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1. New Physics sensitivity of flavour physics

Despite the impressive amount of data collected and analysed during run 1 and early run 2 of
the LHC, until now no clear signal of new particles has been found in the direct searches for New
Physics (NP). While we might have simply been unlucky in the choice of NP discovery modes,
it is also conceivable that the NP scale is larger than the energies directly accessible at the LHC.
Together with the continuing efforts at the high-pr frontier, it is therefore of utmost importance to
explore alternative routes to access the nature of NP.

Precision tests of Standard Model (SM) observables provide complementary access to NP
contributions. As in such low energy processes new particles contribute via quantum effects, they
are not plagued by the same strict energy cut-off as the LHC. The sensitivity in this case is limited
by the cleanliness of the theoretical predictions in the SM, in addition to the obtained experimental
precision. Particularly useful in this context are observables whose SM contribution is suppressed,
increasing their potential NP sensitivity.

Flavour and CP-violating observables hence play a key role in the hunt for NP. In the SM,
flavour changing neutral current processes are strongly suppressed not only by a loop factor, but
also by the smallness of the off-diagonal CKM elements and the GIM mechanism. NP contri-
butions, even if generated well beyond the TeV scale, can therefore be significant, provided the
theoretical and experiment precision is sufficient. The highest NP sensitivity is obtained in rare
kaon decays due to their strong CKM suppression by V;iV;; and their theoretical cleanliness, in
particular in the K — wvV decays. Indeed the latter have been shown to have the potential to probe
NP scales beyond 1000TeV [1]. B decays on the other hand, while being less sensitive to ex-
tremely high scales, have the advantage to offer a multitude of observables suitable to disentangle
the underlying NP structure at work.

In deciphering the NP flavour structure, the study of correlations between flavour and CP-
violating observables will be a crucial task. In this context, we can distinguish between two differ-
ent types of correlations:

e Correlations between observables within a given meson system give information on the un-
derlying NP operator structure. In this way, contributions from vector or scalar mediators
can be distinguished, or the chirality of the NP coupling to the SM quarks and leptons can
be determined.

e Correlations between related observables in different meson systems, on the other hand, al-
low to draw conclusions on the underlying flavour symmetry. For example, specific patterns
of effects are predicted in models with Minimal Flavour Violation [2, 3, 4] or with a mini-
mally broken U (2)? flavour symmetry [5, 6, 7].

The first step towards the identification of NP in the flavour sector is however to establish
deviations from the SM predictions in flavour and CP-violating decays. While at the moment
such an unambiguous NP observation is still outstanding, a number of intriguing anomalies have
emerged in the field of flavour physics. In the remainder of this contribution, we focus on the
ones that recently received the most attention both in and beyond the flavour physics community,
dedicating a sectiion to each of them. These are:
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1. the tension between the measured amount of direct CP violation in K — w7 decays and its
SM prediction, as recently obtained from lattice QCD determinations [8] and confirmed by
dual QCD calculations [9, 10],

2. the persisting signs of lepton flavour universality violation seen by several experimental col-
laborations in the semileptonic B — D*)¢v decays [11],

3. and last but not least the anomalies in b — sy~ transitions like B— K*)ut i~ and related
lepton flavour universality ratios pointed out by the LHCb collaboration [12, 13].

In passing we note that there are other unresolved puzzles related to the flavour sector, like the
anomalous magnetic moment of the muon [14] or the By ; meson oscillation frequency [15, 16].

2. Direct CP violation in kaon decays

The theoretical description of direct CP violation in K — 77 decays has been a long-standing
problem. A precise experimental value [17, 18, 19],

Re(£'/€)exp = (16.6£2.3)-1074, (2.1)

existed since the early 2000s. However it took until 2015 until a first SM calculation became
available. A big step forward has been made by the RBC-UKQCD collaboration [8] who presented
the first lattice calculation of the hadronic matrix elements

BYY —057+0.19,  B{/ =0.76+0.05, 2.2)

resulting in a SM value for €’/¢ that is significantly lower than the measured value.

The strict large N, limit predicts Bél/ 2 and BS/ ?) to be equal to unity. Yet a recent analysis
within the dual QCD approach shows a suppression of both matrix elements below this naive value,
resulting in the bound [9, 10]

B < BP? <1, (2.3)

Interestingly (2.3) not only supports the RBC-UKQCD result (2.2), but also unambiguously pre-
dicts the presence of NP in €’ /€. These results stimulated a number of phenomenological studies,
both in and beyond the SM.

In the SM, a simple phenomenological expression for €' /€ has been derived [20, 21]:

N Im(Vt?Vzd)

Re(e'/e) = 1710 3

107+ [(—3.6+21.4B§1/2>) n (1.2— 10.4B§3/2>)] L4
Here, the first term in the brackets represents the Al = 1/2 amplitude that is mainly generated by
QCD penguin contributions. The second term corresponds to the Al = 3/2 contribution, mainly
due to electroweak penguins. The two contributions largely cancel each other, resulting in a very
small SM prediction.

Two independent phenomenological analyses have determined the SM prediction at next-to-
leading order, taking into account the RBC-UKQCD result [8], with consistent results:

Re(e'/e)sm = (1.944.5)-107* [21], Re(€'/e)sm = (1.06+£5.07)-107% [22]. (2.5)
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These numbers are almost 30 below the data. The theoretically challenging next-to-next-to-leading
order calculation is currently in progress [23].

With the measurement of a number of theoretically well-understood kaon decay observables,
one can construct the unitarity triangle from K physics only (K-unitarity triangle) [24, 25, 26]. Be-
sides &k, which is already known to be an important player in global unitarity triangle fits [27, 28],
crucial imput will be provided by the branching ratios of the extremely clean decays K+ — w1t vv
and K; — n°vv. Finally, with improved lattice determinations of the hadronic matrix elements
Bél/ 2 and BS/ 2), ¢’ /e will overconstrain the K-unitarity triangle. A future mismatch in the K-
unitarity triangle constraints, as indicated in figure 1, would be a definite signal of NP contributions
to the kaon sector.
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Figure 1: K-unitarity triangle, assuming today’s central values (SM prediction for K; — 7°vV) and uncer-
tainties expected to be reached by 2025. Figure taken from [26].

As discussed in section 1, the strong suppression of €’ /€ in the SM paves the way to possible
large NP contributions. It is therefore not surprising that the recent SM calculations indicate a
tension with the experimental value. Indeed, theoretical studies have been performed in a number
of NP models, with the outcome that in many NP scenarios it is possible to enhance €’/ by an order
to magnitude and resolve the tension. We refer the reader to the original publications for further
details on Little Higgs models [29], supersymmetric models [30, 31, 32, 33], simplified models
with flavour changing Z or Z’ couplings [34, 35], 331 models [36], vector-like quark models [37],
and a model independent analysis [38]. A review can be found e. g. in [39].

Once the presence of NP in €'/€ has been established, the task will be to disentangle its
structure. To this end it will be necessary to precisely determine the NP contributions to other
rare kaon decay observables, like the branching ratios of K; — m9vv and K+ — ntvv. The latter
play a unique role in flavour physics, due to their outstanding theoretical cleanliness both in and
beyond the SM. As both &' /¢ and %(K; — n°vV) measure direct CP violation in kaon decays, the
deviations from the SM in both observables are correlated. Interestingly, the correlation can either
be direct, meaning that both observables are simultaneously enhanced, or reciprocal, meaning that
the enhancement of one observable goes along with a suppression of the other. The nature of the
correlation depends on the NP coupling structure at work, as has been shown in [34] for different
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simplified models with tree level flavour changing Z and Z’ couplings. The result is displayed in

figure 2
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Figure 2: Correlation between &' /¢ and %(K; — n’vV) in simplified models with tree level flavour chang-
ing Z and Z' couplings. Figure taken from [34].

To further understand the NP structure at work, it is then useful to consider also the correlation
between K; — n°vv and K+ — vy, While the latter mode is CP-conserving, its correlation
with the CP-violating K; decay provides insight on the operator structure at work in neutral kaon
mixing. In models with only left-handed flavour changing transitions, the strong constraint from
the CP-violating parameter € implies a NP phase in the s — dVvV that is close to a multiple of /2,
in turn implying a striking correlation in the K — vV plane [40].

In order to fully exploit the NP discovery potential of kaon physics, it is of utmost important
to improve the SM predictions as much as possible. More precise lattice determinations of the
K — nrr matrix elements as well as an independent confirmation of the obtained results are required
in order to establish the presence of NP in €’/¢. Lattice QCD however also plays an important role
in other kaon decay observables, and a calculation of the long-distance contributions to the mass
difference AM [41] and the decay K™ — @™ vV [42] will be extremely valuable. But equally
important is a precise knowledge of the parameters of the CKM matrix, mainly |V,,| and the angle
7. to which kaon observables are highly sensitive. Further progress, both on the theory and on the
experimental side, is therefore eagerly awaited.

3. Lepton flavour universality and semitauonic B decays

Meson decays mediated by charged current interactions are generally expected to be less sen-
sitive to NP contributions, as they already arise at the tree level in the SM. An exception to this
rule of thumb is however provided by observables that are theoretically very clean, so that even
relatively small NP contributions become apparent. This is the case for the ratios

B(B — D¥1v)
(*)y —
RD™) = B(B — DALy’ ©-1)
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that constite a test of lepton flavour universality (LFU).
In the SM, LFU is violated by the difference in the charged lepton masses: m¢ > m,,my,.
Consequently, the SM predictions [43, 44] for R(D) and R(D*) differ from unity:

R(D)sm =0.2994+0.003,  R(D*)sm = 0.2574-0.003. (3.2)

As hadronic uncertainties largely cancel in the ratio, a high precision in the SM prediction can be
reached.

Over the past years, BaBar [45], Belle [46, 47, 48] and LHCb [49, 50] presented a number of
measurements of these ratios, yielding a consistent HFLAV fit [11]

R(D)exp = 0.407+0.039£0.024,  R(D*)exp = 0.3040.013 +0.007. (3.3)

The data thus exhibit a 4.10 deviation from the SM, thereby hinting for new sources of LFU
violation.
Model-independently, the relevant b — cTV transition can be described by the effective Hamil-
tonian 4G 1
, F
A = N Vep Oy, + FZCJ-@ +h.c., (3.4)
J

with A denoting the NP scale, and the four-fermion operators

Ovx = (V' PLRD)(TVuPLV), (3.5)
Os,x = (CPLRD)(TPLV), (3.6)
Or = (EG“VPLb)(fG#vPLV) . 3.7

In the SM, the transition is mediated by a tree-level W exchange, hence only the operator Oy, is
present.

Comparing (3.2) with (3.3), it is easy to see that the required NP contribution is quite large,
having to compete with a tree-level process in the SM. Indeed, fits [51, 52, 53] of the effective
Hamiltonian (3.4) to the data indicate that the R(D(*)) anomaly can be resolved by the presence
of NP in either the scalar or the vector Wilson coefficients, as shown in figure 3. In the first case,
Cs, ~ —Cs, is necessary in order to generate NP effects of similar size in R(D) and R(D*): the NP
coupling to quarks is to good accuracy pseudoscalar. In the second case, a good fit is obtained for
left-handed NP: Cy, # 0.

In terms of simplified renormalisable models, the R(D(*)) anomaly can be solved by the tree-
level exchange of a new charged scalar particle [54, 55, 56], as arises in two Higgs doublet models, a
heavy charged vector resonance W' [57], or a scalar or vector leptoquark [58, 59]. A charged Higgs
contribution would manifest itself via Cs,,Cs g # 0, while the exchange of a W’ with left-handed
couplings generates Cy, # 0. In leptoquark models, different combinations of Wilson coefficients
can be generated, depending on the spin and gauge quantum numbers of the assumed leptoquark.

NP explanations of the R(D(*)) anomaly face stringent constraints by complementary mea-
surements in the flavour sector, but also by high-pr observables. The scalar solution Cs, ~ —Cs,
is challenged by the total B, lifetime [60, 61, 62]: The large pseudoscalar contribution required
to reconcile R(D*) with the data generates a dangerous contribution to the B, — TV decay, as
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Figure 3: Model-independent fit of the effective Hamiltonian (3.4) to the R(D) and R(D*) data. Figure taken
from [52].

(pseudo)scalar contributions in the latter mode are not chirality-suppressed. Scalar contributions
to the b — ¢TV transition [62] also modify the B — D*)tv differential decay rates with respect to
the SM. While the experimental precision is so far limited, the good agreement of the B — Dtv
differential rate with the SM prediction [45, 46] provides another hint against scalar contributions
as the origin of the R(D(*)) anomaly.

NP in Cy,, on the other hand, is not subject to the above constraints. Its contribution on the
B. — TV decay rate receives the same chirality suppression factor > /mlz7 as in the SM and is
therefore safely small. Further, the differential decay rates remain the same as in the SM, since
only the overall normalisation changes with the size of Cy,. Yet it has been shown [63, 64] that
loop diagrams involving Cy, generate dangerously large deviations from the SM in Z and 7 decays.

As a result, leptoquark models provide the best NP explanation for the R(D(*)) anomaly.
However, also these models are severely constrained. The (¢b)(7TVv) operators are related by the
SU(2), gauge symmetry to the (bb)(T7), (¢c)(T7), (5b)(%7), and (§b)(VV) operators. The latter
two are constrained by the experimental upper bounds on the branching ratios of By — 777~ and
B — K¥yy [65, 66]. The former two, on the other hand, are a result of the CKM mixing and lead
to deviations from the SM in 7 pair production at the LHC [67], with the current data excluding
large regions of the parameter space. The same interactions also mediate the decays Y — 77~
and v — 77 [68].

Altogether we thus find that a NP resolution of the R(D™*)) anomaly is difficult in view of the
stringent complementary constraints from B decay observables, but also from EW precision mea-
surements and high-pr searches. This is not unexpected, given that the required NP contribution
is, as discussed earlier, rather large.

4. Rare b — s transitions and lepton flavour universality

Recently another set of B decay anomalies has created a lot of excitement, those are related to
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the semileptonic b — s ™ transition. While the early hints for a non-standard forward-backward
asymmetry Apg [69] were not confirmed by LHCDb, the latter experiment found a 3.70 deviation
from the SM in the angular observable P; of the decay B — K*u*p~ [70]. This anomaly has
more recently been confirmed with more statistics by LHCb [12], while the precision achieved at
Belle [71], CMS [72], and ATLAS [73] is still too low to draw definite conclusions. In addition, a
departure from the SM has been found in the differential branching fraction of By — ¢u™tu— [74].
However, the substantial departures from unity found in the LFU ratios Rg [75] and Rg+ [13], with
ABB— Kutu)

Ry = 4.1
K BB — KWete) ' 1)

are even more intriguing, as those ratios are theoretically extremely clean.
The semileptonic b — sy u~ and radiative b — sy transitions are theoretically described by
the effective Hamiltonian

4Gp . &
Aoy — _vavm@;(q@ +Ci0)) +he., 4.2)

where the operators most sensitive to NP are the dipole operators
mp  _
oY) = 7 (5Ouv Pruyb) F*" 4.3)
and the four fermion operators

ﬁé/) = (SYuPrryb) (BY' 1), ﬁfg = (SYuPrryb) (BY' 1), 4.4)

as they are not affected by tree-level contributions in the SM, making a sizeable NP effect much
easier to achieve. For the sake of simplicity we neglect the scalar and pseudoscalar operators 6’5(93
as they are strongly constrained by the measured By — p*u~ branching ratio [76], agreeing well
with its SM prediction [77].

The measurements of various observables in radiative and semileptonic b — s transitions con-

strain the values of the Wilson coefficients C%_m. For example, the radiative decays B — X7,

B — K*v etc. are driven only by the magnetic dipole operators O. (/), while the semileptonic decays
B—K®utu—,B— X,utu—, and By — ¢t~ are sensitive to all six Wilson coefficients. Fur-
ther information can be obtained from the study of the full angular distribution of the latter decays.
It can thus be tested whether anomalies in various observables have a consistent NP interpretation.

Several groups [78, 79, 80, 81] have performed global fits of the relevant Wilson coefficients
to the data, with the result that a quite large NP contribution to the Wilson coefficient Cy is required
to significantly (> 40) improve the goodness of fit with respect to the SM, as can be seen from
the left panel of figure 4. The fit also allows for non-negligible NP contributions to Cy and/or Cio,
however the latter are not as strictly required. The right panel of figure 4 shows that the discrepancy
with the SM prediction is mainly driven by the LHCD data, calling for an independent confirmation
by the other experimental collaborations.

A comment is in order concerning hadronic uncertainties in the semileptonic decays B —
K™ wtu~. These decays are well described in terms of B — M form factors that contain the
non-perturbative interactions between the decaying B meson and the final state meson M = K, K*.
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Figure 4: left: Two-dimensional fit allowing for NP in Cy and Cy. Figure taken from [78]. right: Two-
dimensional fit allowing for independent NP contributions in Cy, and Co., showing separately the input
from various experiments. Figure taken from [79].

These form factors can be determined by lattice QCD [82] and light-cone sum rule [83] techniques,
allowing for further systematic improvements in the near future. The non-factorisable corrections
[84, 85, 86, 87, 88], on the other hand, cannot be treated systematically, so that their size can only
be estimated. The dominant contribution in this context stems from charm loop effects that should
be most relevant in the ¢> region below the ¢¢ resonance threshold.

In order to avoid the uncertainties from hadronic effects, various observables have been con-
structed in which those uncertainties cancel. The observables P;, P/ describing the angular distri-
bution of the B — K*u* ™ final state [89, 90] have been designed such that they are form-factor
independent at leading order. Yet they are still sensitive to non-factorisable effects [85, 87]. In
order to get rid of the latter uncertainties, the LFU ratios Rk, Rg+ defined in (4.1) have been pro-
posed [91]. These are theoretically extremely clean [92], as in the SM the only departure from
unity is generated by the very small muon mass. Hence, the anomalies at the 2.50 level reported
by LHCb in the LFU ratios Rx and Rk« are particularly striking. If these anomalies are indepen-
dently confirmed by other measurements, the presence of LFU violating NP will unambiguously
be established. At the moment, however, we have to be patient and wait for further experimental
investigation, like measurements of additional LFU observables and independent confirmations by
other experimental collaborations. Fortunately, the LHC experiments are currently collecting more
data, and the first physics run of Belle 2 will start in late 2018, so we are confident to have a definite
answer soon.

Interestingly, the global fits discussed above [78, 79, 80, 81] show that the anomalies in Rg
and Rg- can be resolved by the same NP contribution as the P; anomaly, if the NP is assumed
to contribute only to the muon channel. Yet, due to the sizeable uncertainties, also a significant
NP effect in the electron channel is possible at present. Note that the strong suppression of Rg-
below the SM prediction in the region ¢ € [0.045,1.1] GeV? calls for a lepton flavour dependent
NP contribution to Cyp [81]. It is however impossible to accommodate the experimental central
value by means of NP.
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After identifying the necessary NP pattern in the effective theory language, let us now consider
possible NP models that generate the required contributions. In the most widely discussed NP mod-
els, the b — sut ™ transition is mediated at the tree level, thereby providing a good explanation of
the relatively large NP contribution to Cy, whose SM contribution is loop-suppressed. Particularly
popular are models with an extra neutral Z' gauge boson mediating the flavour changing b — s
transitions, and coupling to muons [93, 94, 95, 96, 97, 98, 99]. For instance, a model with gauged
Ly — L; symmetry has been suggested in [100] and subsequently studied in [101, 102, 103, 104].
The possibility of a Z’ resonance of a composite sector has also been investigated [105, 80]. Typi-
cally however, in the latter class of models, a different pattern of NP effects arises [93]. The same
conclusion had also been drawn earlier in the context of Randall-Sundrum models [106, 107, 108],
being dual to a certain type of composite models.

Leptoquark models [109, 110, 111] consitute another popular explanation of the observed
anomaly. Like in the case of the R(D(*)) anomaly, also here several realisations in terms of the
leptoquark spin and gauge representation are possible. Note that in this type of models, large LFU
violating effects are particularly easy to accommodate.

It is also possible to address the b — s anomalies by loop-induced NP contributions. New box
contributions [112, 113] and Z’ penguins [114] have been discussed in the literature. A Z' model
with a loop-induced coupling to muons has been investigated in [115]. On the contrary, models
inducing Z penguin effects, like the MSSM [93] or the Littlest Higgs model with T-parity [116, 29],
are not compatible with the requirement of a large NP contribution to the Wilson coefficient Cy and
do not generate new LFU violating effects.

Models explaining the b — s anomalies are generally constrained by the well-measured By — B,
mixing observables [93], the experimental upper bounds on the B — K vy decay rates [117, 65],
as well as the anomalous magnetic moment of the muon, (g —2), [118]. However, in this case an
agreement with the data is easier to achieve than in the case of the R(D(*)) anomaly. Additionally,
also high-pr data play a role in constraining possible NP models — this time by the measured
SM-like high-pr dilepton tails [119].

5. Outlook

In this contribution we have presented an overview of the current most exciting anomalies in
flavour physics. While it remains to be seen which of them are indeed caused by NP, their study
provides interesting insights on the structure of possible extensions of the SM.

If eventually all of the discussed anomalies will turn out to have a NP origin, the challenge
will be to identify their common NP origin. For the B physics anomalies, a model building guide
for a combined explanation has recently been provided [120]. However, the models discussed as
solutions of the €’/& anomaly are largely complementary to the ones employed in the B sector.

Further input on the NP at work can be expected from future measurements in the flavour sec-
tor. Additional K and B meson decay observables, as discussed in the text, will play an important
role here. Furthermore, charged lepton flavour violating effects are intimately linked to LFU vio-
lation, and a near-future detection can thus be hoped for. An exciting era of NP discoveries in the
flavour sector may just have begun.
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