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Abstract. The LHCb collaboration has provided a plethora of precise measurements of
flavour observables in the last years. In the B meson sector some of these results show
consistent deviations from Standard Model predictions with a clear tendency to specific
New Physics scenarios. B decay anomalies are found in particular related to lepton
flavour universality tests and angular observables in Flavour-Changing-Neutral-Current
transitions. I review here the LHCb measurements and their experimental caveats. Results from Lattice are crucial in the coming years to verify if these anomalies are explained by QCD effects or if they are unambiguous hints of physics beyond the Standard
Model.

1 Introduction
In the Standard Model (SM) of particle physics transitions between different quarks are governed
by the Cabibbo-Kobayashi-Maskawa (CKM) mechanism [1, 2]. The amplitude of a hadron decay
process can be described by using an effective weak Hamiltonian in terms of an operator product
expansion (OPE), a series of effective vertices multiplied by effective couplings constants, Ci , called
Wilson coefficients:
GF  i
VCK M Ci (µ)F|Qi |M,
A(M → F) = F|He f f |M = √
2 i

(1)

where G F is the Fermi constant and Qi are the relevant local operators governing the decay. The
i
strength of the process is determined by the CKM matrix elements VCK
M and the Wilson coefficients
Ci , corresponding to a given operator. These coefficients are effective couplings which depend on
the arbitrary energy scale µ where short- and long- distance contributions to a given decay amplitude
can be separated. The hadronic matrix elements, F|Qi |M, account for all QCD effects of the decay
process, to be evaluated by non-perturbative methods such as Lattice QCD.
Among the six quarks which constitute the fundamental particles of the SM, the b quark is the
heaviest forming hadronic bound states, the b quark having a mass around 4.7 GeV1 . It must then
necessarily decay outside the third quark family via the weak interaction, providing long lifetimes to
B hadrons, of around 1.6 ps. This can be exploited by experimentalists to separate the production
 Speaker, e-mail: Arantza.Oyanguren@ific.uv.es
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and decay vertices of B hadrons. In addition, due to their large mass, B hadrons have many accessible decay channels with relatively small branching fractions that provide a great wealth of physics
analyses.

Figure 1. Tree semileptonic (a) and rare radiative (b) B hadron decays, along with B oscillation (c) diagrams.

Several types of B hadron decays can be given, some exaples are shown in Figure 1. The dominant decay processes are the tree level b → c (Cabibbo favored) and b → u (Cabibbo suppressed)
transitions. Rare decays involve Flavour Changing Neutral Currents (FCNC) through quantum loops,
allowing b → s and b → d transitions. In addition, B hadron decays present a pattern of flavour
oscillations and CP violation. This rich phenomenology, involving quantum effects sensitive to new
particles, make B decays also an ideal place for theorists to probe new physics effects.

2 The LHCb experiment
The LHCb is one of the main four detectors situated at the Large Hadron Collider (LHC) accelerator
at CERN, in Geneva (Switzerland). The bb̄ cross section in proton-proton collisions is large, around
300 (600) µb at center-of-mass-energy of 7 (13) TeV [3]. The main contribution to the b quark pair
production is coming from gluon-gluon fusion. This mechanism produces b quarks back-to-back in
the transverse plane. In this environment, b quarks hadronize in several species of B mesons (B, B s ,
B(∗)
(s) ) and b baryons with an average B meson momentum around 80 GeV. Since b quarks are largely
produced in the forward and backward direction, the LHCb idea [4, 5] was to build a single-arm
forward spectrometer covering the pseudorapidity range 2 < η < 5 to study particles containing b
and c quarks. The LHCb detector includes a high-precision tracking system consisting of a siliconstrip vertex detector located upstream of a 4 Tm dipole magnet, and three stations of silicon-strip
detectors and straw drift tubes placed downstream of the magnet. It includes also an excellent particle
identification system. Different types of charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors. Photons, electrons and hadrons are identified by a calorimeter
system. Muons are identified by a system composed of alternating layers of iron and multiware
proportional chambers. The accuracy on the impact parameters measurement, the minimum distance
of a track to a primary vertex, is about 20µm and the vertex resolution is about 15µm (70µm) in the
transverse (longitudinal) planes. Figure 2 shows the layout of the LHCb detector with the different
subsystems.
The LHCb experiment is at present running at high performance. An integrated luminosity of
3fb−1 was accumulated in Run1 at 7 TeV and 5 additional fb−1 are expected at 13 TeV at the end
of the Run2. Figure 3 shows the integrated luminosity accumulated by the LHCb experiment during
the Run1 (2011-2012) and present Run2 (2015-2017). This implies millions of b hadrons inside the
LHCb acceptance. This huge amount of data allows to search for very rare B decays and perform
many other physics analyses.
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Figure 2. The LHCb detector.

Figure 3. Integrated luminosity collected by the LHCb experiment.

3 Rare B decays
Rare b → s, d quark transitions are FCNC occurring in the SM through loops via penguin or box
diagrams. Since new particles may appear in the loops they are excellent probes for physics beyond
the SM. Examples of these decays are leptonic, semileptonic and radiative b → s transitions, with
branching ratios ranging between 10−9 to 10−5 . Experimentally a clear signature is given by leptons
or photons with high transverse momenta. Theoretically observables can be calculated in terms of
Wilson coefficients as expressed in Eq. (1). All the hadronic uncertainties are embedded in decay
constants or form factors and are calculated by non-perturbative methods such as Lattice QCD. Figure
4 shows as example the Feynmann diagrams for the B s → + − transition and the corresponding decay
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Figure 4. Example of a rare leptonic B s decay. The decay width of this process can be expressed in terms of the
Wilson coefficient (C10 ).

Candidates / ( 50 MeV/c2)

width of that process in terms of the fBs decay constant, the VCK M matrix elements and the relevant
Wilson coefficient, in this case C10 , corresponding to Q10 , one of the semileptonic local operators.
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Figure 5. Mass distribution of the Bs → µ+ µ− decay channel in a selected region of the BDT (Boosted Decision
Tree) variable. The signal is clearly observed, the significance is 7.8σ. The B0 → µ+ µ− decay mode is also
searched for. Several background components are also shown in this plot.

The Bs → + − is a very rare decay. In addition to be FCNC it is helicity suppressed and its
branching fraction is predicted in the SM to be B(Bs → µ+ µ− ) = (3.65 ± 0.23) × 10−9 [6]. This
decay has been searched for over the last thirty years and was observed for first time by the LHCb and
CMS experiments [7]. An updated analysis including data from Run2 has been recently performed
by the LHCb experiment [8]. Results are shown in Figure 5. The measured branching fraction is
−9
B(Bs → µ+ µ− ) = (3.0 ± 0.6 +0.3
−0.2 ) × 10 , in agreement with the SM prediction. The theoretical
uncertainties coming from the CKM matrix elements and decay constant are at present well below the
statistical uncertainty, but could be improved by Lattice QCD calculations for the near future. The
B0 → µ+ µ− decay mode is also searched for. No signal is found and a limit on the branching fraction
B(Bs → µ+ µ− ) < 3.4 × 10−9 is set at 95% confidence level.
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The B(s) leptonic decay channel in the tauonic mode is also searched for at LHCb [9]. The reconstruction of this mode is more complex due to the presence of at least two neutrinos originating from
the τ lepton decays. No signal is found and assuming no contribution from B0 → τ+ τ− decays, the
first direct upper limit on the branching fraction for the B s channel is set to B(Bs → τ+ τ− ) < 6.8×10−3
at 95% confidence level.

Figure 6. Differential decay width as function of q2 for the B → K(∗) + − process. Each region of q2 is sensitive
to different Wilson coefficients Ci . Regions where charmonium resonances contribute are usually vetoed for the
measurements. Primed coefficients correspond to right-handed currents which are suppressed in the SM.

Rare semileptonic B decays correspond to final states with two leptons and a hadron. In this case
the differential branching fraction as function of q2 , the invariant mass of the two-lepton system, is
measured. Each region of q2 probes different processes and is sensitive to different Wilson coefficients
as shown in Fig. 6. Regions in q2 where charmonium resonances (J/ψ, ψ(2S )) are contributing are
excluded from the analyses. In presence of new physics one would expect that some of the Wilson
coefficients are modified from the SM value, Ci = CiS M + CiNP , affecting different regions of the
differential decay width.
Figure 7 shows the results of several analyses performed at LHCb corresponding to the B+ →
+ + −
K µ µ [15], Bs → φµ+ µ− [16], B0 → K∗0 µ+ µ− [17] and Λb → Λµ+ µ− [18] decay channels. A
systematic discrepancy with the SM is observed in the region below the J/ψ resonance. The main
caveat in this case is that for this observable the theory is affected by hadronic uncertainties. Form
factors are evaluated by Lattice QCD at high q2 and Light Cone Sum Rules (LCSR) at low q2 [10–
14, 19]. Non-factorisable corrections and long-distance effects could also affect the predictions.
Optimized angular observables reducing form factor dependencies have been defined [20]. The
differential decay width of B → K∗ µ+ µ− is then described, in addition to the q2 variable, by three
decay angles: cos θ , cos θK and φ. They are defined as the angle between the µ+ and the direction
opposite to that of the B in the rest frame of the dimuon system, the angle between the K+ and the
direction opposite to that of the B in the rest frame of the K∗ system, and the angle between the plane
defined by the dimuon pair and the plane defined by the kaon and pion in the B rest frame, respectively [21]. Several observables related to CP averages and CP asymmetries can be measured from
the differential decay width. Measurements of this differential decay width are given by LHCb [21]
ATLAS [22], Belle [23] and CMS [24]. Among these observables P5 is expected to be theoretically
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Figure 7. Differential branching fractions as function of q2 measured by LHCb for several decay channels. Bands
correspond to the SM expectations, with calculations from LQCD and LCSR [10? –14]

clean [20]. Figure 8 shows P5 measured by the different experiments and compared to theoretical expectations. q2 regions dominated by the charmonium resonances are excluded. A deviation of about
3σ from the SM prediction is observed by LHCb and confirmed by other experiments.
An explanation of this deviation from the SM could originate from long-distance contributions
from the intermediate hadronic resonant states. These effects could be sizable in dimuon mass regions
far from the pole masses of the J/ψ and ψ(2S ) resonances. Aiming at understanding long-distance
contributions, the LHCb experiment has measured the phase difference between short- and long- distance amplitudes in the B+ → K+ µ+ µ− decay mode [25]. The differential decay width as function of
the dimuon invariant mass is expressed in terms of form factors and Wilson coefficients, and studied

2
across the full q2 region. In the analysis an effective Wilson coefficient C9e f f = C9 + j η j eiδ j Ares
j (q )
is considered, where η j is the magnitude of the resonance and δ j its phase relative to C9 . The sum over
j includes the ρ, w, φ, J/ψ and ψ(2S ) resonances, as well as the broad charmonium states above the
2
open charm threshold. The amplitudes Ares
j (q ) are modeled using Breit-Wigner functions, and apart
from the J/ψ and ψ(2S ) resonances, their widths and pole masses are fixed to the known values. Form
factors are obtained from Lattice QCD calculations [26]. Magnitudes and phases are then extracted
from data. Four degenerate solutions coming from ambiguities in the signs of the J/ψ and ψ(2S )
phases are obtained. Figure 9 (left) shows the solution for which both phase resonances have a negative sign. The interference with the short-distance component in dimuon mass regions far from their
pole masses is found to be small. That means that the effect of hadronic resonances in the Wilson coefficients is also small. Figure 9 (right) shows the two-dimensional likelihood profile of the measured
Wilson coefficients C9 and C10 . The fit result deviates 3σ from the SM prediction. The dominant
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Figure 8. The optimized angular observable P5 measured by different experiments. Coloured bands correspond
to the predictions by the SM.
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Figure 9. One of the degenerated fit solutions to the dimuon mass distribution of the B+ → K+ µ+ µ− decay
channel (left) and the two-dimensional likelihood profile for the Wilson coefficients C9 and C10 .

uncertainty on the C9 and C10 coefficients arises from the knowledge of the B → K hadronic form
factors.
Observables which are less affected by hadronic uncertainties are the rare semileptonic ratios RH ,
defined as the ratio of branching fractions of a B hadron decaying in a hadron and two different
species of lepton flavours, for instance RK = B(B+ → K+ µ+ µ− )/B(B+ → K+ e+ e− ). In the SM all
lepton flavours are expected to have the same couplings to gauge bosons and this ratio is one up to
small corrections of order m2µ /m2b . The LHCb experiment has measured this ratio in the 1 GeV2 <
q2 < 6 GeV2 region [27]. Experimentally one can measure a double ratio taking benefit of the
J/ψ → + − resonance. This allows to cancel many of the systematic uncertainties coming from
the lepton reconstruction. In Figure 10 the q2 distribution as a function of the invariant B+ mass is
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Figure 10. q2 distribution as a function of the invariant K+ µ+ µ− (left) and K+ e+ e− (right) candidates.

represented for K+ µ+ µ− (left) and K+ e+ e− (right) candidates. For electron modes radiative emission
from final state radiation and bremsstrahlung due to material in the detector have to be corrected. Due
to bremsstrahlung emission the radiative tail of the J/ψ and ψ(2S ) is most pronounced in the electron
mode. In Figure 11 (left) the fit to the mass distribution of the K+ e+ e− candidates is shown with the
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Figure 11. Left: Mass distribution of the K+ e+ e− candidates for a specific trigger category. Main backgrounds
are combinatorial (dark gray) and events partially reconstructed b-hadron decays (clear gray). The fit is superimposed. Right: Comparison of the measured RK with results from other experiments.

main backgrounds (combinatorial events and from partially reconstructed b-hadron decays) are shown
in dark and clear gray respectively.
From the efficiency-corrected signal yields for the muon and electron candidates, the ratio of
branching fractions is measured RK = 0.745 +0.090
−0.074 ± 0.036, where the first uncertainty is statistical
and the second one originates from systematic effects. This value is lower than the SM, at 2.6σ level.
Figure 11 (right) shows the comparison of the measured RK with results from other experiments.
Theoretical uncertainties in RK are very small due to the cancellation of form factors.
In a similar way, lepton universality has been tested at LHCb in the RK ∗ ratio [28] with B0 →
∗0 + −
K   decays. The K∗0 is reconstructed in the final state K+ π− The ratio is measured in two regions
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of q2 , the low-q2 region corresponds to 0.045 GeV2 < q2 < 1.1 GeV2 and the central-q2 region,
1.1 GeV2 < q2 < 6 GeV2 . The SM predictions are quite precise due to cancellation of form factors:
RK ∗ = 0.922 ± 0.022 at low q2 and RK ∗ = 1.000 ± 0.006 at central q2 [29–31]. Other theoretical
predictions from several authors can be found in references at [28]. As in the previous analysis of
RK , the measurement is performed as a double ratio of the branching fractions of the B0 → K∗0 + −
and B0 → K∗0 J/ψ(→ + − ) decays to cancel systematic effects. Figure 12 shows the invariant B0
mass distributions for electron candidates in the low (left) and central (right) q2 regions. From the
2
signal yields, corrected by efficiencies, the values obtained are: RK ∗ = 0.66 +0.11
−0.07 ± 0.03 at low q and
+0.11
2
RK ∗ = 0.69 −0.07 ±0.05 at central q . The first uncertainty is statistical and the second one comes due to
systematic effects. The results are compatible with the SM prediction at 2.1-2.3σ for the low-q2 region
and 2.4-2.5σ for the central-q2 region, depending on the theoretical model used for the comparison.
Figure 13 shows the comparison of the LHCb measurement with SM theoretical predictions [28].
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Figure 12. Mass distribution of the K∗0 e+ e− candidates for the low-q2 (left) and central-q2 (right) region.
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At LHCb, electrons are harder to reconstruct than muons at the trigger, reconstruction, selection
and particle identification level. The mass resolutions of B hadron candidates with electrons are affected by bremsstrahlung and need an energy recovery treatment. To asses the procedure, analyses
are performed using different independent hardware trigger categories, and the mass shape is modeled according to the number of bremsstrahlung electrons recovered. B0 → K∗0 J/ψ(→ + − ) and
B0 → K∗0 γ(→ + − ) decay modes are used to control these effects. Data and simulations used in
the analyses agree well and show a good performance of the technical procedures. Several crosschecks are performed to control efficiency calculations and differences between data and simulations
are included in the systematic uncertainties.

Rare b → s decays can also occur with a photon in the final state (see Fig. 1 b). Even if photons are
difficult to reconstruct, the LHCb experiment has measured the ratio of branching fractions B(B0 →
K∗0 γ)/B(B s → φγ) with partial statistics of the Run1 [32]. The result is:
B(B0 → K∗0 γ)
= 1.23 ± 0.06 ± 0.04 ± 0.10,
B(B s → φγ)

(2)

3000

LHCb

2500

B0→K *0γ

Candidates / (25 MeV/c2)

Candidates / (25 MeV/c2)

where the first uncertainty is statistics, the second systematic and the third uncertainty comes from
external inputs, due to the uncertainty in hadronization fractions f s / fd .
A measurement of the time dependent distribution of the B s → φγ decay channel has recently
been performed [33]. This observable is sensitive to the photon polarization, which is predicted to be
right-handed in b → sγ in the SM. The analysis uses the B0 → K∗0 γ decay mode as control channel.
Since both mesons, the φ → K+ K− and the K∗0 → K+ π− decay into two charged hadrons, and the
K∗0 decay is flavour specific (no effect from new physics is expected), the B0 → K∗0 γ decay channel
can be used to control reconstruction effects. Figure 14 shows the mass distribution of the B0 → K∗0 γ
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Figure 14. Mass distribution of the B0 → K∗0 γ (left) and B s → φγ (right) candidates.

and B s → φγ candidates. The time dependent decay width of the B s → φγ decay channel depends
on the A∆ parameter, which is related to the ratio of right and left handed amplitudes of the photon
polarization. The SM prediction for this parameter is A∆ = 0.047 +0.029
−0.025 [34]. This is the first time
+0.23
the photon polarization is studied in the B s system. The result is A∆ = −0.98 +0.46
−0.52 −0.20 , which is
compatible with the SM within 2σ.
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Figure 15. Fit to the ratio of the time dependent distributions for B0 → K∗0 γ and B s → φγ signal candidates.

Figure 15 shows the result of the ratio of the decay time distributions for the B0 → K∗0 γ and
B s → φγ signal candidates after background subtraction. The SM model prediction and the result of
the fit on data is presented.

Figure 16. Results of the new physics contributions to the Wilson coefficients C9 and C10 as obtained from
several authors (references in the text).

In recent years the LHCb collaboration has observed tensions (at 2-3σ level) with respect to SM
predictions in several rare b → s transitions. Since these observables can be expressed in terms of
the Wilson coefficients as shown in Eq. (1), global fits are performed by several authors to extract
possible new physics contributions. Some of these analyses include more than a hundred observables
from different experiments. Figure 16 shows the results of the new physics contributions to the Wilson
coefficients C9 and C10 as obtained from several authors [35–37]. Details of the analyses and treatment
of theoretical uncertainties can be found in the references. The new physics hypothesis is preferred
over SM with a significance of about 4-5σ. The main effect is observed on the C9 coefficient related
to muons. The SM prediction is 4.27, while a shift of −1.1 to this coefficient is needed to fit the data.
These results have triggered a set of models with intermediate Z  , leptoquarks (LQ) and composite
Higgs models.
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4 Semileptonic B decays

Figure 17. Feynman diagram of the Cabibbo-suppressed semileptonic B decay transition b → u (left) and
evolution of the measurement of the CKM matrix elements Vub with time using exclusive and inclusive decays,
from the Particle Data Group.

Figure 18. Left: Flavour constraints on the η̄ and ρ̄ plane from CKM fitter group). The CKM matrix element Vub
constraint the upper vertex of the Unitarity Triangle.

.
The b → c, u quark transitions proceed at tree level (see Fig. 17, left). The CKM matrix element
Vub governing the Cabibbo-suppresed process is the smallest CKM element, about 0.004. This element is crucial in constraining the flavour picture since new physics is not expected to contribute at
tree level. Figure 18 shows the flavour constraints given by this CKM matrix element. The evolution
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of the measurement of Vub with time during the last ten years is shown in Figure 17 (right). A longstanding discrepancy of about 3σ between its determination through exclusive and inclusive decays
remains still unsolved.
Aiming at contributing to solve this puzzle the LHCb experiment has measured the Vub matrix element using b baryon decays for first time [38]. The ratio of branching fractions B(Λ0b →
pµ− νµ )/B(Λ0b → Λ+c µ− νµ ) depends on the ratio of the CKM matrix elements |Vub |2 /|Vcb |2 times the
ratio of the Λ0b → p and Λ0b → Λ+c form factors. The later have been calculated with high accuracy by
Lattice QCD [39]. Using information of the primary decay vertex and the transverse momentum of
the proton and muon system, signal Λ0b → pµ− νµ and Λ0b → Λ+c µ− νµ candidates are selected. Figure

19 (left) shows the corrected pµ− mass defined as mcorr = m2pµ + p2⊥ + p⊥ , where p⊥ is the transverse
momentum of the pµ− system. Signal and background candidates are shown. The result of the ratio
of the CKM matrix elements gives:
|Vub |
= 0.083 ± 0.004 ± 0.004,
|Vcb |

(3)

Candidates / (50 MeV/c2)

where the first uncertainty is of statistical origin and the second one is coming from Lattice QCD
calculations. Figure 19 (right) shows the result of this ratio compared to other results of the CKM
matrix elements Vcb and Vub obtained from exclusive and inclusive semileptonic decays.
18000
15000
12000
9000

Combinatorial
Mis-identified
D0 p µ − ν
Λ*c+µ − ν
Λ +c µ − ν
N *µ − ν
p µ −ν

LHCb

6000
3000
0
3000

4000

5000

Corrected p µ − mass [MeV/c2]

Figure 19. Corrected mass for the pµ candidates (left). Results of the measured |Vub |/|Vcb | ratio at LHCb through
b baryon decays compared to other results.

Lepton flavour universality can also be tested at tree level by measuring the ratio of semi-tauonic
and semi-muonic branching fractions,
0

(∗)

R(D ) =

B → D(∗)+ τ− ντ
0

B → D(∗)+ µ− νµ

.

(4)

The SM prediction of these ratios is very precise due to the cancellation of the CKM matrix element
Vcb and some form factors [40–42]:
R(D)S M = 0.299 ± 0.003;

R(D∗ )S M = 0.252 ± 0.003.

Deviations from these values could indicate new physics contributions at tree level mediated by
charged Higgs bosons or leptoquarks.
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0

The BaBar experiment has measured an excess of B → D(∗)+ τ− ντ decays [43, 44], about 3σ away
from the SM predictions. The LHCb experiment has also measured R(D∗ ) using two different analyses
0
and decay channels: B → D(∗)+ τ− ντ , with the τ decaying in the channel τ− → µ− νµ ντ [45], and the
B0 → D(∗)− τ+ ντ , with the τ decaying in three prongs: τ+ → π+ π− π+ (π0 )ντ [46]. In the first analysis
the missing mass squared, defined as m2miss = (PB − PD∗ − Pµ )2 , with Pi the four-momentum of the
i particle, and the muon energy, are studied in several q2 bins. A three-dimensional fit is performed,
with templates extracted from simulated samples and validated on data-driven control samples. Figure
20 (left) shows the missing mass distribution projection with the signal contribution and the different
background composition. The result of the fit gives
R(D∗ ) = 0.336 ± 0.027 ± 0.030,

(5)

where the first uncertainty is statistical and the second originates from systematic effects.
In the second analysis, the τ lepton is reconstructed in the decay mode τ+ → π+ π− π+ (π0 )ντ .
The measured ratio is normalized to B0 → D∗− π+ π− π+ to cancel systematic uncertainties coming
from reconstruction efficiencies. R(D∗ ) is then obtained using the external branching fractions of the
hadronic B0 mode and of the semi-muonic decay mode. Information related to the position of the
three-pion vertex is used to perform a three-dimensional fit on q2 , the decay time of the three-pion
system and the response of a BDT. The result of the fit gives
R(D∗ ) = 0.286 ± 0.019 ± 0.025 ± 0.021,

(6)

where the first uncertainty is statistical, the second systematic, and the third is coming from the uncertainties on the external branching fractions.

Figure 20. Missing mass squared distribution projection for the τ− → µ− νµ ντ analysis (left) and decay time
distribution projection for the τ+ → π+ π− π+ (π0 )ντ analysis (right). B semitauonic signal candidates are shown in
red in both distributions. Several background contributions are also shown.

Figure 21 shows the global picture of R(D) and R(D∗ ) including other recent experimental results
from Belle. The combined result by the HFLAV shows a deviation of about 4σ with the SM prediction.

5 Wish list for lattice
Lattice QCD inputs are decisive to solve some long-standing puzzles and to understand if B decay
anomalies originate from new physics contributions or from hadronic effects. As an example, it has
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BaBar had. tag

0.332 ± 0.024 ± 0.018

Belle had. tag

R(D*)

0.293 ± 0.038 ± 0.015

BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

0.5
0.45
0.4

Belle sl.tag

0.302 ± 0.030 ± 0.011

∆χ2 = 1.0 contours

Belle (hadronic tau)

SM Predictions
R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

0.270 ± 0.035 ± 0.027

LHCb

0.336 ± 0.027 ± 0.030

LHCb (hadronic tau)

0.35

0.285 ± 0.019 ± 0.029

4σ

Average
0.304 ± 0.013 ± 0.007

2σ

0.3

S. Fajfer et al. (2012)
0.252 ± 0.003

0.25

HFLAV

HFLAV
FPCP 2017

0.2

P(χ2) = 71.6%

0.2
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0.4
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R(D)
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FPCP 2017

FPCP 2017

0.2

0.3

0.4

R(D*)

Figure 21. Combined results by HFLAV of R(D∗ ) and R(D) (left) and results for R(D∗ ) by several experiments.
The SM prediction is also shown.

been argued [40, 47, 48] that the large difference between the Vcb inclusive and exclusive determinations is coming from the form factor parametrization. Understanding these differences is also relevant
for the R(D(∗) ) determination.
My wish list for Lattice QCD to compute is:
• B → D(∗) form factors, affecting Vcb and R(D(∗) ), at different q2 values.

• Other form factors (for B s , Bc and Λb decays) to perform semitauonic over semileptonic rates. It
would be also convenient to have Λb → p form factors computed from other groups.

• Vcb and Vub , they are inputs for branching ratio calculation in many rare decays.

• B(s) decay constant, even if at present the B s → µ+ µ− branching ratio is limited by experimental
(statistical) uncertainties, it will be a key observable in the coming years to confirm new physics
scenarios. Other Lattice inputs going into CKM fits (matrix elements, etc...) are going to quickly
become very relevant.
• B → K(∗) form factors, understanding of the effect from unstable resonances in form factor predictions. It would be also interesting to have form factors for higher states.
• Charm contributions in b → s+ − transitions, maybe above the open-charm threshold, to be
checked against data. Could Lattice do anything for the long-distance and non-factorisable corrections?

• Ratios of form factors from Lattice could help to cancel systematic uncertainties (e.g. B → πµ+ µ−
over B → Kµ+ µ− , or B s → K∗ µ+ µ− over B → K ∗ µ+ µ− ).

6 Conclusions
Deviations from the SM have been found in the flavour sector by LHCb and other experiments.
Discrepancies with theoretical predictions are observed in differential branching fractions (B0 →
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K∗0 µ+ µ− , B+ → K(∗)+ µ+ µ− , B s → φµ+ µ− , B+ → π+ µ+ µ− and Λb → Λµ+ µ− ), angular analyses
(B0 → K∗0 µ+ µ− , B s → φµ+ µ− , B0 → K∗0 e+ e− and Λb → Λµ+ µ− ), and tests of lepton flavour universality (B+ → K+ + − , B0 → K∗0 + − and B → D(∗) τντ ). The first type of observables could be
affected by hadronic uncertainties but tests of lepton flavour universality are very clean, since hadronic
uncertainties are expected to cancel in the ratios.
These deviations show a consistent pattern in global fit analyses, pointing to new physics in the
Wilson coefficient C9 and affecting differently to lepton families. They are hard to be explained just
by either experimental effects or by QCD effects. But time is a great thickener of things, and with
the Run2 in progress, the LHCb upgrade nextly, and Belle II just about to start, we will know soon if
these new physics scenarios are confirmed.
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