ −9.0 · 10^{−3} . (21)

For the bound in Eq.(20) we have taken the 1σ deviation of the SM predictions as well as the 1σ deviation of the fit result for Δ_q: (ϕ^Δ_d = −12.9^∘ − 2.7^∘; ϕ^Δ_s = −51.6^∘ − 9.7^∘; |Δ_d| = 0.747 − 0.0079; |Δ_s| = 0.887 − 0.064). In Eq.(21) we show for comparison the 3 σ deviations in all parameters (ϕ^Δ_d = −12.9^∘ − 7.0^∘; ϕ^Δ_s = −90^∘; |Δ_d| = 0.747 − 0.17; |Δ_s| = 0.887 − 0.12).

The measured value of the dimuon asymmetry in Eq.(15) is about 1.66 σ above the bound in Eq.(20). There are now 3 possibilities to explain this minor discrepancy:

1. The theory prediction for Γ_{12} has considerably larger uncertainties, than stated e.g. in [40]. For this reasoning several counter-arguments can be given:

• The theoretical determination of lifetimes of heavy mesons relies on the same footing as the determination of Γ_{12}, see e.g. [41]. Within the hadronic uncertainties epxeriments and theory predictions agree well. However, this comparison is affected by sizeable uncertainties of the non-perturbative bag parameters of four-quark operators, that appear in the HQE. Here clearly a theoretical (= lattice) improvement would be very helpful, see e.g. [40] for more details.

• The higher order terms in the HQE converge well:

The current status of the theory is discussed in [40]. There it was shown, that the corrections to the leading term in the Heavy-Quark-Expansion (HQE) (i.e. α_s, subleading 1/m_b and lattice corrections to the vacuum insertion approximation for the non-perturbative matrix elements of the arising four-quark operators) give absolutely no hint for a non-convergence of the HQE. Their size is between 6% and 19%. This situation improved considerably compared to e.g. [43].

• Another possibility to check the robustness of the theory prediction for Γ_{12} is to use the exclusive approach for its determination. In the pioneering work of Aleksan et al. [44] this complementary approach gave

ΔΓ_s Γ_s

≈ O(0.15) , (22)

which is in perfect agreement with the HQE determination [39]

ΔΓ_s Γ_s

≈ 0.137 ± 0.027 . (23)

There was a recent update of the work of Aleksan et al. in [45], which again gives results that are in perfect agreement with the HQE determination of ΔΓ_s.

Besides these strong arguments for the validity of the HQE approach for Γ_{12}, one also has to keep in mind, how large the effects on Γ_{12} would have to be, to explain the above 1.66 σ discrepancy:

• Assuming that there is new physics in M_{12} and using for the size of the new physics effects the fit results from [7] one would need an enhancement of |Γ_{12}| of about 200% to obtain the central value of the dimuon-asymmetry.

• Assuming that there is no new physics in M_{12} and all the discrepancy is due to a failure of the HQE one would need an enhancement of |Γ_{12}| of about 4100% (3300% for the updated measurement of the dimuon asymmetry from D0) to obtain the central value of the dimuon-asymmetry.

So it seems very unplausible, that a failure of the HQE is responsible for the minor discrepancy in the dimuon asymmetry. Nethertheless a measurement of ΔΓ_s in the near future at LHCb will be very important to settle this issue.

2. New physics contribution to Γ_{12}.

Due to the arguments given below Eq. (18) we consider it also impossible that new physics can give contributions of the order of 200% - 3300%. New physics effects of the order of the hadronic uncertainties are probably not yet excluded.

3. The 1.66σ discrepancy is just a statistical fluctuation.

This seems currently to be by far the most obvious explanation. Actually the new D0 value for the dimuon asymmetry [38] shrank - the discrepancy is now 1.5 σ.

To clarify my point of view: I do not consider the effect itself seen at D0 to be a statistical fluctuation, only the high central value. Even if the actual dimuon asymmetry is below the bound in Eq.(20) this would correspond to a very large new physics effect. As will be discussed below there are more indications for new physics acting in the B_s-system, that are consistent with a large dimoun asymmetry (and also with the sign). Of course this point of view will change if the central value stays, when the errors are reduced. But compared to 1.5 standard deviations I consider the above arguments for a validity of the theory approach to be much stronger.

Another hot topic in the B_s-mixing system is the angular analysis of the decay B_s → J/ψϕ. This decay is investigated at TeVatron (CDF and D0) [46] and LHCb [47]. There are also some small hints for deviations from the SM, which are compatible with the sign and size of the dimuon asymmetry. From the angular analysis one gets ΔΓ_s and S_{ψϕ}, which is defined as

S^{SM}_{ψϕ} = sin ( 2β_s−ϕ^Δ_s − δ^{Peng,SM} s − δ^{Peng,NP} s ) . (24)

Neglecting penguins, one gets in the standard model

S^{SM}_{ψϕ} = 0.0036 ± 0.002 . (25)

The new physics fit from [7] gave however

S_{ψϕ} = 0.78^{+0.12}_{−0.19} . (26)

The history of these measurements, which deviated originally even more from the SM prediction is presented in [46]. After the conference D0 updated its analysis with 8.0 fb^{−1} of data [48], with the result

ϕ^{J/ψϕ}_s =: −2β_s+ϕ^Δ_s + δ^{Peng,SM}_s + δ^{Peng,NP}_s (27) = −0.55^{+0.38}_{−0.36} , (28) ΔΓ_s = 0.163^{+0.065}_{−0.064} ps^{−1} . (29)

Here we will soon get a definite answer from LHCb, whether a large NP contribution exists in S_{ψϕ} or not. The LHCb status with the 2010 data [49] is given in the following figure.

The blue point denotes the SM value. In green the fit result for the new physics phase ϕ^Δ_s from [7] is shown under the assumption that penguins are negligible. The coming result from LHCb will probably have about 10 times more statistics. Finally we would like to make a comment on the often used relation a^s_l = − ΔΓ ΔM S_{ψϕ} √ 1 − S_{ψϕ}2 ·δ , (30) with δ = tan ( ϕ^{SM}_s + ϕ^Δ_s ) tan ( −2β^{SM}_s + ϕ^Δ_s + δ^{peng,SM}s + δ^{peng,NP}s

) . (31)

Typically it is assumed that for a large new physics phase in mixing ϕ^Δ_s , δ is closed to one and can be neglected. A more detailed analysis in [40] shows however, that δ = 1 is strongly violated. Therefore Eq.(30) without δ can not be used to eliminate the theory prediction for Γ_{12}. Instead it might be used to determine the size of penguin contributions to the decay B_s → J/ψϕ, which is also an important task.

3.2 B_d-mixing

Due to the increased precision in experiment and theory in the last years hints for new physics were also found in the golden plated mode B_s → J/ψK_s [50]. Comparing the direct measurement [51] of sin(2β) with the indirect determination from the CKM fits [7] we get

sin (2β)^{Exp.} < sin (2β)^{Fit} , (32) 0.678 ± 0.020 < 0.831^{+0.013}_{−0.030} , (33)

β = (21.4 ± 0.8)^∘ < ( 28.09^{+0.7}_{−1.49} )_∘ . (34)

This discrepancy was pointed out first in [52] and then in [53], it is currently seen by all CKM-fitting groups, with a similar statistical significance:

Reference Group Deviation 1102.3917 [10] Laiho, Lunghi, Van de Water 2.5 − 3.3 σ 1010.6069 [9] Lunghi, Soni 3.3 σ 1010.5089 [8] UTfit 2.6 σ 1008.1593 [7] Lenz, Nierste, CKMfitter 2.8 σ

3.3 More hints for deviations 3.3.1 B → τν The discrepancy in B → τν was already mentioned in the discussion of V_{ub}. The measured branching ratio [54] is considerably larger than the theoretically expected one. If this tension is due to new physics, it might be triggered by direct contributions to the decay B → τν (e.g. Two-Higgs-Doublett model) or by new physics in B_d mixing, which results in a different value for V_{ub}.

3.3.2 ϵ_K

The discrepancies in the CKM fits mentioned above in the B_d-section might also be due to new physics acting in ϵ_K [53]. ϵ_k depends strongly on V_{cb} (fourth power) as well as on the value the non-perturbative bag-paramter B̂_K . Depending on the central values and errors used for B̂_K one gets different discrepancies between experiment and standard model prediction for ϵ_K , e.g.

Reference Group B̂_K Deviation of ϵ_K 1102.3917 [10] Laiho, Lunghi, Van de Water 0.736 ± 0.020 1.9 σ 1008.1593 [7] Lenz, Nierste, CKMfitter 0.724 ± 0.067 0.5 σ

A nice comparison of the different methods used by the different groups to determine lattice averages is given in [55].

3.3.3 B → K^{(∗)}ll

The status of the decays B → K^{(∗)}ll was discussed in [56]. There were some hints for discrepancies between the data from BaBar, Belle and CDF and the standard model expectation. After the Conference LHCb [57] and CDF [58] announced more precise measurements of B → K^{(∗)}ll, which are consistent with the standard model predictions, see e.g. [59]. Here still more data are needed to draw some final conclusions.

3.3.4 B_s → μμ

The very rare decay B_s → μμ gives strong contraints on many extensions of the standard model. The experimental situation was discussed in [60] for the TeVatron and in [61] for LHC. After the conference CDF announced a first two-sided bound on the rare decay B_s → μμ [62] Br(B_s → μμ) = ( 18^{+11}_{−9} ) · 10^{−9} (35)

Updating the SM prediction (see e.g. [63]) we obtain with the input parameters from [7] Br(B_s → μμ) = (3.0 ± 0.4) · 10^{−9} . (36)

If we in addition assume that there is now new physics in ΔM_s we can get rid of the large uncertainties due to the decay constant and get the very precise prediciton

Br(B_s → μμ) = (3.1 ± 0.1) · 10^{−9} . (37)

The central value of the experimental number from CDF is a factor of 6 larger than the theory prediction, but the statistical significance of the deviation is less than 2 σ. LHCb [64] and CMS [65] presented new results for B_s → μμ at the EPS conference. They did not confirm the signal of CDF, but there is still a lot of room for new physics.

CMS: Br(B_s → μμ) < 19 · 10^{−9} 95%C.L. , (38) LHCb: Br(B_s → μμ) < 15 · 10^{−9} 95%C.L. . (39)

For the B_d-decay the following bounds hold now

CMS: Br(B_d → μμ) < 4.6 · 10^{−9} 95%C.L. , (40) LHCb: Br(B_d → μμ) < 5.2 · 10^{−9} 95%C.L. . (41)

3.3.5 Hadronic B decays

Hadronic decays were discussed in [66].

3.4 Combining the hints

In [7] a model independent fit of new physics acting only in the neutral meson mixing systems was performed. Besides the usual parameters, now also the parameters Δ_d and Δ_s defined in Eq.(17) were fitted. The results are shown in the following two figures:

The standard model corresponds to Δ_q = 1. The fit shows however that Im Δ_d = 0 = Im Δ_s is excluded with 3.8 standard deviations. Including the the new D0 dimuon result, the SM would probably be excluded with more than 4 standard deviations.

4 Conclusion and Outlook

Soon we will get much more data, in particular from the LHC, but also from Tevatron and the B-factories. A first part of this new data was already made public after FPCP2011.

We will know definitely, whether S_{ψϕ} is really large and whether the current hints for large new physics effects in B-mixing are real. We also will soon know how large ΔΓ_s is. This measurement will have a big impact on our understanding of the theory methods used to determine Γ_{12}. Moreover we will gain more information on the semileptonic CP asymmetries. Tevatron might still improve on the dimuon asymmetry A^b_{sl}, the B-factories, Tevatron and LHC might enhance our knowledge about the individual semi leptonic CP asymmetries a^{s,d}_{sl} and LHCb will have information on a^s_l − a^d_{sl}. The data and bounds on the rare decays B → K^{(∗)}ll and B_s → μμ will be improved. Even if the parameter space for new physics effects was shrinking recently, there is still room for large new effects. Tevatron and LHC will also provide more data for charm mixing [67]. Here it is still not clear how well our theoretical tools from the beauty sector work [68]. The D-system is also well suited to search for new physics effects, see e.g. [69]. Also rare Kaon decays like K → πνν [70] or lepton flavor violating decays like μ → eγ [71] will play a crucial role.

Besides identifying the new physics effects in certain observables or in a combined fit, the next important question will be How to interpret this data? [72]. This can be done within certain models for extensions of the standard model (see the plethora of papers on the arxive) or model independently. Since the CKM picture works very well, the framework of minimal flavor violation (MFV) [73] seems to be very promising. Nethertheless one should keep in mind that there are also viable counter examples for MFV like the SM4: due to possible cancellations between δV_{td,s,b} and the t^′-loop, there can still be effects of O(100%) in B-mixing, which are consistent with the CKM fits, see e.g. [19, 20, 21, 22, 23, 24]. A very promising approach to interpet the hints for new physics is to study correlations among different obsverables in different models, as strongly advocated by the group of A. Buras.

In order to make full use of the coming data, there is however also a lot of basic work (i.e. no model buildung...) to be done. We finish therefore with a What to do list.

5 What to do list

We have to improve our current knowledge of the CKM matrix:

• First row: Understand the origin of the different results for V_{ub} and improve the accuracy in V_{us}.

• Second row: Improve the accuracy in V_{cs} and V_{cb}.

• Third row: Improve the accuracy in V_{tb} and find a way to measure V_{td}, V_{ts}.

We also have to improve our understanding of the machinery to describe the mixing systems theoretically:

• Test of the HQE with lifetimes of heavy hadrons.

– τ_B+ /τ_{Bd} and τ_{Bs} /τ_{Bd} fit well within the hadronic uncertainites and we have currently no hints for deviations from the HQE.

– To improve, precise non-perturbative matrix elements for the arising 4- quark operators are urgently needed.

– There are also some perturbative improvements of lifetime predictions missing, like the full NLO-QCD calculation of the Λ_b lifetime.

• More precise theoretical predictions for mixing observables.

– Precise decay constants and Bag parameter for ΔM – Additional Bag parameters at dimension 6 and 7 for Γ_{12} – α_s/m_b corrections for Γ_{12} – α^2_s corrections for Γ_{12} • Theoretical predictions for charm mixing observables

Push HQE to its limits.

• Try to improve the exclusive approach as a cross-check, see e.g. [45]. Finishing these tasks will enable us to make full use of the exciting times lying ahead of us.

ACKNOWLEDGEMENTS

I would like to thank the organizers of FPCP2011 for the invitation and for their great work in creating such a pleasant und fruitful atmossphere during the conference.

References

[1] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531-533.

[2] M. Kobayashi, T. Maskawa, Prog. Theor. Phys. 49 (1973) 652-657. [3] K. Nakamura et al. [Particle Data Group], J. Phys. G 37 (2010) 075021. [4] D. Asner et al. [ Heavy Flavor Averaging Group Collaboration ], [arXiv:1010.1589 [hep-ex]]; numerical update on http://www.slac.stanford.edu/xorg/hfag/.

[5] J. Charles et al. [ CKMfitter Group Collaboration ], Eur. Phys. J. C41 (2005) 1-131. [hep-ph/0406184].

[6] M. Ciuchini et al., JHEP 0107 (2001) 013 [arXiv:hep-ph/0012308]. [7] A. Lenz, U. Nierste, J. Charles, S. Descotes-Genon, A. Jantsch, C. Kaufhold, H. Lacker, S. Monteil et al., Phys. Rev. D83 (2011) 036004. [arXiv:1008.1593 [hep-ph]].

[8] A. J. Bevan et al. [ UTfit Collaboration ], PoS ICHEP2010 (2010) 270.

[arXiv:1010.5089 [hep-ph]].

[9] E. Lunghi, A. Soni, Phys. Lett. B697 (2011) 323-328. [arXiv:1010.6069 [hepph]].

[10] J. Laiho, E. Lunghi, R. Van De Water, PoS FPCP2010 (2010) 040.

[arXiv:1102.3917 [hep-ph]].

[11] J. C. Hardy, I. S. Towner, Phys. Rev. C79 (2009) 055502. [arXiv:0812.1202 [nucl-ex]].

[12] M. Antonelli, V. Cirigliano, G. Isidori, F. Mescia, M. Moulson, H. Neufeld, E. Passemar, M. Palutan et al., Eur. Phys. J. C69 (2010) 399-424. [arXiv:1005.2323 [hep-ph]].

[13] P. A. Boyle, J. M. Flynn, A. Juttner, C. Kelly, C. Maynard, H. Pedroso de Lima, C. T. Sachrajda, J. M. Zanotti et al., Eur. Phys. J. C69 (2010) 159-167. [arXiv:1004.0886 [hep-lat]].

[14] U. Nierste, [arXiv:1107.0621 [hep-ph]]. [15] F. Bernlochner, these proceedings.

[16] A. Crivellin, Phys. Rev. D81 (2010) 031301. [arXiv:0907.2461 [hep-ph]]. [17] A. J. Buras, K. Gemmler, G. Isidori, Nucl. Phys. B843 (2011) 107-142.

[arXiv:1007.1993 [hep-ph]].

[18] L. Wolfenstein, Phys. Rev. Lett. 51 (1983) 1945.

[19] O. Eberhardt, A. Lenz, J. Rohrwild, Phys. Rev. D82 (2010) 095006.

[arXiv:1005.3505 [hep-ph]].

[20] M. Bobrowski, A. Lenz, J. Riedl, J. Rohrwild, Phys. Rev. D79 (2009) 113006.

[arXiv:0902.4883 [hep-ph]].

[21] D. Das, D. London, R. Sinha, A. Soffer, Phys. Rev. D82 (2010) 093019.

[arXiv:1008.4925 [hep-ph]].

[22] A. K. Alok, A. Dighe, D. London, Phys. Rev. D83 (2011) 073008.

[arXiv:1011.2634 [hep-ph]].

[23] S. Nandi, A. Soni, [arXiv:1011.6091 [hep-ph]].

[24] A. J. Buras, B. Duling, T. Feldmann, T. Heidsieck, C. Promberger, S. Recksiegel, JHEP 1009 (2010) 106. [arXiv:1002.2126 [hep-ph]].

[25] A. Ivanov, these proceedings.

[26] V. M. Abazov et al. [ D0 Collaboration ], Phys. Rev. Lett. 103 (2009) 092001.

[arXiv:0903.0850 [hep-ex]]; T. Aaltonen et al. [ CDF Collaboration ], Phys. Rev. Lett. 103 (2009) 092002. [arXiv:0903.0885 [hep-ex]]; T. E. W. Group [ CDF and D0 Collaboration ], [arXiv:0908.2171 [hep-ex]]; T. Aaltonen et al. [ CDF Collaboration ], Phys. Rev. D82 (2010) 112005. [arXiv:1004.1181 [hep-ex]].

[27] V. M. Abazov et al. [ D0 Collaboration ], [arXiv:1106.5436 [hep-ex]].

[28] A. Ali, F. Barreiro, T. Lagouri, Phys. Lett. B693 (2010) 44-51. [arXiv:1005.4647 [hep-ph]].

[29] M. Tibbetts, these proceedings.

[30] M. Misiak, H. M. Asatrian, K. Bieri, M. Czakon, A. Czarnecki, T. Ewerth, A. Ferroglia, P. Gambino et al., Phys. Rev. Lett. 98 (2007) 022002. [hep-ph/0609232]; M. Misiak, M. Steinhauser, Nucl. Phys. B764 (2007) 62-82. [hep-ph/0609241].

[31] M. Misiak, PoS FPCP2010 (2010) 025.

[32] V. M. Abazov et al. [ D0 Collaboration ], Phys. Rev. D82 (2010) 032001.

[arXiv:1005.2757 [hep-ex]]; V. M. Abazov et al. [ D0 Collaboration ], Phys. Rev. Lett. 105 (2010) 081801. [arXiv:1007.0395 [hep-ex]].

[33] M. R. J. Williams, these proceedings, arXiv:1106.4768 [hep-ex].

[34] A. Lenz, U. Nierste, JHEP 0706 (2007) 072. [hep-ph/0612167].

[35] J. S. Hagelin, M. B. Wise, Nucl. Phys. B189 (1981) 87; J. S. Hagelin, Nucl.

Phys. B193 (1981) 123-149; A. J. Buras, W. Slominski, H. Steger, Nucl. Phys. B245 (1984) 369; S. Laplace, Z. Ligeti, Y. Nir, G. Perez, Phys. Rev. D65 (2002) 094040. [hep-ph/0202010].

[36] M. Beneke, G. Buchalla, A. Lenz, U. Nierste, Phys. Lett. B576 (2003) 173-183. [hep-ph/0307344]; M. Beneke, G. Buchalla, C. Greub, A. Lenz, U. Nierste, Nucl. Phys. B639 (2002) 389-407. [hep-ph/0202106]; M. Beneke, G. Buchalla, C. Greub, A. Lenz, U. Nierste, Phys. Lett. B459 (1999) 631-640. [hep-ph/9808385].

[37] M. Ciuchini, E. Franco, V. Lubicz, F. Mescia, C. Tarantino, JHEP 0308 (2003) 031. [hep-ph/0308029].

[38] V. M. Abazov et al. [ D0 Collaboration ], [arXiv:1106.6308 [hep-ex]]. [39] A. Lenz, U. Nierste, [arXiv:1102.4274 [hep-ph]]. [40] A. J. Lenz, Phys. Rev. D, [arXiv:1106.3200 [hep-ph]].

[41] A. J. Lenz, AIP Conf. Proc. 1026 (2008) 36-47. [arXiv:0802.0977 [hep-ph]];

A. Lenz, Nucl. Phys. Proc. Suppl. 177-178 (2008) 81-86. [arXiv:0705.3802 [hepph]].

[42] A. Lenz, [hep-ph/0011258]. [43] A. Lenz, [hep-ph/0412007].

[44] R. Aleksan, A. Le Yaouanc, L. Oliver, O. Pene and J. C. Raynal, Phys. Lett. B 316 (1993) 567.

[45] C. K. Chua, W. S. Hou and C. H. Shen, arXiv:1107.4325 [hep-ph].

[46] [46] B. Abbott, [arXiv:1107.0293 [hep-ex]], these proceedings. [47] M. Calvi, these proceedings; F. Muheim, these proceedings. [48] S. Burdin, talk at Europhysics Conference on High-Energy Physics, 2011 in Grenoble.

[49] LHCb-Conf-2011-06.

[50] I. I. Y. Bigi, A. I. Sanda, Nucl. Phys. B193 (1981) 85.

[51] H. Sahoo, f. t. Belle and B. Collaborations, arXiv:1107.0503 [hep-ex], these proceedings.

[52] E. Lunghi, A. Soni, Phys. Lett. B666 (2008) 162-165. [arXiv:0803.4340 [hepph]].

[53] A. J. Buras, D. Guadagnoli, Phys. Rev. D78 (2008) 033005. [arXiv:0805.3887 [hep-ph]].

[54] G. De Nardo, these proceedings. [55] M. Wingate, [arXiv:1105.4498 [hep-ph]].

[56] Gudrun Hiller, these proceedings.

[57] M. Patel, talk at Europhysics Conference on High-Energy Physics, 2011 in Grenoble.

[58] T. Aaltonen et al. [CDF Collaboration], arXiv:1108.0695 [hep-ex]. [59] C. Bobeth, G. Hiller, D. van Dyk, [arXiv:1105.2659 [hep-ph]]; C. Bobeth, G. Hiller, D. van Dyk, JHEP 1107 (2011) 067. [arXiv:1105.0376 [hep-ph]]; C. Bobeth, G. Hiller, D. van Dyk, JHEP 1007 (2010) 098. [arXiv:1006.5013 [hep-ph]]; M. Beylich, G. Buchalla, T. Feldmann, Eur. Phys. J. C71 (2011) 1635. [arXiv:1101.5118 [hep-ph]].

[60] W. Hopkins, these proceedings [61] G. Mancinelli, these proceedings; G. Mancinelli, arXiv:1108.0792 [hep-ex]. [62] CDF Collaboration, arXiv:1107.2304 [hep-ex].

[63] G. Buchalla, A. J. Buras, M. E. Lautenbacher, Rev. Mod. Phys. 68 (1996) 1125-1144. [hep-ph/9512380].

[64] J. Serrano, talk at Europhysics Conference on High-Energy Physics, 2011 in Grenoble.

[65] CMS Collaboration, arXiv:1107.5834 [hep-ex]. [66] E. Ben-Haim, these proceedings;

H. Lipkin, these proceedings; F. Ruffini, these proceedings.

[67] A. Zupanc, these proceedings.

[68] A. Kagan, these proceedings; A. L. Kagan, M. D. Sokoloff, Phys. Rev.

D80 (2009) 076008. [arXiv:0907.3917 [hep-ph]]; A. Lenz, M. Bobrowski, [arXiv:1011.5608 [hep-ph]]; M. Bobrowski, A. Lenz, J. Riedl, J. Rohrwild, JHEP 1003 (2010) 009. [arXiv:1002.4794 [hep-ph]];

[69] E. Golowich, J. Hewett, S. Pakvasa, A. A. Petrov, Phys. Rev. D76 (2007) 095009. [arXiv:0705.3650 [hep-ph]].

[70] Di Gregorio, these proceedings.

[71] M. De Gerone, these proceedings; J. Adam et al. [MEG collaboration], arXiv:1107.5547 [hep-ex].

[72] A. Weiler, these proceedings;

Y. Grossman, these proceedings.

[73] R. S. Chivukula and H. Georgi, Phys. Lett. B 188 (1987) 99; A. J. Buras, P. Gambino, M. Gorbahn, S. Jager, L. Silvestrini, Phys. Lett. B500 (2001) 161- 167. [hep-ph/0007085]; G. D’Ambrosio, G. F. Giudice, G. Isidori, A. Strumia, Nucl. Phys. B645 (2002) 155-187. [hep-ph/0207036]; A. L. Kagan, G. Perez, T. Volansky, J. Zupan, Phys. Rev. D80 (2009) 076002. [arXiv:0903.1794 [hepph]].