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1 Introduction

In the last few years there has been a significant experimental progress in quark and lepton flavor physics.
In the quark sector, the validity of the Standard Model (SM) has been substantially reinforced by a series
of high-precision measurements in the B and B, systems. Most notably, a significant fraction of the
parameter space of well-motivated SM extensions has been ruled out by the precise determination of
the Bs mixing phase at LHCb [1], and by the strong bounds on B(Bs — ' ™) set by CDF [2] first
and more recently by ATLAS, CMS, and LHCb [3-5]. Similarly, in the lepton sector strong bounds on
possible SM extensions have been set by the improved bounds on B(y — e) obtained the MEG exper-
iment at PSI [6]. Alltogether, the SM works remarkably well: the Cabibbo-Kobayashi-Maskawa (CKM)
mechanism of quark-flavor mixing has been tested in various processes (although in many interesting
cases with limited accuracy) and no flavor-violating effects are observed in the charged-lepton sector.

Despite this progress, the origin of flavor remains a mystery. Our “ignorance” can be summarized
by the following two open questions: i) what determines the observed pattern of masses and mixing
angles of quarks and leptons? ii) Which are the sources of flavor symmetry breaking accessible at low
energies? Is there anything else beside quark and lepton mass matrices? Answering the first of these
question is not easy: the energy scale where the flavor structures observed at low energies are originated
may well be above any realistic experimental reach. On the other hand, answering the second question
is mainly a question of precision, both on the theory and on the experimental side: this is the direction of
research along which we can expect significant progress in the near future.

Observing new sources of flavor mixing (i.e. flavor violating couplings not related to quark and
lepton mass matrices) is a natural expectation for any extension of the SM with new degrees of freedom
not far from the TeV scale. While direct searches of new particles at high energies provide a direct in-
formation on the mass spectrum of the possible new degrees of freedom, the indirect information from
low-energy flavor-changing processes translates into unique constraints on their couplings. The present
bounds on possible deviations from the SM in flavor-violating processes already set stringent limits on
the flavor structure of physics beyond the SM, and this provides a key information for model-building.
However, several options are still open, and the quality of this information could be substantially im-
proved with improved studies of selected flavor-violating observables.

2 State of the art
2.1 CKM bts

An overall picture showing the good consistency of the SM expectations for flavor-changing processes
and the experimental data is provided by the SM CKM fits. The latter are nothing but combined deter-
minations of CKM parameters from different observables, assuming the validity of the Standard Model.
The results are conveniently expressed by the projection in the p—7 plane, where p and 7 are the less
known CKM parameters in the modified Wolfenstein parameterization of this matrix [7, 8]. This pro-
jection is shown in Figure 1. The fit can also be made removing one of the inputs. This type of fit can
give a prediction for the parameter removed, which then can be compared to the experimental value. The
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Fig. 1: Result of the CKM fit within the SM: {p; 7j} plane obtained by UTfit (left) [11] and CKMfitter (right) [12]
collaborations. The 95% probability regions selected by the single constraints are also shown with various colors
for the different constraints.

Table 1: The predictions for some parameters of the SM fit and their measurements as combined by the UTfit and
CKMfitter groups. The lines marked with (*) are not used in the full fit.

UTfit CKMfitter
parameter prediction “measurement” pull prediction “measurement” pull
a [degree] 85.5 £ 3.9 91.4+£6.1 | +0.80 95.972:2 88.7122 -1.00
sin(2B) 0.80 + 0.05 0.667 +£0.024 | —2.20 0.82015-624 0.679 + 0.020 —2.60
y [degree] 68.5 + 3.2 75.5+£10.5 | +0.60 67.27%% 66 + 12 —0.10
[Vap| x 103 3.6140.14 3.840.6 +0.60 3.55T01% 3.924+0.09+0.45 | +0.00
[Vep| x 103 415+ 0.7 41+1 —0.30 413753 40.89 £0.38+0.59 | 0o
|| x 1073 1.9240.18 2.229+0.010 | +1.70 2.0270-23 2.229 + 0.010 00
AMp, [ps~!] 19.0+ 1.5 17.74£0.08 | —0.90 17.0731 17.731 4 0.045 0o
B(B — 1v) x 10* | 0.8314+0.0093 | 1.64+0.34 | +2.30 0.73315:322 1.68 £ 0.31 +2.80
sin(2B5)[*] 0.0375+£0.0016 | 0.004+0.17 | —0.20 | 0.0182270-00052 0.004 +0.17 00

results of this study are presented in Table 1. As can be seen, the overall result is a good consistency of
the SM predictions. !

It is worth to stress that the success of the SM in describing flavor mixing is also confirmed by
a series of other observations. Two notable examples are: i) the agreement between the SM prediction
and the experimental determination of B(B — Xyv), where both theory and experimental errors are
below the 10% level [9], ii) the test of the CKM unitarity relation |V,q|? + [Vis|? + [Vis|? = 1, which
is presently probed below the per-mil level [10]. All these precise tests can be translated into stringent
bounds on physics beyond the SM.

2.2 B meson mixing

In order to estimate the possible room for New Physics (NP) in B meson mixing, one can perform an
independent global fit reinterpreting the experimental observables including possible model-independent
NP contributions to both modulo and phase of AF = 2 processes. We report here the result of the
latest fit of this type, performed in Ref. [13], where the mixing amplitudes are expressed in terms of

'The experimental data on Figure 1, 2 and Table 1 refer to the available data before ICHEP 2012.
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Fig. 2: Model independent fit [13] in the scenario where NP affects By—By and Bs—Bs mixing amplitudes sepa-
rately. The coloured areas represent regions with CL < 68.3% for the individual constraints. The red area shows
the region with CL < 68.3% for the combined fit, with the two additional contours delimiting the regions with CL
< 95.45% and CL < 99.73%.

two complex parameters, A, 4, describing the normalization with respect to the corresponding SM case
(the SM is recovered for Ag = Ay = 1). The results of the fit thus obtained, shown in Fig. 2, indicate
some tension in the By case (a similar conclusion is obtained also by the UTfit collaboration [11]). This
could be the first hint of a non-standard contribution in the B4—B, mixing amplitude, although statistical
significance of this discrepancy does not allow us to draw firm conclusions.

2.3 RareB decays
2.3.1 b! s(d) neutral-current processes

An updated compilation of recent experimental results on rare b — s(d) flavor-changing neutral-current
processes is shown in Table 2. As can be seen, the advent of LHC (and most notably LHCb) has provided
a very significant progress in various channels, most notably B, — p*p~ and B — K*ptp~.2

Also in the case of rare decays at present we have a good consistency with the SM predictions.
Model-independent NP analyses in the sector of rare decays are more involved, given the large number
of free parameters. However, a useful approach is obtained comparing the available data with generic
NP models respecting the MFV hypothesis [26-28] (see sect. 3), namely with models where flavor and
the CP symmetry are broken only by the SM Yukawa couplings (as in the SM).

The MFV hypothesis allows to reduce substantially the number of free parameters, implying the
usual CKM relations between b — s, b — d, and s — d transitions. For example, this relation allows
for upper bounds on NP effects in B(B — Xy47v), and B(B — X i) using experimental data or bounds
from B(B — X,v), and B(K — mtuvD), respectively. Another important prediction (in the minimal
version of the MFV ansatz) is that the CKM phase is the only source of CP violation. The usefulness of
the MFV benchmark is obvious: Any measurement beyond those bounds unambiguously indicates the
existence of new flavor structures or CP-violating phases beyond the SM Yukawa couplings.

In order to show the results of the MFV fit, it is convenient to parameterize the NP contributions
as modifications of the Wilson coefficients of the effective Hamiltonian at the electroweak scale: 6C; =
CZMFV — CZ-SM. Updated results of a fit of this type are shown in Figure 3 (see Ref. [23] for notations, see

2The list of observables presently probed in B ! K *pu*p~ is longer than what shown in Table 2, where we report only
the most significant ones. New data on some of these observables are expected soon also from on-going analyses at CMS.



Observable

Experiment (post-LHC)

Experiment (pre-LHC)

SM prediction

B(B,! pTp) < 42" 107°[3,4] < 58" 1078 [14] 3.2+ 0.2)" 107°[15]
#IB/dg*(B ! KM U )$ew g2 | (0.42+ 0.04+ 0.04)" 10 7 [16] | (0.32+ 0.11)" 10 " [17] (0.47+ 0.27)" 107"
#IB/dg*(B ! KM U )$en g2 | (0.59+ 0.07+ 0.04)" 10 7 [16] | (0.83+ 0.20)" 107" [17] (0.71+ 0.18)" 107”7
#re(B! KU U )%, 2 %0.18+ 0.06+ 0.02[16] 0.43% 0.36[17] %0.06+ 0.05
#rp(B! K 'PHTp ) $Rim g2 0.49+ 0.06+ 0.05[16] 0.42+ 0.18[17] 0.44+ 0.10
BArp(B! K utu)) 4.9711 GeVv? [16] - 4.26x 0.34 GeV?
#HL(B! KU U )$ew_ g 0.66+ 0.06+ 0.04[16] 0.50% 0.30[17] 0.72+ 0.13

B(B! X,!) (3.55+ 0.26)" 107*[18] (3.55+ 0.26)" 107*[18] (3.08x 0.24)" 10°*

I o(B! K*I) (5.2+ 2.6)" 1072[18] (5.2+ 2.6)" 1072 [18] (8.0£ 3.9)" 1072
B(B! Xa!) (1.41% 0.57)" 1077 [19,20] (1.41% 0.57)" 107°[19,20] | (1.49% 0.30)" 107°

B(B ! Xsl“l+u_)lowfqz

(1.60+ 0.68)" 1076 [21,22]

(1.60% 0.68)" 107 [21,22]

(1.78+ 0.16)" 10°°¢

B(B! XsH'H7)g2s14.4cev2

(4.18+ 1.35)" 1077 [21,22]

(4.18+ 1.35)" 1077 [21,22]

(2.19% 0.44)" 1077

Table 2: Post- and pre-LHC results for rare B decays together with the updated SM predictions (from [23-25],
unless otherwise specified) [low — ¢? = (1 < ¢%/GeV? < 6), high — ¢? = (14.18 < ¢?/GeV? < 16)].
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Fig. 3: Global MFV fit to the various NP coefficients 6C; in the MFV effective theory without (top) and with
experimental data of LHCb (bottom) [23].

Ref. [29-31] for related analyses and a more detailed discussion). In the first row, the experimental data
before the start of the LHC experiments are used (pre-LHC), while the plots in the second row include
the latest LHC measurements (post-LLHC), as given in Table 2. To understand at which level of precision
we are currently testing possible extensions of the SM, we recall that [CZM| ~ 0.3, while |C’gs%| ~ 4.
As a result, despite the significant improvement after the start of LHC, we are still testing NP models
with O(1) corrections to the SM at the weak scale. This is why it is very important improving further
the experimental precision in theoretically clean observables (such as the Bs 4 — p* 1~ rates or some of
the differential distributions in B — K*u™ 1 7): in several realistic NP models deviations from the SM
can show up only at the 10% level.

Using the results of the global MFV fit, which restricts the NP contributions 6y, it is possible to
derive a few interesting predictions for observables which are not yet well measured. This analysis also
allows to spot the observables which still allow for relatively large deviations from the SM (even in the
MFV benchmark scenario). The following MFV predictions at the 95% CL are of particular interest,

1.0x107° < B(B — Xgv) < 4.0x 1075,

4

B(Bg— putu™) < 38x10710

(1




and should be compared with the corresponding experimental results [3, 19, 20]:
B(B — X4v)®P = (1.41 £0.57) x 107° , B(By — pTp )™ < 10.0x1071°. (2

So the present B — Xy measurement is already below the MFV bound and is nicely consistent with
the correlation between the decays B — X,y and B — X, predicted in the MFV scenario. On the
other hand, in the case of the leptonic decay B; — '~ the MFV bound is stronger than the current
experimental limit: an observation of this mode above the bound Eq. (1) would not only signal the
presence of NP but would also imply the presence of new sources of flavor-symmetry breaking beyond
the Yukawa couplings.

232 b! c¢,u+ Tvcharged currents

Charged-current decays of B mesons are generally in good agreement with SM predictions. More pre-
cisely, the most accurate channels of the type b — ¢, u + fv (¢ = e, p, both inclusive and exclusive) are
used to determine the SM values of the CKM elements | V| and |V,,;| used in CKM fits. The situation
for these leading modes has not changed significantly in the last few years and is summarized in Ref. [8]:
a long-standing discrepancy has been observed between the exclusive and the inclusive determinations
of |V, but the statistical significance of this discrepancy does not allow us to draw firm conclusions.

An interesting recent development are measurements of exclusive b — ¢, v + 7v which seems to
show a significant pattern of enhancement above the corresponding SM expectations. Using the related
b — cflv modes for normalization, the most recent BaBar collaboration results for the relevant B —
D™ 7y branching fractions are [32]

* _ B(B—D*tv) __
L0 = B = 03324 0.024 £ 0.018, 3)
Rt = pip—pag = 0-440 £ 0.058 + 0.018. )

Both values in Eqgs. (3), (4) are consistent with previous measurements, but with considerably smaller
uncertainties. The two ratios, 7 /[jflnd Ry jare excellent probes of NP, since the dependence of the SM
predictions on the hadronic form factors cancels to a large extent. The SM prediction for B(B — D)
depends on two form factors, one of which can be extracted from the measured B(B — D/{v) and the
related differential decay distribution. Using available Lattice data on the remaining form factor, three
groups obtain compatible SM predictions for Ry ,{33-35], whose conservative range is Rfl/vf:,: 0.31(2),
about 20 below the measured value. Similarly, the prediction for B(B — D*7v) depends on four form
factors, three of which are well known from B — D*/v measurements, while the fourth one is deter-
mined using heavy quark effective theory (HQET), leading to the prediction Ry = 0.252(3) [33],
about 2.40 below the experimental value. Combined, the two correlated measurements indicate a 3.4
excess above the SM predictions.

The b — w7y transition is also showing an enhancement over the SM expectations. The current
world average of leptonic B — 7v branching fraction measurements B(B~ — 77 v) = (16.8 £ 3.1) x
1075 [12], deviates significantly from the SM prediction with the |V,;| CKM element taken from the
global fit [12].% This is in contrast to the measured exclusive semileptonic b — /v transition branching
fraction B(B? — m¢~v) = (14.6 & 0.7) x 1075, which is consistent with the prediction from global
CKM fits. One can get rid of the |V,,;| dependence by considering the ratio

. _ 7(B% B(B™ —717p)
YT 7(B7) B(BY — w )

=1.07+0.20. (5)

whose SM prediction is R?ﬁ%ﬁ = 0.31(6) [36]. The measured value in Eq. (5) is more than a factor of 3
bigger — a discrepancy with 3.60 significance if Gaussian errors are assumed.

3 A notable exception is the very recent Belle measurement of B(B = ! " ~#) using hadronic tau reconstruction announced
at ICHEP 2012, not yet included in the average, which shows good agreement with the global fit.



Combining all the measurements and the SM predictions for b — c7v and b — u7rv branching
ratios we thus have a tantalizing hint of a systematic breaking of lepton-flavor universality (although the
overall significance of the effect has significantly decreased after the recent B(B~ — 7~ 1) data an-
nounced at ICHEP 2012 by Belle). Using an effective field theory (EFT) approach (under the hypothesis
that the NP states are heavier than the b quark) it is possible to derive a few general conclusions about
a possible NP interpretation of these anomalies [36]: (i) Minimal Flavor Violating modifications of the
left-handed quark current operators can reduce the discrepancy only in B — D7v and B — D*rv,
leaving the problem of B — 7v (if any) unsolved; (ii) left-right scalar operators cannot explain Ry
and R /ljzimultaneously; and (iii) NP with generic flavor violation and right-handed vector or right-left
scalar quark interactions can explain the anomalies. The scale of NP is relatively low: O(100—300) GeV
assuming that the flavor violating couplings have roughly the size of the corresponding CKM elements,
and can thus potentially be searched for directly at the LHC. Also, future potential measurements of
B — DW™ry differential decay distributions, as well as the D* polarization and 7 helicity fractions
could discriminate between the different types of NP contributions to b — c7v. Finally, the B — 7rv
branching fraction would provide a similarly important cross-check of the b — u7v enhancement.

In explicit models, the major worry is that no flavor changing neutral current (FCNC) should
be generated in the down sector, since these are excluded to much higher scales [36]. For left-handed
currents this for instance means that the quark weak doublet interaction eigenstates should be precisely
aligned with the down quark mass eigenstates. Among the two Higgs doublet models (THDMs), none of
the natural flavor conserving models gives a good description of all three data-points. In generic flavor
violating THDM s a good description of the data is possible however (barring some tension with D — D°
mixing if both b — c7v and b — urv anomalies are addressed simultaneously) [36,37]. Similarly, partial
compositeness models, where the third generation is almost completely composite, provide a viable NP
explanation of the three anomalies [36].

2.4 Charm physics

The study of D mesons offers a unique opportunity to have access to up-type quarks in FCNC processes.
Thus it probes scenarios where up-type quarks play a special role, such as supersymmetric models with
alignment and more generally models in which CKM mixing is generated in the up sector. It offers com-
plementary constraints on possible NP contributions to those arising from the measurements of FCNC
processes of down-like quarks.

The neutral D system is the latest system of neutral mesons where mixing between the particles
and anti-particles has been established. It is consistent with, but at the upper end of, SM expectations
and constrains many NP models and more precise mixing measurements will provide even stronger
constraints [38].

While CP-conserving observables in the D system are largely dominated by long-distance effects,
CP-violating observables are typically strongly suppressed within the SM and could offer a potentially
interesting window of short-distance dynamics. One of the most interesting recent developments in fla-
vor physics has been the experimental evidence of direct CP violation in two-body Cabibbo-suppressed
D decays. An asymmetry close to the 1% level has been announced first by LHCb [39] and soon after
confirmed both by CDF [40] and by Belle (talk presented at ICHEP 2012), although none of the exper-
iments has reached the 50 level (and even the world average is still below the 50 level). Such a large
direct CP asymmetry was not expected within the SM according to pre-LHCb theoretical predictions,
and the theoretical interpretation of this result has open an interesting debate that is still in progress.

2.4.1 Standard Model vs. New Physics!inadci{:

The current experimental world average for the direct CP-violating asymmetry in two-body Cabibbo-
suppressed D decays can be summarized as follows

Aallp = (D — K*K7) = ol (D — 7 77) = (~0.67£0.16) %. ®



The separate determinations of a5, (D — K™K~ ) and alis (D — 77 ™) are affected by larger relative
uncertainties and, at present, do not allow to establish a clear evidence of CP-violation in one of the two
channels.

In order to be non zero, Aa%i{) requires the interference of two amplitudes with different weak and
strong phases. Within the SM, taking into account that one of the two amplitudes is necessarily generated
at the one-loop level, this implies the following naive expectation Aadlt, = O([V; Vi / Vi Vis)as /) ~
104 [41], well below the experimental result in Eq. (6). This has led to extensive speculations in the
literature that the measurement of Aa%if, is a signal of NP. This is a particularly exciting possibility,
given that reasonable NP models can be constructed in which all related flavor changing neutral current
constraints from DD meson mixing are satisfied.

The naive expectation for the SM value of Aa%if, is based on a perturbative (short-distance) es-
timate of the loop amplitude with suppressed CKM factors. In fact, there is consensus that a SM ex-
planation for Aa%if, would have to proceed via a dynamical (long-distance) enhancement of specific
hadronic matrix elements, the so-called penguin contractions. The latter are nothing but penguin-type
matrix elements that vanish at the tree level, with internal light-quark loops (s and d): they cannot be
estimated reliably in perturbation theory and have a structure similar to the amplitudes contributing to the
AT = 1/2 enhancement in the kaon system [42]. The enhancement necessary to explain the observed
result is quite large compare to the typical size of non-perturbative effects at the charm scale (the naively
suppressed penguin contractions should exceed by a factor 3 to 5 the naively dominant tree-level con-
tractions of the same operators [43]). However, such possibility cannot be excluded from first principles
and could even lead to a more coherent picture of available data on two-body Cabibbo-suppressed D
decays [44].

On the other hand, a value of Aa%if, of O(1%) can naturally be accommodated in well-motivated
extensions of the SM. In particular, it fits well in models generating at short distances a sizable CP
violating phase for the effective AC' = 1 chromomagnetic operators (see e.g. [41,43,45]). Given this
situation, it is important to identify possible future experimental tests able to distinguish standard vs. non-

standard explanations of Aa‘éif).

A general prediction of this class of models, that could be used to test this hypothesis from data, are
enhanced direct CP violating (DCPV) asymmetries in radiative decay modes [46]. The first key obser-
vation to estimate DCPV asymmetries in radiative decay modes is the strong link between the AC' = 1
chromomagnetic operator (Q)g) and the AC = 1 electromagnetic-dipole operator, ()7 (where the gluon
filed is replaced by the electromagnetic field). In most explicit NP models, the short-distance Wilson co-
efficients of these two operators are expected to be similar. Moreover, the two operators undergo a strong
model-independent mixing (from QCD) in running down from the electroweak scale to the charm scale.
Thus if Aacp is dominated by NP contributions generated by (Js, we can infer that sizable CP asymme-
tries should occur also in radiative decays, given the presence of a CP-violating electromagnetic-dipole
operator.

The second important ingredient is the observation that in the Cabibbo-suppressed D — V'~
decays, where V is a light vector meson (V' = ¢, p, w), ()7 has a sizable hadronic matrix element. More
explicitly, the short-distance contribution induced by ()7, relative to the total (long-distance) amplitude,
is substantially larger with respect to the corresponding relative weight of Qg in D — P* P~ decays.
As a result, DCPV asymmetries in these modes could easily reach the few x % level in presence of NP.
An observation of |ayy| 2 3% would be a clear signal of physics beyond the SM, and a clean indication
of new CP-violating dynamics associated to dipole operators.

2.5 Kaon physics

The rare decay K+ — 7 vi plays a key role in the search for the underlying mechanism of flavour
mixing. Among the many rare K and B decays, K — wvv modes are unique since their SM branching
ratios can be computed to an exceptionally high degree of precision (beside parametric uncertainties), not
matched by any other FCNC process involving quarks. The main reason for the exceptional theoretical



cleanness of K — wvv decays is the fact that, within the SM, these processes are mediated by elec-
troweak amplitudes of O(G%) which exhibit a power-like GlashowlliopoulosMaiani (GIM) mechanism.
This special structure leads to the following properties:

— The leading SM contribution to K — wrv amplitudes is generated by top-quark loops and can
be computed with negligible theoretical uncertainty. In the K+ — 7" v case subleading charm-
quark contributions cannot be neglected, but the irreducible theoretical uncertainty amounts to less
than 3% at the amplitude level (see Ref. [47] and Table 5 for updated SM predictions).

— Non-perturbative effects are strongly suppressed, contrary to what happens in rare decays mediated
by gluon-penguin and/or photon-penguin amplitudes (such as B — Xy and B — X (T(7),
where only a logarithmic-type GIM mechanism is present.

— The K — 7w amplitudes can be described in terms of a single effective operator, whose hadronic
matrix elements can be extracted with negligible theoretical uncertainty from the well-measured
K — mev decay rates.

The absence of tree-level contributions and the power-like GIM mechanism implies not only a strong
suppression of K — wvv decays within the SM, but also a high sensitivity to possible NP effects. The
clean theoretical character of K — mvv decays remains valid in all realistic extensions of the SM. As a
result, precise measurements of 3(K — 7vv) provide a unique and clean information about the flavour
structure of any extension of the SM. A typical example of this statement is provided by supersymmetric
extensions of the SM, where K — 7wvv decays represent the best observables to determine/constrain
from experimental data the size of the up-type trilinear soft-breaking terms A;3 [48]. Their measure-
ment is therefore extremely interesting and complementary both to direct searches of NP at high pr
experiments and to flavor-violating processes in the B and D systems.

2.6 LFVincharged leptons

The discovery of neutrino oscillations has two deep implications: i) the SM is not complete?; ii) there
exist new flavour structures in addition to the three SM Yukawa couplings. We have not yet enough
information to unambiguously determine how the SM Lagrangian should be modified in order to describe
the phenomenon of neutrino oscillations. However, natural explanations point toward the existence of
new degrees of freedom with explicit breaking of lepton number at some high energy scale.

The non-SM degrees of freedom relevant to neutrino physics are likely to have non-trivial implica-
tions in other sectors of the model, particularly in rare processes of charged leptons. On general grounds,
the request of a theory able to i) describe neutrino masses, ii) reproduce the successes of the SM in the
quark sector, iii) stabilise the naturalness problem of the electroweak sector, naturally points to Lepton
Flavour Violation (LFV) in charged leptons within the reach of the next generation of experiments. An
explicit example is provided by low-energy supersymmetry. But the conclusion holds virtually in any
realistic NP models analyzed so far respecting the general conditions stated above.

An illustration of the natural expectation of B(y — e+) in the minimal supersymmetric extension

of the SM (MSSM), with the inclusion of heavy right-handed neutrinos (introduced in order to describe
the observed light neutrino masses) is shown in Fig. 4 (left).

3 Implications for New Physics models

If the physics beyond the SM respects the SM gauge symmetry, as we expect from general arguments,
the corrections to low-energy flavor-violating amplitudes can be written in the following general form
! n

CSM CNP
Alfi = fi +X) = Ao Mig‘/‘f‘p ) N

“Here by SM we mean the renormalizable part of a gauge theory based on the SU(3). " SU(2). " U(1)y gauge group,
with a single SU(2) . doublet Higgs, and no fermion fields which are completely neutral under the gauge group.



Operator Bounds on A in TeV (eyp = 1) Bounds on enp (A = 1 TeV) Observables

Re Im Re Im

(5py*dp)? 9.8 x 10? 1.6 x 10% 9.0x 1077 34x1077 Amg; ex
(5rdr)(5rdg) | 1.8 x 10% 3.2 x 10° 6.9x1077 2.6 x 10711 Amp; ex

(LM ur)? 1.2 x 10° 2.9 x 103 56 x 1077 1.0x10°" | Amp;|q/p|, oD
(érur)(rur) | 6.2 x 103 1.5 x 104 57x107% 1.1 x107% | Amp;lq/p|, ép

(bpy*dr)* | 6.6 x 10? 9.3 x 107 23x107%  1.1x107° Amp,; Syrs
(bpdyr)(brdg) | 2.5 x 103 3.6 x 10° 39x1077  1.9x10°7 Amp,; Syrs

(brysr)? 1.4 x 10? 2.5 x 10? 50x107° 1.7 x107° Amp,; Sye
(brsL)(brsg) | 4.8 x 10 8.3 x 102 88x 1076 29x1076 Amp,; Sye

Table 3: Bounds on representative dimension-six AF = 2 operators. Bounds on A are quoted assuming an
effective coupling 1/A2, or, alternatively, the bounds on the respective cyp assuming A = 1 TeV [49]. Observables
related to CPV are separated from the CP conserving ones with semicolons.

where A is the energy scale of the new degrees of freedom. This structure is completely general: the
coefficients cgpyvp) may include appropriate CKM factors and eventually a ~ 1 /(1672) suppression if
the amplitude is loop-mediated. Given our ignorance about the cxp, the values of the scale A probed by
present experiments vary over a wide range. However, the general result in Eq. (7) allows us to predict
how these bounds will improve with future experiments: the sensitivity on A scale as N /4 where
N is the number of events used to measure the observable. This implies that is not easy to increase
substantially the energy reach with indirect NP searches only. Moreover, from Eq. (7) it is also clear
that indirect searches can probe NP scales well above the TeV for models where (csy < enp), namely
models which do not respect the symmetries and the symmetry-breaking pattern of the SM.

The bound on representative AF' = 2 operators are shown in Table 3. As can be seen, for cxp = 1
present data probes very high scales. On the other hand, if we insist with the theoretical prejudice that
NP must show up not far from the TeV scale in order to stabilize the Higgs sector, then the new degrees
of freedom must have a peculiar flavor structure able to justify the smallness of the effective couplings
enp for A =1 TeV.

A natural suppression of the cnyp is obtained under the Minimal Flavor Violation hypothesis al-
ready mentioned in sect. 2.3.1. Under this assumption, the SM Yukawa couplings are the only flavor
symmetry breaking terms also beyond the SM [26-28]. More precisely, in the limit of vanishing quark
Yukawa couplings the effective Lagrangian describing both SM and new degrees of freedom is invariant
under the global quark flavor symmetry SU(3)q, x SU(3)p,, x SU(3)y,. Employing this hypothesis
non-standard contributions in flavor-violating transitions turn out to be suppressed to a level consistent
with experiments even for NP in the TeV range [28]. The MFV hypothesis provides the technical tool to
address the second question listed in the Introduction: if MFV holds, then there are no other sources of
flavor symmetry breaking accessible at low energies. Two comments are in order:

— The MFV ansatz is quite successful on the phenomenological side; however, it is unlikely to be an
exact property of the model valid to all energy scales. Despite some recent attempts to provide a
dynamical justification of this symmetry-breaking ansatz, the most natural possibility is that MFV
is only an accidental low-energy property of the theory. Or it could well be that a less minimal
connection between NP flavor-violating couplings and SM Yukawa couplings is at work, as it
happens in models of partial compositeness (see sect. 3.2). It is then very important to search for
possible deviations (even if tiny) from the MFV predictions.

— Even if the MFV ansatz holds, it does not necessarily imply small deviations from the SM predic-
tions in all flavor-changing phenomena. The MFV ansatz can be implemented in different ways.
For instance, in models with two Higgs doublets we can change the relative normalization of the

STable 3 updates the corresponding table of Ref. [49] taking into account the recent measurements in the B ; system.
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Fig. 4: Left: B(p — ey) vs Mr, (the mass of the lightest right-handed neutrino) in the constrained MSSM
extended with heavy (and hierarchical) right-handed neutrinos [50]. The different colors denote different deviations
from the SM in the anomalous magnetic moment of the muon: da, > 2 x 10' ° (blue), day, > 10' ® (green),
Say < 10' ® (red). The solid (dashed) lines show current (future) bounds on B (# — ev). Right: Prediction of
Sk and S in supersymmetry with heavy first two generations and U (2)® flavor symmetry (68% and 95% CL.:
dark and light blue contours, respectively) vs. the corresponding experimental determinations (68% CL, gray
bands) [51,52]. The green area denotes the SM prediction.

two Yukawa couplings. It is also possible to decouple the breaking of CP invariance from the
breaking of the SU(3)g, x SU(3)p, x SU(3)y, quark-flavor group [53], leaving more room for
NP in CP-violating observables. All these variations lead to different and well defined patterns of
possible deviations from the SM that we have only started to investigate.

3.1 Explicit examples: |. Supersymmetry

The Minimal Supersymmetric extension of the SM (MSSM) is one of the most studied extensions of the
SM at the TeV scale. Still, despite being “minimal” from the particle point of view, this model contains a
large number of free parameters (especially in the flavor sector) and we cannot discuss its implications in
flavor physics in generality (namely without specifying in more detail the flavor structure of the model).
Here we limit ourself to briefly analyze three well-motivated cases: the so-called Constrained MSSM
(CMSSM), where the complete model is specified in terms of only four free parameters (in addition to
the SM couplings), the pMSSM (the most general CP and R—parity conserving MSSM, assuming MFV at
the weak scale and the absence of FCNC:s at the tree level), and a model with heavy first two generations
of squarks based on the U (2)3 flavor symmetry.

Within the CMSSM the recent experimental data on B — K*p+ ™ and, especially, Bs — pt ™
do provide significant constraints on the allowed parameter space (see e.g. Ref. [24,54,55]. To illustrate
the constraining power of these observables, we scan over the mg and m; /o parameters for large and
moderate tan (3. The results are shown in Fig. 5, where for comparison direct search limits from CMS
[56,57] are also displayed. As can be seen, at large tan 3, the flavour constraints and in particular those
from By — pup are very powerful, and are even superior to those from direct searches. As soon as
one goes down to smaller values of tan (3, the B physics observables start to lose importance compared
to direct searches. On the other hand, B — K*u*u~ related observables and in particular the forward
backward asymmetry lose less sensitivity and could play a complementary role [58].

The study in constrained MSSM scenarios is very illustrative and allows to pin down the most
important effects in a rather simple framework. However these scenarios are not representative of
the full MSSM. To go beyond the constrained scenarios, we consider the phenomenological MSSM
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Fig. 5: Excluded regions from B physics observables in CMSSM in the plane (my, 2, mg) with Ag = 0, for tan 8
=50 in the left and 30 in the right [24], using Superlso [25]. The black line shows the CMS exclusion limit with
1.1 fb' 1 of data [56] and the red line the CMS limit with 4.4 fb' 1 of data [57].
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Fig. 6: Distribution of pMSSM points after the Bs — u* u! constraint projected on the Mp (left) and (Ma , tan (3)
plane (right) for all accepted pMSSM points (medium grey), points not excluded by the combination of the 2010
LHCb and CMS analyses (dark grey) and projection for the points compatible with a SM-like measurement branch-
ing fractions with a 20% total uncertainty (light grey) [60].

(pMSSM) [59], which is the most general CP and R—parity conserving MSSM, assuming MFV at the
weak scale and the absence of FCNCs at the tree level, and which contains 19 free parameters.

The left panel of Fig. 6 shows the density of points in function of M 4 before and after applying the
combined 2010 LHCb and CMS B, — pF ™ limit (1.1 x 1078 at 95% C.L.), as well as the projection for
a SM-like measurement with an overall 20% theoretical and experimental uncertainty. As can be seen the
density of the allowed pMSSM points is reduced by a factor of 3, in the case of a SM-like measurement.
The right panel shows the same distribution in the (M 4, tan ) plane. Similar to the CMSSM case,
the region with large tan § and small M 4 is the most affected one. It is clear that with more precise
measurements a large part of the supersymmetric parameter space could be disfavoured. In particular the
large tan (3 region is strongly affected by By — u ™ as can be seen in Fig. 5. Also, a measurement of
B(Bs — p" ™) lower than the SM prediction would rule out a large variety of supersymmetric models.
In addition, B — K*u+ ™ observables could play a complementary role specially for smaller tan 3
values. The B — K*pu™ ™ provides many other clean observables, not yet measured, which could also
bring substantial additional information.

The last class of models we consider are models with heavy first two generations of squarks and
with a minimally broken U (2)3 flavor symmetry. As discussed in Ref. [51,52], this set up is particularly
welcome both to explain why supersymmetry has not been observed yet at the LHC, and also to provide a
natural description of the success of the CKM picture of flavor mixing and CP violation (beyond MFV).
Key low-energy observables in this framework are the AF' = 2 mixing phases, especially in the B, 4
systems. As shown in Fig. 4 (right), present data do not allow us yet to distinguish this framework form
the SM. However, improved measurements of the B, mixing phase (via Syq) could possibly provide a
clear evidence in favor of this framework.
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Composite Higgs H L Supersymmetry H Observable
(5rdr)(5rdR) 0.6 (cfo)rr(cla)rr | 30 (gp/tan ) || ex s Amg
sotVeFubr, 1 (47/gp)* (c33)RL 8 B— X

50" gsGvdr, R 0.4 (47T/gp)2 (C‘fg)LR,RL 2 K —2m;€é/e
Spatdy HYi D H 3 (e4)? () s 60 (1/¢1)? ¢ /e
gL'VMbL HTZ'(BHH 6(6%)2 (ng)LL 10(1/6%)2 B — X, e
do gsy Fgtdy g | 3 x 1072 (47 /gp)° ()R 0.09 neutron EDM
uo’“"gSMFN UL R 0.2 (47T/gp)2 (LR 0.4 neutron EDM

eoVeFyerr | 8 x 1073 (47/gp)? (c$))LR 0.5 electron EDM
notVeF, ver r 4x1073 (47T/gp)2 (ci2)LR.RL 0.6 w— ey

Table 4: Upper bounds on the dimensionless coefficients C that are expected to be of O(1) in the notation (8) and (10). We
report the stronger among the bounds on Re(c), Im(c) and |c|. The closer to 1 is the number, the more promising the observable
is; a number & 1 means tension with the experiments. In the Composite Higgs case we set m, = 10 TeV, and the bound
is on the coefficient C;-‘f‘j renormalized at 10 TeV. In the supersymmetric case we set 8 = 1 TeV and Ao/ m = 2, with the
coefficients renormalized at 1 TeV. Bounds taken from [63].

3.2 Explicit examples: Il. Partial Compositeness

The flavor structure of models with Partial Compositeness [61,62] is described by an effective Lagrangian
of the type:

2
b b, U 9 b o
Lap=1 ~ c%,gsMegejgp p (4 )2 foquSMFSMf] +czg HE’L €5 mp f’L Hf] HTD H

Lap—y ~ cg”ﬁf’e“ebeze? — f i EL PRt (8)

where gp ! 47 is a coupling constant, m,, is the mass scale of the resonances of the composite sector
and we included some representative flavor-violating operators (see [63] for a recent discussion). In this
framework the Yukawa matrices of quarks and leptons have the structure:

(Yu)ij ~ goete? . (Ya)ij ~ goele] ,  (Yo)ij ~ goeie; , (&)

where an O(1) coefficient is understood for each entry of the Y’s. As can be seen, in this class of models
the fundamental parameters controlling flavor-breaking effects are the €5 and not the Yukawa couplings
(as in MFV). However, €} and Yukawa couplings are connected ensuring a sufficient protection of flavor-
mixing effects involving light generations.

In the quark sector, going to the CKM basis and requiring the quark masses and the mixing angles
to be naturally reproduced, one is left with 2 free parameters (e.g. gp and €3). In the lepton sector,
on the other hand, the anarchic structure of the PMNS matrix and the smallness of the neutrino masses
leave more freedom in the choice of the es. A meaningful choice which minimizes the experimental
constraints is the left-right symmetric one: €/e jDN e; /€5 ~ (mg/ m?)l/ 2. The parameters €% represent
the “degree of partial compositeness” of the various fields. Generally speaking the electroweak precision
tests (EWPT) are more easily satisfied if the SM fields are mostly elementary, that is if gp ~ 4.

In the case of Composite Higgs models, one expects c%lf'_' = O(1), and this framework is compat-
ible with the strongest flavor bounds in Kaon physics provided that mp " 10 TeV. In this case, as shown
in Table 4, one can expect New Physics effects at the level of the present sensitivity in the neutron EDM
(in which there is actually a tension with the present bound), €’ /¢, € and b to s transitions, in particular
b— sy, B— X ¢*¢" and B; — p+ . In the lepton sector, on the contrary, the minimal framework
is not satisfactory.

The flavor structure of Partial Compositeness can also be realized in the context of Supersymme-
try [64]. In this case the various coefficients are computable in terms of the supersymmetry breaking
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parameters and are loop suppressed. One can parametrize the amount of flavor violation in the mass
insertion approximation® as:

d d d d d_ud
(0L = (c;j)rr x €fef, (67 )rr = (c;j" )RR % €€},
d d d Vu,d Ao d d d q Vud Ao
0 Ver = ()R X gpeje 7“m2 (6 RL = (DR X g el 7“m2 . (10)

where m is the superpartner mass scale, Ag is the mass scale that sets the size of the A-terms, and the
coefficients cZ’%EL’  are expected to be of O(1). Interestingly, as shown in Table 4, . = O(1 TeV)
is now consistent with flavor bounds both in the quark and in the lepton sector. The most promising
observables in which New Physics effects can appear are now the neutron EDM (with reduced tension)
and €’/¢, together with the electron EDM and the p — ey transition.

In both cases, with mp ~ 10 TeV or m ~ 1 TeV, it is easy to have an enhanced CP violation in
D-meson decays that can explain the recent LHCb result [39]. Moreover New Physics effects can show
up in the process K™ — 7+ v at the level of the planned sensitivity of the NA62 experiment.

4 Future prospects

As we have shown with various explicit examples, a clear message emerges form present data: if physics
beyond the SM is not far from the TeV scale (hence it is directly accessible with present and future
high-energy facilities), it must have a highly non-trivial flavor structure in order to satisfy the existing
low-energy flavor-physics bounds. However, this structure has not been clearly identified yet and its
investigation is the main purpose of future experiments in flavor physics.

The recent discovery of a new state with mass around 125 GeV, compatible with properties of the
SM Higgs boson (and pointing toward the existence of a a fundamental Higgs field), makes the case
of future high-precision studies in flavor physics even more motivated: all the key properties of low-
energy flavor physics are determined by the Yukawa couplings, or by the couplings of the Higgs field
to the fermions. A deeper investigation of flavor physics is therefore a necessary element for a deeper
understanding of the properties of the Higgs field.

As we have seen, in several cases our knowledge of the Yukawa sector is still quite limited (often
not exceeding the 30% relative accuracy for amplitudes forbidden at the tree level). Making progress
in this field is mainly a question of precision, both on the theory and on the experimental side: visible
deviations from the SM may be at the origin of some of the existing ’tensions” between data and SM
predictions, or may simply be around the corner in terms of statistical precision. The key point is to
identify observables sensitive to short-distance physics whose theory error is sufficiently under control,
in order to perform more sensitive tests of the model with the help of more accurate experimental data. A
representative list of such observables is shown in Table 5, together with the current data and the future
experimental prospects. As can be seen, in several cases a significant progress can be expected with
future facilities. It is also worth to stress that there is full complementarity among the different flavor
facilities: there is not a single option able to cover all the potentially interesting measurements.
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Observable SM Ultimate Present Future Future Future
class of observables) prediction th. error result (S)LHCb SuperB Other
[Vus|  [K — mlv] input 0.1%(ratt) | 0-2252 £ 0.0009 - -
V| [x1073] [B — X lv] input 1% 4094+1.1 - 1% excls 0.5%inc
V|  [x1073][B — mlv] input 5% (Latt) 4.15 4+ 0.49 - 3%excl> 2%incl.
y [B — DK] input <1° (T0137)° 0.9° 1.5°
Sp,—pK 23 < 0.01 0.671 4 0.023 0.0035 0.0025
S Be— .0 fo(980) 20, <0.01 | —0.002 4 0.087 0.008 -
SiB.—pq) 235/ < 0.05 - 0.03 -
S\5, KoK 251 <0.05 - 0.02 -
S(By—K] 23/ 1 <0.05 - 0.03 0.02
S1By—Kmy] 0 < 0.05 —0.15 4 0.20 - 0.02
S[Bs—><|>v] 0 < 0.05 - 0.02 -
Acp(b — 57) < 0.01 <0.01 | —0.01240.028 - 0.004
Acp(b— (s+d)) ~ 1076 - —0.060 =+ 0.060 - 0.02
Ad; [x1073] 0.5 0.1 —5.843.4 0.2 4
Agp [x1073] 20x 1072 | <1072 —2.44+6.3 0.2 ~ 0.6
B(B — Tv)[x1077] 1 5% Latt (1.14 £ 0.23) - 4 —5%
B(B — uv)[x1077] 4 5% Latt <13 - 2 — 3%
B(B — D7v)[x107?] 1.02+0.17 | 5%patt 1.02 +£0.17 [under study] 2%
B(B — D*7v)[x1072] 1.76 £ 0.18 | 5%Latt 1.76 £ 0.17 [under study] 2%
B(Bs — ptp~)[x1077] 3.2 5% Latt <4.2 0.15 -
R(Bgg — ptu™) 0.29 ~ 5% - ~ 35% -
) (AEEK*MW )[GeV?] 4.26 +£0.34 2% [under study]
AP (B — K*ptp) <1073 0.04 [under study]
Acp(B — K*utp™) <1073 0.5% 1%
B — Kvp[x1079] 4 10%1att < 16 - 0.7
|4/| D—mixing 1 <1073 0.91+0.17 O(1%) 2.7%
oD <0.1% - 0(1°) 1.4°
adls () (%) <0.3 0.20 £ 0.22 0.015 [under study]
adL (K K)(%) <0.3 —0.23 +£0.17 0.010 [under study]
a%ilg (rmy, KK~) < 0.3% [under study] [under study]
B(T — puy)[x1077] 0 < 44 - 2.4
B(1 — 3p)[x10710] 0 < 210(90% CL) 1-80
% ~ 0.1 MEG
By — ey)[x10712] 0 < 2.4(90% CL) ~ 0.01 PSI-future
~ (.01 Project X
B(uN — eN)(T1) 0 < 4.3 x 10712 10718 prRISM
B(uN — eN)(Al) 0 - 1Q: "% COMET, Mu2e
% ~ 10% NAG2
B(Kt — mtuvp)[x10~ 1] 8.5 8% 17.3% 152 ~ 5% ORKA
v~ 2% Project X
B(K} — n%0)[x10~1] 2.4 10% < 2600 N ;gj(ﬁigg
B(Kp — mete™)sp 1.4 x 10711 30% <28 x 1071 ~ 10% Project X

Table 5: Status and future prospects of selected Bs 4, D, K, and LFV observables. The SuperB column refers to
a generic super B factory, collecting 75ab' 1 at the T (4.5) and about lab' ! at the T (55).
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