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1. Introduction

In the Standard Model (SM) of particle physics, the electroweak coupling of the gauge bosons to
leptons is independent of the lepton flavour. This property is called Lepton Flavour Universality
(LFU), and it implies that the amplitude of the processes involving these particles are identical,
neglecting phase space and helicity suppression effects. LFU is enforced in the SM by construction,
therefore any violation of it would be a clear sign of physics beyond the SM. Many extensions of the
SM include new contributions that involve the third generations of quarks and leptons. Therefore,
if there is hierarchy in the strength of the coupling of New Physics (NP) to the leptons of different
generations, a comparison between semitauonic and semimuonic b-hadron decays is sensitive to
these new contributions.

2. Semileptonic decays

Measurements of ratios of branching fractions represent a powerful test of the SM, as the theoretical
uncertainties cancel in the predictions, and experimental systematic uncertainties are greatly
reduced. In particular, LFU tests are done by means of the observable R(H.), given by:

B(Wb - (}{CTVT)
B(Hp — c,uv,u)’

R(H.) = ey

where H, = BY, Bzrc), Ag, BY and H, = D*, D°, D*, DY AW J/w. The processes involved here
are tree level transitions mediated by a W boson, and they occur with large probability in the SM.

At LHCD [1, 2], the kind of measurements needed to probe LFU are extremely challenging, since
the centre-of-mass frame in which the reaction gg — bb is produced is unknown. Besides, many
more particles are produced in the event and, as a consequence, there is a large combinatorial
background. Further, neutrinos are present in the decay chain of interest, whose momentum is not
measured. Therefore, some approximations have to be made to estimate the momentum of the 7,
hadron. In the following sections, the specific procedure that is applied in each case is described.
The results were obtained by using data collected by the LHCb detector in 2011 and 2012 at a

centre-of-mass energies of 7 and 8 TeV.

3. R(D**) muonic at LHCb

The first measurement of R(D**) in a hadron collider was published in 2015 by LHCb [5]. The 7~
candidate is reconstructed in its muonic mode: 7= — u~v,v,, hence the signal channel has the
same visible final state as the normalisation channel. The observable is given by:

BB - D*TV,)

R (D*+) ,
BB — D*uv,)

2

where the D** candidate is reconstructed through D** — D%(— K~n*)x*. A three-dimensional

fit is performed in the most discriminating variables, in order to measure the yields of the signal,
2

miss’
the energy of the muon in the B-meson centre-of-mass system, £, and the squared four momentum

normalisation and background components. These variables are the squared missing mass, m
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of the dilepton system, g>. The fit results are shown in Fig.1. The measurement is R(D**) =
0.336 + 0.027(stat) + 0.030(syst), which differs by 2.10- compared to the SM. The dominant
systematic uncertainty in this analysis comes from the size of the simulated sample. The next
largest contribution towards the systematic uncertainty is due to the modelling of the background
from hadrons misidentified as muons also gives an important systematic uncertainty contribution.
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Figure 1: From [5]. Distributions of m,2m. 55 (eft), £}, (middle) and g? (right) of data and the projections of

the fit model. The signal distributions are shown in red and the normalisation in blue.

4. R(D*") hadronic at LHCb

In 2017, LHCb performed a measurement of R(D*~) where the 7 is reconstructed in its hadronic
mode, consisting of the overlapping signal decay mode 7~ — n~n*n~(7%)v, [6, 7]. The D*~
meson is reconstructed through the D*~ — D (— K*n~)n~ decay chain. The B decays involved
in this analysis are semileptonic decays without leptons in the visible final state, and so the
contribution from normal semileptonic decays is zero. In this decay, two neutrinos are missing,
hence approximations are needed in order to estimate the B and 7 momenta, which are determined
with good precision, up to a two-fold ambiguity each one. The strategy followed in this analysis in
order to obtain R(D*7) is to measure the ratio K(D*"), defined as:

BB’ — D tv,) _
B(BY — D* mta—nt)
Nsig €norm 1
X

- Nnorm Esig B(T"' - 7T+7T_7T+(7T0)7.,-)’

K(D*") =
3)

where Ngig = Npo_p+r+y, and Nyorm = Npo_,p-3,, analogously with the efficiencies. The
K(D*") is multiplied subsequently by two external branching fraction inputs that are known with
good precision [3]:

B(B® -» D* n*n~n*)

R(D™) = KD )X g s

)

The normalisation channel is chosen such that it shares the same visible final state as the signal. As
a result, most of the experimental uncertainties (particle identification or trigger efficiencies) cancel
out in the ratio.

One of the major challenges of the analysis was to reduce the largest background contributions from
B — D* 37X decays, where the three pions are produced at the B vertex. To achieve this, the
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Figure 2: (a) From [6]. Distribution of ¢, (top), g?(middle) and BDT (bottom). (b) From [4]. Comparison of
the R(D*) measurements of LHCb and B-factories with SM theoretical predictions. (c) From [4]. Comparison
of the measurements of R(D) and R(D*) of LHCb, BaBar and Belle with the SM predictions

difference in topology between signal and background is exploited. A cut in the distance between
the B vertex and the three pions vertex (Az) is applied at the level of 4 standard deviations, achieving
a suppression of the background of three orders of magnitude. After this requirement is applied, the
second most important background comes from double charm B — D*~ D7 (X) decays. In order to
reduce this contribution, a requirement has been placed on the output of the multivariate algorithm
(Boost Decision Tree, BDT), that has been trained exploiting variables related to the system of the
three pions, the D*~ 37 system and information from neutral isolation.

In order to obtain the coefficient K(D*™), the yields of normalisation and signal channels are
extracted. The yield of the normalisation channel is obtained from an unbinned maximum likelihood
fit to the D*~3x invariant mass. The signal yield is obtained from a three-dimensional extended
maximum likelihood template fit. In particular, the variables used are the 7 decay time, 7., the
squared transferred momentum, g2, and the output of the multivariate algorithm (in high BDT
region). The projections from the fit are shown in Fig.2 (a). The result, including the inputs
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from PDG, is R(D*7) = 0.291 + 0.019(stat) = 0.026(syst) + 0.013(ext), where the third source
of uncertainty comes from the limited knowledge of the branching fractions of the normalisation
channel and B8(B® — D*~ u1*v,). The main sources of uncertainty are due to the size of simulation
sample and the understanding of the spectrum of D*~3x. In particular, there is a considerable
uncertainty in establishing the shape of the double charm background and the Dy — 37X decay
model.

This result of R(D*) is comparable with other previous measurements, and it is compatible with the
SM expectation within 1o~. The global picture of the previous R(D*) measurements from LHCb,
BaBar and Belle is shown in Fig.2 (b), the world average is in tension with the SM prediction at
the level of 2.50. A comparison between the combined measurements of R(D) and R(D*) from
LHCb, BaBar and Belle with the current theoretical predictions is displayed in Fig.2 (c), and leads
to a discrepancy of 3.08c0 between experiment and theory [4].

5. R(J/¢) muonic at LHCb

The analysis pursued for the R(D*) can be generalised to the B, sector, yielding the observable

RUJ/y) [8]: B(BE — J[yttvy)
v T Vr

B(BE = Jyutvy)

RUJ/Y) = o)

The signal is reconstructed using 7~ — u~v,v, and J/yy — u*u~ decays. For this decay, the
theoretical predictions of the form factors are accompanied by large uncertainties. The yield

is obtained by a three-dimensional binned maximum likelihood fit to data. The variables used
2

miss’
energy of the muon and ¢?. The projections of the fit are shown in Fig.3. The final result is
R(J/¥) =0.71 £0.17(stat) £ 0.18(syst), which is in agreement with the SM prediction at the level

of 20 [4]. There is room for improvement here, since the Run 2 data will allow finer binning in

to fit are the squared missed mass, m B? decay time and Z, a variable dependent on the

missing mass, and the systematics uncertainties due to the form factor will be reduced, thanks to
new inputs from Lattice QCD.
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Figure 3: From [8]. Distributions of m? . _ (left), Z (middle) and B decay time (right) of the signal data

miss
and the projections of the fit model. The signal distributions are shown in red and the normalisation one in
dark green.
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6. Conclusions

These proceedings present a review of different LFU tests performed by the LHCb collaboration in
semileptonic decays. Tests of LFU have been performed with observables clean from both from the
theoretical and experimental point of view. The measurement of these observables are in tension
with their SM predictions at the level of 2-3c.

All measurements presented here are performed using LHCb Run 1 data. Therefore, by exploiting
Run 2 data, it is expected that both statistical and systematic uncertainties will be reduced. The
current status strongly motivates further work both on the theory and on the experimental side to
clarify the present observations.
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