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Lepton-flavour universality tests at LHCb

MARTA CALVI ON BEHALF OF THE LHCB COLLABORATION
Universita di Milano Bicocca and INFN - Milano, Italy

Summary. — The Standard Model predictions about the universality of the gauge
boson couplings to charged leptons have been tested in B meson semileptonic de-
cays. Several measurements of charged-current and neutral current processes were
performed with a data sample collected with the LHCb detector in proton-proton
collisions at centre-of-mass energies of 7 and 8 TeV, corresponding to an integrated
luminosity of 3 fb~!. This review presents recent results that manifest some anoma-
lies challenging the SM paradigm. Prospects for future measurements to elucidate
the origin of these anomalies are also discussed.

PACS 11.30.Hv — Flavour symmetries.
PACS 13.20.He — Decays of bottom mesons.
PACS 29.20.db — Storage rings and colliders.

1. — Introduction

The lepton flavour universality (LFU) of the electroweak couplings of the gauge boson
to the charged leptons is an accidental symmetry of the Standard Model (SM) that is
broken only by the Yukawa interaction. Differences among the semileptonic decays to
electrons, muons or tau leptons should come only from their different masses. On the
contrary, New Physics (NP) might couple differently to different lepton families. Hints of
deviations from the SM predictions of LFU, emerging from measurements at the Y (4.5)
and from LHCD, as will be discussed in this report, have triggered a series of thoretical
speculations about possible New Physics (NP) interpretation [3].

The measurements presented here employ a data sample collected in Run 1 with the
LHCb detector, in proton-proton (pp) collisions at centre-of-mass energies of 7 and 8 TeV
corresponding to an integrated luminosity of 3 fb~!. The LHCb detector is a forward
spectrometer in the pseudorapidity range 2-5 that is described in detail elsewhere [4].
Relevant to these measurements are its excellent performance in the reconstruction of
the primary vertices of the pp interaction (PV) and of secondary vertices of heavy-hadron
and tau decays, the resolution on the track momentum determination and the capability
to identify electron and muon leptons, pion, kaon and proton hadrons.
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2 MARTA CALVI ON BEHALF OF THE LHCB COLLABORATION
2. — Charged current transitions

Semileptonic decays are an ideal laboratory to test the LFU ansatz. The decays are
precisely described in the SM and the visible branching ratios are high. The test variable,
called R(H,.), is defined as the ratio of the branching ratios

R(H,) = BB°— H. 7, )
v B(§0—> Hc+€_vé )

where H. is a charmed hadron and ¢ represents a light lepton. Only muons are used in the
current LHCb measurements. Experimental uncertainty related to selection efficiencies
and theoretical uncertainty cancel in the ratio to a large extent.

BaBar and Belle experiments have measured both R(D*) and R(D) [1, 2], the av-
erages of their results show a deviation from the SM expectation which assumes lepton
universality [5], of about 3 and 2 sigmas, respectively.

A first measurement of R(D*) at an hadron collider was performed by LHCb, re-
constructing the tau in its muonic decay 7= — p~7,v, [6]. In this case the signal
B? — D**777, and the normalization B — D**u "7, modes have the same visible
final-state particles. A good separation between the two modes is achieved by consid-
ering three key kinematic observables, computed in the B rest frame: the muon energy,
E7,, the missing mass squared, calculated as m2... = (P —h. — pﬁj)Q, and the squared
four-momentum transfer to the lepton system ¢> = (pis — plp.)?, where plg, p,. and pi
are the four-momenta of the B meson, the D** meson and the muon. The momentum of
B mesons produced in hadronic collisions is unknown, and the exact determination of the
B momentum in the laboratory frame from the reconstructed final state particles is not
possible when one or more neutrinos are present in the decay. However, the momentum
direction is well determined from the unit vector to the B decay vertex from the associ-
ated PV. The Lorentz boost of the B meson along the beam direction is approximated
by the boost of the visible (D*T ) system with a resulting resolution on the rest-frame
variables of approximately 15-20 %, that is sufficient to preserve the differences among
the two decay modes. A binned maximum likelihood fit is performed to data, simulta-
neous on the three observables, with templates for signal, normalization and background
channels derived from simulation and control data samples. The distributions of the
three observables are shown in Fig. 1. The result

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

is in good agreement with previous measurements [1, 2] and 2.1 standard deviations
above the SM expectation.

A second measurement of R(D*) is performed with an independent and complemen-
tary data sample, with the tau lepton reconstructed in the three-prong hadronic decay
7= — a7 ata=(7%)v, [7]. The large background from hadronic B decays is highly sup-
pressed exploiting the significant separation between the B and the tau decay vertices,
measured along the beam direction, and the structure of the tau decay, which includes
kinematic and geometrical variables and the presence of intermediate resonances. In or-
der to reduce experimental systematic uncertainties a normalization decay mode with a
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Fig. 1. — Distributions of (left) m2,,,,, (middle) E, and ¢* of the selected candidates, overlaid
with projections of the fit model with all normalization and shape parameters at their best-fit
values.

similar final state is chosen, measuring R(D*) from

iy 2 BB DT ) Ny nom 1

and

B(B°— D**3r)
B(BY— D**+p=v, )

R(D*) = K(D*) x

where Ny, and e, are the number of signal candidates and the total signal selection
efficiency, and Ny orym and €porm are the number of B — D*+37 candidates measured in
the normalization sample and the corresponding selection efficiency. The values of the
branching fractions for B — D**37 and B — D**7~ 7, are taken from references [9]
and [10], respectively. More details on this measurement are presented in another talk
at this Conference [8]. The result is

R(D*) = 0.291 = 0.019(stat.) = 0.026(syst.) £ 0.013(syst.),

where the third uncertainty originates from the uncertainties on the external branching
fractions. The value is compatible with the measurement in the muonic mode and with
previous measurements. The average among the two LHCb measurements gives

R(D*) = 0.31 = 0.016(stat.) =+ 0.021(syst.)

which is 2.2 standard deviations above the SM predictions.

The combination of all available measurements of R(D*) and R(D) which takes into
account the correlation among the two observables, deviates from the SM prediction by
4.1 sigmas.
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Fig. 2. — Distributions of (left) m2,;,, and (right) decay time of the selected candidates, overlaid
with 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 dashed lines are at the values £2.

It is important to understand the origin of this deviation with further measurements.
Since all the available results refer to B meson decays, one direction to go is the test of
LFU on decays of other types of b-hadrons. LHCb can take advantage of the copious
B production in pp collisions to study the BJ counterpart of B — D**7~7, that is
B. — Japm~ 7, [11]. Theoretical predictions for

BB, — JWr 7, )
B(Bc — Jpu~7v, )

R(IW) =

are in the range 0.25-0.28 [12], the spread being due to uncertainties in the form factors,
that have not been constrained experimentally yet. The tau lepton is reconstructed from
its the muonic decay, and the JAp is reconstructed in Jip — pp, yielding a three muon final
state for both the signal and the normalization mode. A similar strategy as for the muonic
R(D*) measurement is followed, adding the tau decay time as a fourth fit observable.
The time provides good separation of signal from background of semileptonic decays of
lighter b-hadrons that have much longer lifetimes. The distributions of the missing mass
squared and of the 7 decay time are shown in Fig. 2. The measured value

R(JA)) = 0.71 £ 0.17(stat.) & 0.18(syst.)

is within 2 sigmas from the SM, again on the higher side.

Semileptonic decays of Aj, baryons are under study at LHCb for a measurement of
R(AS) = B(Ap— Af77 v, )/B(Ay— A p v, ), that will test a decay with a different
spin structure. The ratio R(AT), with A>T — Af7t 7~ is another option, characterized
by an additional secondary vertex in the experimental reconstruction and smaller feed-
down from excited states, but miss the determination of the form factors. Other ongoing
tests include the measurements of R(H.) in B - D~ u~ 7, or B! — D ;i 7,, decays.
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Another direction for future measurement is the test of LFU in b— uf~ v transitions,
instead of b— ¢/~ v , to study the coupling of NP to a different quark family.

3. — Neutral current transitions

Flavour changing neutral currents are possible in the SM only at loop level, therefore
b — s¢*¢~ decays are suitable processes to unveil contributions of NP that can alter the
rate of the process or change the angular distribution of final-state particles. For a test
of LFU between the first and the second lepton families the ratio of branching ratios

BB — K& putu)
B(B?— K®ete )

RK(*) =

is used. This is predicted in the SM to be unit with a permille precision, as hadronic
effects largely cancel. The measurement of the decay rates is performed in different
regions of the dilepton invariant mass squared, g2, that are sensitive to different type
of NP contributions, outside charmonium resonances regions. Previous measurements of
Rk performed at the Y(4S) are consistent with the SM predictions, with a precision
of 20-50 % [14, 15]. Larger data samples are available at LHCb, with excellent efficiency
and momentum resolution in the muon decay mode, but lower efficiency and momentum
resolution in the electron one, due to bremsstrahlung.

A measurement is performed using the 3 fb~'data sample of pp collisions [13]. The
K*0 meson is reconstructed in the K7~ final state, that is required to have an invariant
mass within 100 MeV/c? of the known K*(892)" mass. Systematic uncertainties due to
the different experimental efficiencies in the reconstruction of muons and electrons are
reduced by measuring a double ratio, that normalize to the charmonium resonance mode

B(B®— K utu=) y B(B? — K*°J/i)(ee) )

R = BBI— K03 ) BBI— Koere- )

A stringent test on the efficiencies is the check that the ratio of branching ratios in the
resonance region is indeed consistent with unit, within one sigma, with a 4.5% precision.
The invariant mass distributions of the selected candidates are shown in Fig. 3.

Ri-o is measured to be Rg+o = 0.6670 51 (stat.) & 0.03(syst.) in the region 0.045 <
¢® < 1.1 GeV?/c* and Rg+o = 0.697) 5 (stat.) & 0.05(syst.) in the region 1.1 < ¢ < 6
GeV?/c*. These results are the most precise measurement of these quantity to date,
statistically limited by the size of the electron sample. They are compatible with the SM
expectations at the level of about 2.2 (2.4) sigmas in the low (high) ¢? region.

A similar measurement performed in the charged kaon decay modes BT — KT utu™
Bt — K*ete™ [16] provided a similar result Rx = 0.745700% (stat.) & 0.036(syst.) in
the region 1.1 < ¢2 < 6 GeV?/c*, 2.6 sigmas lower than the SM prediction that is of unit
with O(1073) precision.

In conclusion LHCb is completing the analysis of Run 1 data on semileptonic B decays
observing some deviations from the SM predictions that assume LFU. Other decay modes
are under study and updates of current measurements exploiting Run 2 are foreseen in
order to test the consistency of the anomalies and to allow test of NP models.
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Fig. 3. — Top panel: fit to the m(K™ 7~ pp 7)) invariant mass of B — K*°u ™ in the (left)
low- and (middle) central- ¢ bins and (right) of B — K*°JAb(uu) candidates. Bottom panel: fit
to the m(KTn~eTe™)) invariant mass of B — K*%e¢Te™ in the (left) low- and (middle) central-
q® bins and (right) of B® — K**JA)(ee) candidates. The dashed line is the signal PDF, the
shaded shapes are the background PDFs and the solid line is the total PDF. The fit residuals
normalized to the data uncertainty are shown at the bottom of each distribution.
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