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1. Introduction

Lepton flavour Universality (LFU) implies equality of coupling between the gauge bosons and
the three families of leptons. It implies that the branching fractions of e, y and 7 differ only by
phase space and helicity-suppressed contributions. Lepton Flavour Unversality is enforced in the
Standard Model (SM) by construction and therefore, any violation would be a clear sign of New
Physics. Over the years, the LFU has been tested but has proven to be an accurate description
in several systems. Recent hints of lepton non-universal effects in BT — KTeTe™ and BT —
KTutu~ decays have been seen, but these are not definitive observations yet [1]. A large class
of models extending the SM contain additional interaction involving enhanced couplings to the
third generation which would violate the universality. An extended Higgs Sector could have a
large effect on semitauonic decay rates through the coupling of new charged Higgs scalars [2, 3].
Therefore, semileptonic decays of b hadrons to the third generation provide a sensitive probe for
such effects. In particular, a theoretically clean observable is the ratio:

B(B° — D 17 V;)

k(D7) = B(BY — D*+tu=vy)

Indeed, this ratio is independent of V,;, and depends on hadronic physics only in the ratio of form
factors, whose uncertainties due to ratio are canceled. It is currently predicted to be R(D*) =
0.252 +£0.003 [3]. Experimentally, this measurement is clean considering muonic tau decays,
T~ — U~V Vg, since B(T7 — U~V ve) = 17.41% [4].

The signal decays, B — D*"1~ ¥, and the normalization channel B® — D** =¥, produce
identical visible particles in the final states, therefore the relative efficiencies of the two channels
depend only on the differing kinematics and the reconstruction, particle identification and tracking
efficiencies cancel to first order.

Until 2015, only B-factories, BaBar and Belle measured R(D*) and the R(D), obtaining a
combined average measure which is 3.4 standard deviation greater than Standard Model prediction
(2.70 and 20 respectively) [5, 6].

2. LHCb

The LHCb detector [7, 8] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < 1 < 5, designed for the study of particles containing b or ¢ quarks. The detector includes
a high-precision tracking system consisting of a silicon-strip vertex detector surrounding the pp
interaction region [8], a large-area silicon-strip detector located upstream of a dipole magnet with
a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes
placed downstream of the magnet [9]. The combined tracking system provides a momentum mea-
surement with a relative uncertainty that varies from 0.4% at low momentum to 0.6% at 100 Gev/c,
and an impact parameter measurement with a resolution of 20 um for charged particles with large
transverse momentum, py. Different types of charged hadrons are distinguished using informa-
tion from two ring-imaging Cherenkov detectors [11]. Photon, electron and hadron candidates are
identified by a calorimeter system consisting of scintillating-pad and pre-shower detectors, an elec-
tromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system composed
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of alternating layers of iron and multi-wire proportional chambers [12]. The trigger [13] consists
of a hardware stage, based on information from the calorimeter and muon systems, followed by a
software stage, which applies a full event reconstruction.

3. The R(D*) measurement at LHCb

A precise measurement of a B decay involving 7 leptons is a challenge at an hadron collider and
was never performed before at LHCb. This is due to the presence of large partially reconstructed
B backgrounds, and in particular, the presence of additional, non-reconstructed decay products
cannot be excluded. Moreover, the b hadron kinematics can not be constrained due to unknown
parton-parton collision energy and the neutrinos in the final states.

The R(D*) LHCb analysis uses a sample of proton-proton collision data corresponding to
3fb~! of integrated luminosity recorded by LHCb during 2011 and 2012 at Vs=T7TeV and /s =
8 TeV. Only muonic decays of 7 are considered and the D*" mesons are reconstructed in the
Dt — (D — K~ ")zt decay mode. The signal and normalization channel decays exploit the
excellent capabilities of the LHCb detector concerning momentum, impact parameter resolution
and particle identification.

The trigger requirements are chosen to avoid the requirement of any selection on muon p7 or
on D** = to not bias the B — D** 1~V kinematic distributions. The software trigger selection
is focused on reconstruction of D° — K~ x* with high p7 and displaced vertex with respect to
primary vertex.

The overall efficiencies ratio, after the full selection, is found to be &; /¢, = (77.6 +1.4)%,
since the tau decays, where the tauonic decay is less efficient due to low py of secondary muon and
worse vertex quality of signal decay.

In a semileptonic decay at a hadron collider, due to the presence of one or more neutrinos, is
not possible to reconstruct the B momentum in the laboratory rest frame using final particles and
therefore constrain the kinematics of decay. Hence, it is necessary to use an approximation. In this
analysis, the hadron momentum in the B rest frame is calculated using the B momentum direction,
determined from the unit vector to B decay vertex from the associated primary vertex and assuming
that the proper velocity B of visible part of semileptonic decay along z-axis is equal to B proper
velocity along the same axis [14]

mp

(pB)z = (pD*u)z Mg

mp
|p8| = (pprp).—/ (1 +tan? @)
Mmp+p

where is ¢ is the angle between unit vector and z axis (beam pipe) [14] .

The main background sources for the signal and normalization channel consist of partially
reconstructed B decays. The most dangerous are B® — D**u~v,,, B® — D*"nwu~v, and B° —
D*"H.X with any possible H. — Y uv. To suppress the contributions of partially reconstructed B
decays, an algorithm is developed to determine whether a given track is likely to have originated
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from the signal B candidate or from the rest of events. The D*"u candidates are required to be
isolated from additional tracks in the event. By requiring zero additional tracks at B vertex, the
selected data sample is enriched in B — D**1~ v, and B® — D** U~ V. By requiring one or two
additional tracks originated from B vertex, data sample is enriched in B — D**X U~ vy. Finally,
if at least one of selected track satisfies kaon identifications requirements a sample enriched in
BY — D*tK*X U~ vy is obtained. These samples are used to study the shapes of background
components.

The separation of the signal from the normalization channel is achieved by exploiting the dis-
tinct kinematic distributions that characterize the two decay modes, resulting from the differences
in masses between the muon and the tau particles and from presence of three neutrinos in the tau de-

cay mode. In the B rest frame, the following quantities allow us to distinguish signal from muonic
2

decay: the missing mass squared m;,... = ( pg . pg . pﬁ)z, E*, the energy of muon in the center
of mass of B and the transferred momentum ¢° = ( pg - pﬁ)z, where pﬁl is the four-momentum of
particle i [14] .

The distributions of discriminating variables extracted by a simulated sample and the corre-
sponding quantities are reconstructed using B momentum approximation, previous described, have
been compared. The resolution is about 15 —20%, and the distributions preserve their discriminat-

ing power, as seen in Fig. 1.

n 4 0.08 P —
g g s 0f ]
g Sooel B
E £ i £ o4l
o, _ -, I / Lo
0.5 0.04f | o
G AR8s 0.2
0020 |77 R =
) 5 10 C 500 1000 1500 2000 2500 0 5 10
m?,, (GeVic?)* E,., (MeV/c]) q (GeV/c2)?
a 2 0.08F £ 0.6F
= = =
2015 N z
A g . 2
g Zoo06k | g
£ £ i £ 04
« (1 o F e
0.04f |
_ 0.4
0.05 0.02+ ;
e NN s T
{; _I-t. ' T {J.'-\ ".\_¢:I._ _',:.I_ S
SO0 1000 1500 2000 2500 0 5 10
E,, MeVic?) g (GeVie2)?

Figure 1: From left to right: Distributions of m2, , missing mass squared; E*, the energy of muon in the

center of mass of B and the momentum transferred ¢ for the simulated B® — D**1~ ¥, (red) and B® —
D u~ vy, (blue) using MC truth (top) and reconstructed (bottom) quantities.

The binned m2, , E*and ¢* distributions in data are fit using a maximum likelihood method

with three dimensional templates representing the signal B® — D** 17~ v, the normalization channel
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B = D*tu~ V,, and the background sources. The binning of the templates is the following: 40 bins
2. distribution in the kinematic region 2 < m2,. < 10 GeV?/c*, 30 bins of E* distribution
in the range 100 < E* < 2500 MeV and finally the ¢? distribution is binned in 4 bins in the range
—0.4 < ¢> < 12.6 GeV?/c*.

All uncertainties on the template shapes are incorporated in the fit. The uncertainties due to

for m

finite number of simulated events are incorporated in the likelihood using the Beeston Barlow "lite"
procedure [16]. The shapes uncertainties, instead, are included via interpolation between nominal
and alternative histograms.

The hadronic transition-matrix elements for B® — D** ¢~ v; and B’ — D** 1~ ¥, are described
using form factors derived from heavy quark effective theory [15].

The choice of the model for the templates of each background is validated on fits to separated
control samples, the ones obtained by applying alternative requirements to multivariate analysis.

For the background semileptonic decays B — D1 (2420),D3(2460), D) (2430) 1~ V,, separate
templates are defined with form factors taken from Ref. [17]. The slope of Isgur-Wise function is
included as a free parameter in the fit, with a constraint derived from fitting the D** 7=V, control
sample. Semileptonic decays to heavier charmed hadrons decaying as D** — D*zx is modeled
using the ISGW2 parametrization [18]. Since resonances which contribute to final states and their
form factors are not known, a fit on D** wru~ v, control sample allows to obtain an empirical cor-
rection to the ¢* distribution. Similar parametrizations are used for semitauonic D** decay modes.
The contribution of B — D*** 11~V background amounts to about 12% of the normalization mode
in the fit to signal sample [14].

Other processes which occur at about 6 — 8% of the normalization mode are B’ — D*TH.X
with any possible H. — Yuv. Aimed to model these processes, the templates are generated using
a cocktail of simulated B’ and B* decay in appropriate final states. Corrections to templates are
obtained by fitting the D** K+ u~ vy, control sample. A similar simulated sample is also used to
generate kinematic distributions for final states containing a tertiary muon from B® — D**D.X
where Dy decays semileptonically.

Other background contributions arise from hadrons misidentified as muons and from random
combination of a £~ and a true D**, or viceversa. Templates for all these contributions are also
modeled from data using several control samples, in particular the combinations of D* and muons

with same charge.
2

In Figure 2 the fit results are presented: in particular the figure shows the distribution of m;,

and E* separated in four bins of ¢> together with the fit function.

The fit determines the yields fraction of signal with respect to normalization channel N(B —
D**1 V) /N(B® — D**u=v,,) = (4.54 £ 0.46)%, where the error is due to data an Monte Carlo
statistics and to the variation of the form factors . Accounting for &;/€, and the branching ratio
PB(t~ — U~ Vyvr) the R(D*) value can be obtained.

Several sources of possible systematic uncertainties related to modeling of the templates and
to the normalization are considered. They are summarized in Figure 3 and the total systematic
uncertainty amounts to 3%.

The largest systematics contributions are due to the limited size of the simulated sample and
due to the uncertainty in the shape of the template describing the component of hadrons misiden-
tified as muons. The latter is determined by comparing the result of two different method to
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Figure 2: Distributions of m?. . (left) and E* (right) of the four ¢* bins of the signal data, overlaid with

miss
projections of the fit model with all normalization and shape parameters at their best-fit values. Below each
panel differences between the data and fit are shown, normalized by the Poisson uncertainty in the data. The
bands give the 10 template uncertainties [14].

extract the shape. Uncertainties related to the normalization are small because they affect both
B = D**1 v, and B — D** u~ vV, branching fractions in similar way and then cancel out in the
ratio. Many other contributions are due to size of data control sample, hence they will decrease in
the future with more data collected by LHCb.

In conclusion, LHCb has measured the ratio of branching fractions:
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Model uncertainties Absolute size (x10~2)
Simulated sample size 2.0
Misidentified p template shape 1.6
B - D**+ (7= /u~)v form factors 0.6
B — D**H.(— uvX')X shape corrections 0.5
B(B = D*7~v,)/B(B = D**1u"7,) 0.5
B — D**(— D*rm)uv shape corrections 0.4
Corrections to simulation 0.4
Combinatorial background shape 0.3
B — D**(— D**n)p~ 7, form factors 0.3
B — D**(Dy — 1) X fraction 0.1
Total model uncertainty 2.8
Normalization uncertainties Absolute size (x10~2)
Simulated sample size 0.6
Hardware trigger efficiency 0.6
Particle identification efficiencies 0.3
Form-factors 0.2
B(t™ = p o,vr) <0.1
Total normalization uncertainty 0.9
Total systematic uncertainty 3.0

Figure 3: Systematic uncertainties in the extraction of R(D*) [14].

BB — D17 v,)
BB — D+tu=vy,)

R(D*) = =0.336 £0.027 (stat) +0.030 (syst).

In Fig. 4 the prospect of all R(D*) and of R(D) measurements is shown. The LHCb mea-
surement results are in good agreement with the others and it is 2.1 standard deviations greater
than the Standard Model expectation. The HFAG (winter 2016) average of R(D*) and of R(D)
measurements, including correlations, is 4 standard deviations from Standard Model prediction.
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Figure 4: Average of R(D*) and of R(D) measurements, HFAG group, winter 2016
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