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Introduction



Introduction

• Lepton flavour universality (LFU) in the SM:
electroweak couplings are independent of lepton
flavours

• Verified on tree-level with EM interactions, Z and
light quark decays

• New physics particles could lead to a violation of
LFU

• At LHCb: Tests of LFU with semileptonic b → cℓν
and rare b → sℓ+ℓ− decays in the heavy quark
sector

2 Theoretical and experimental overview

There exist two classes of LFU measurements. On the one hand, the decays inves-
tigated occur via tree-level processes and on the other, via loop-level decays.

LFU in tree-level decays. Particle physics experiments studied LFU extensively.
They confirm LFU experimentally in the lowest order (tree-level) decays. This was
done, for example, for the decays of mesons (𝜋 → ℓ𝜈, 𝐾 → 𝜋ℓ𝜈) [91–93] and leptons
[94]. In𝑊-boson decays, LFU was validated at the percent level, and in 𝑍-boson decays,
at the permille level [95–105]. Recent measurements of the 𝑊-boson decays at the
LHC supersede older LEP results resolving a tension of 2.5𝜎 for the 𝑊 → 𝜏𝜈 decay
[106, 107]. Fig. 2.8 shows an overview of the main measurements of LFU measurements
in tree-level decays.
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'JHVSF ࣳ�ࣻ – Lepton flavour universality ratios 𝑅 in purely leptonic, charmonium, and 𝑍 and 𝑊
boson decays as charged currents. References for the single measurements are given in the
plot.

Most important for this analysis, the measurement of LFU with the decays 𝐽/𝜓 → 𝑒+𝑒−
and 𝐽/𝜓 → 𝜇+𝜇− results in [27]:𝛤(𝐽/𝜓 → 𝑒+𝑒−)𝛤(𝐽/𝜓 → 𝜇+𝜇−) = 1.0017 ± 0.0031. (2.5)

The lepton flavour universality of these decays is essential for this analysis, which uses
the resonant 𝐽/𝜓 decays as normalisation channels (see Chapter 5).

LFU in loop-level decays. Higher-order rare decays, such as those studied in
indirect searches of the LHCb experiment, are only considered in recent publications.
Because of their particular experimental suitability (see Section 2.2), differences between
decay rates of different lepton species in 𝑏 → 𝑠ℓ+ℓ− decays have been studied for some
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Lepton Flavour Universality at the
LHCb detector



LHCb detector (Run 1 and 2)

• Precise b hadron
identification through
displaced vertex
reconstruction
σIP = 15± 29pT/mm

• Low transverse momentum
triggers

• Precise tracking detectors
with dipole magnet
σp/p ∼ 0.5%

• PID system: calorimeters,
muon system, cherenkov
detectors

                               

                          

                                                                  

Tracking system

Cherenkov detectors Calorimeter system Muon system

p p

B+

B+

K+

µ−

µ+

[JINST 3 2008 S08005]
[Int. J. Mod. Phys. A 30 2015 1530022]

• e: emit bremsstrahlung, high occupancy in ECAL, lower reconstruction
efficiency

• µ: negligible bremsstrahlung, low occupancy, high reco. efficiency
• τ : challenging to reconstruct because of neutrinos
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Lepton flavour universality tests
with b → cℓν decays



LFU with b → cℓν overview

• Allowed charged tree-level current with large
decay rates

• LHCb: study ratios RHc with τ and µ
b c

τ/µ

ντ/νµ

W−

RHc =
B(Hb → Hcτντ )

B(Hb → Hcµνµ)

with Hb = B0,B+,Λb, ...

and Hc = D∗,+,D0,D+,Λc, J/ψ, ...

• Advantages: remove dependency on |Vcb|,
reduction of experimental and theoretical
uncertainties

• Possible sensitivity of RHc to BSM couplings of
third lepton generation with, e.g., leptoquarks,
charged Higgs, W′

b c

τ ντ

LQ

• Hb → Hcτντ can further decay with

• ”Hadronic”: τ− → π−π+π−(π0)ντ
• ”Muonic”: τ− → µ−νµντ

• Long standing deviation from SM prediction of RD0
and RD∗ at 3σ level [e.g. Eur. Phys. J. C77 (2017) 895]
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Simultaneous measurement of RD∗ and RD0 [arXiv:2302.02886 (submitted to PRL)]

• New: First simultaneous measurement of

RD(∗) =
B(B̄ → D(∗)τ−ντ )

B(B̄ → D(∗)µ−νµ)

with τ → µνµντ and D∗ → D̄(→ πK)π

• Using LHCb Run 1 data
• Before: R(D∗) with Run 1 D∗+µ− data with 2.1σ
deviation from SM prediction [PRL 115, 111803]

• Now: higher branching fractions and efficiency using
D0µ− sample 5× bigger than D∗+µ−

[CERN seminar talk]

• Reconstruction challenges:
• 3 neutrinos: spread out peaks in any distribution
• Backgrounds: B → D∗∗ , B → DDX, mis-ID,
combinatorial

• Select muonic τ decays only
• Select D0µ+ or D∗µ+

• Template fit with m2
miss = (pB − pD(∗) − pµ)2 ,

q2 = (pB − pD(∗) )
2 and E∗µ :
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Figure 1: Distributions of (left) m2
miss and (right) E⇤

µ in the highest q2 bin (above 9.35GeV
2/c4)

of the (top) D0µ�
and (bottom) D⇤+µ�

signal data, overlaid with projections of the fit model.

The binned distributions of m2
miss ([�2, 10.6]GeV2

/c
4, 43 bins), E⇤

µ ([100, 2650]MeV,
34 bins), and q

2 ([�0.4, 12.6]GeV2
/c

4, 4 bins) for reconstructed D
0
µ
� and D

⇤+
µ
� candi-

dates in data are fit using a binned extended maximum-likelihood method with three-
dimensional templates representing the signal and normalization channels and the back-
ground sources. The model parameters extracted from the data include the yields of each
contributing process: signals, normalizations, B! D

⇤⇤
`
�
⌫` (with a Gaussian-constrained

fraction ofB! D
⇤⇤
⌧
�
⌫⌧ ), B ! D

⇤⇤
heavyµ

�
⌫µ, B0

s! D
⇤⇤
s µ

�
⌫µ , B ! D

⇤+
Hc(! µ

�
⌫µX

0)X

(with a Gaussian-constrained fraction of B! D
(⇤)
D

�
s (! ⌧

�
⌫⌧ )X), misID background,

and combinatorial backgrounds. The form-factor parameters for signal, normalization,
and D

⇤⇤
(s) backgrounds are allowed to vary in the fit, as is the level of momentum smearing

applied to the misID component to account for kaon or pion decays to muons. The same
fit model is applied to all selected regions with appropriately selected templates, with
form-factor parameters and shape correction parameters shared between regions, and
yield parameters allowed to vary independently by region. Statistical uncertainties in the
templates are folded into the likelihood via the Beeston-Barlow ‘lite’ prescription [31].
Projections of the fit in each control region are shown in the Supplemental Material [30].

Two approaches are used to incorporate the information from the control regions. For
the result presented here, all eight regions are fit simultaneously using a custom likelihood
implementation in the ROOT [32] software package to extract R(D0) and R(D⇤) including
all correlations. In the alternative fit, built using the RooFit [33] and HistFactory [34]
frameworks, the six control regions are fit simultaneously first to obtain corrections to
the most signal-like backgrounds in signal-depleted regions. The two signal samples are
then fit with shapes fixed (or likelihood-constrained in the case of the B! D

⇤⇤
µ
�
⌫µ and

B
0
s! D

⇤⇤
s µ

�
⌫µ form-factor parameters) according to the result of the control fit. The

two fitters have been extensively cross-validated and give consistent results within an
expected statistical spread determined using common pseudodatasets. As the two results
are compatible, only the results of the former fit are presented in this Letter.

The results of the fit to the isolated (signal) samples are shown in Fig. 1. The complete
set of projections for all q2 bins can be found in the Supplemental Material [30]. The ratios
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Simultaneous measurement of RD∗ and RD0 [arXiv:2302.02886 (submitted to PRL)]

Result

• RD∗ = 0.281± 0.018± 0.024

• RD0 = 0.441± 0.060± 0.066

• Correlation ρ = −0.43

• 1.9σ agreement with SM

• Largest systematic uncertainty due to limited data
and simulation samples

• New preliminary average: slightly lower RD∗ ,
slightly higher RD0

• 3.3σ → 3.5σ agreement with SM
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RD∗ with hadronic τ decays [LHCb-PAPER-2022-052 (In preparation), CERN seminar talk]

• Last week: RD∗ with τ− → π+π−π−(π0)ντ

• Adding 2015 + 2016 data to LHCb Run 1 analysis
[PRL 120 171802 (2018),PRD 97 072013 (2018)]

• Normalisation mode with same visible three-prong
final state : B0 → D∗−3π±

K(D∗) =
B(B0 → D∗−τ+ντ )

B(B0 → D∗−3π±)
=

NSig.

NNorm.
·
ϵNorm.

ϵSig.
·

1
B(τ+ → 3π±(π0)ντ )

R(D∗) = K(D∗) ·
B(B0 → D∗−3π±)

B(B0 → D∗−µ+νµ)

• 3D template fit with q2 ≡ (pB0 − pD∗ )2 , τ+ decay time, τ
vs. D+

s BDT output

• Result: RD∗ =

0.257± 0.012(stat.)±0.014(syst.)±0.012(ext.)
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• New preliminary world average:
RD∗ = 0.284±0.013 and RD0 = 0.356±0.029

• Global discrepancy to the SM for RD0 − RD∗
at 3.2σ
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RJ/ψ and RΛc with LHCb Run 1 data [PRL 120 121801 (2018), PRL 128 191803 (2022)]

RJ/ψ =
B(B+

c → J/ψτ+ντ )

B(B+
c → J/ψµ+νµ)

with leptonic decay τ+ → µ+νµντ

• First LFU test with B+
c mesons

• Finding of B+
c → J/ψτ−ντ with 3σ

• Determine form factors from fits to data

• 3D binned template fit to: τB+c ,
m2

miss. = (pB+c − pJ/ψ − pµ)2 , (E∗µ, q
2 = (pB+c − p2µ))

• Main systematics: sample sizes and form factors

Results

• RJ/ψ = 0.71 ± 0.17 (stat.) ± 0.18 (syst.)

• RJ/ψ,SM = 0.2583 ± 0.0038 [PRL 125 222003 2020]

• Result 2σ above SM prediction

RΛc =
B(Λb → Λ+

c τ
−ντ )

B(Λb → Λ+
c µ

−νµ)

with hadronic decay τ− → π−π+(π0)ντ

• First LFU test with baryonic b → cℓν decays

• Largest systematic uncertainty from background template
shapes

• Fit variables: tτ , squared invariant dilepton mass q2 , BDT
output for Λ0

b → Λ+
c τ

−ντ

Results

• R
Λ+c

= 0.242± 0.026 (stat.)± 0.040 (syst.)± 0.059 (ext.)

• R
Λ+c ,SM

= 0.324 ± 0.004 [PRD 99 055008]

• 1σ agreement with SM prediction
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Lepton flavour universality tests
with b → sℓ+ℓ− decays



LFU with b → sℓ+ℓ− overview

• Rare FCNC b → sℓ+ℓ− decays only at loop level:
sensitive to NP

b s
W

`−

`+

u, c, t γ, Z0

• Use ratios of b → sℓ+ℓ− decays with many
possible final states

RH =

∫ q2max
q2min

dB(B→Hµ+µ−)

dq2 dq2∫ q2max
q2min

dB(B→He+e−)

dq2 dq2

• Except different Yukawa couplings and kinematic
effects ratios are precisely expected to be unity
[PRD 69 (2004) 074020]

• Effective Hamiltonian Heff = − 4GF√
2 VtbV

∗
ts
∑

i CiOi

• Study different regions of q2 = m2(ℓ+ℓ−)

• Decay spectrum of b → sℓ+ℓ− processes
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RK and RK∗ [arXiv:2212.09153 (submitted to PRD), arXiv:2212.09152 (submitted to PRL)]

• Simultaneous measurement of RK and RK∗ for all
years of LHCb data taking in two q2 regions

• Low: q2 ∈ [0.1, 1.1]GeV2/c4
• Central: q2 ∈ [1.1, 6.0]GeV2/c4

• Constrain cross-feed background between two
modes in fits to data

• Calibrate simulation with B+/0 → KJ/ψ(→ ℓ+ℓ−)

decays: decouple from normalisation mode and
enable cross-validation

Measurement strategy to cancel systematic uncertainties

RX =
B(B → Kµ+µ−)

B(B → Ke+e−)
×

B(B → KJ/ψ(→ e+e−))

B(B → KJ/ψ(→ µ+µ−))︸ ︷︷ ︸
=1

=

(NKµ+µ−

NKe+e−

)( NKJ/ψ(→e+e−)

NKJ/ψ(→µ+µ−)

)
︸ ︷︷ ︸

Mass fits to LHCb data

×
(
ϵKe+e−

ϵKµ+µ−

)(
ϵKJ/ψ(→µ+µ−)

ϵKJ/ψ(→e+e−)

)
︸ ︷︷ ︸

Calibrated simulation samples

Alex Seuthe (LHCb) - Lepton flavour universality tests at LHCb - Moriond QCD - 28th March, 2023 10

https://doi.org/10.48550/arXiv.2212.09153
https://doi.org/10.48550/arXiv.2212.09152


RK and RK∗ [arXiv:2212.09153 (submitted to PRD), arXiv:2212.09152 (submitted to PRL)]

• Mis-ID background: stringent PID requirements for
leptons and hadrons

• Multivariate classifiers against partially
reconstructed and combinatorial background

• Veto physical backgrounds
Myonen versus Elektronen

Myonenrekonstruktion sehr sauber
Elektron-Bremsstrahlung: geringere Impulsauflösung und geringere Nachweiseffizienz für Elektronen

PV PVB+ B+

ECAL ECALHCAL HCAL
Muon system Muon system

K+
K+

µ+
µ�

e+

e� �

Triggereffizienzen sehr unterschiedlich zwischen e und µ

Triggern auf Teil des Events, das nicht im Signalkandidaten vorhanden ist: L0I (L0L als sekundäre Kategorie)

) Detektionsunterschiede zwischen Myonen und Elektronen müssen in einem bisher nicht erreichten Maße
verstanden werden

Alex Seuthe | Disputationsvortrag | 29.06.2022 | Test der Lepton-Flavour-Universalität mit seltenen Beauty-Quark-Zerfällen am LHCb-Experiment 10 / 23

• Trigger independent of K(π)ℓ+ℓ− signal as main
category to align efficiencies between e and µ
modes

• Validation with charmonium modes:

rJ/ψ =
B(B → KJ/ψ(→ µ+µ−))

B(B → KJ/ψ(→ e+e−))
≡ 1

Rψ(2S) =
B(B → Kψ(2S)(→ µ+µ−))

B(B → Kψ(2S)(→ e+e−))
·
B(B → KJ/ψ(→ e+e−))

B(B → KJ/ψ(→ µ+µ−))
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RK and RK∗ [arXiv:2212.09153 (submitted to PRD), arXiv:2212.09152 (submitted to PRL)]

• J/ψ bremsstrahlung tails constrained in rare
electron mode fits

• Partially reconstructed K∗0e+e− background
constrained in K+e+e− fit
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[arXiv:2212.09153]

• Muon mode consistent to previous analyses
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RK low-q2 = 0.994+0.094
−0.087
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−0.047

RK∗ low-q2 = 0.927+0.099
−0.093

RK∗ central-q2 = 1.027+0.077
−0.073
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Data
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[arXiv:2212.09153]

• RK and RK∗ consistent with SM prediction at 0.2σ

• Highest precision of LFU test with b → sℓ+ℓ−
decays today

• Measurement statistically dominated

• Result supersedes previous LHCb measurements
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RpK [JHEP 2020 40 (2020)]

• First LFU test in baryonic sector

RpK =
B(Λ0

b→pK−µ+µ−)

B(Λ0
b→pK−e+e−)

• Test spin dependence of possible NP
u u

d d

u

u

b s
W−

`−

`+

u, c, t γ, Z0

gΛ0
b

p

K−

• Using LHCb Run 1 and 2016 data

Results

• R[0.1,6.0]pK = 0.86+0.14
−0.11 (stat.)± 0.05 (syst.)

• In agreement with unity within 1σ

• r−1
J/ψ = 0.96± 0.05

• Rψ(2S) compatible with unity
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RK∗+ and RK0S [PRL 128 191802 (2022)]

• Using Run 1 + 2 LHCb data set with
B+ → K∗+(→ K0Sπ)ℓ

+ℓ− , (ℓ = µ, e)

• First observation of B+ → K∗+e+e−

Result

• R[0.045,6.0]K∗+ = 0.70+0.18
−0.13 (stat.)

+0.03
−0.04(syst.)

• Compatible with unity within 1.4σ

• r−1
J/ψ = 0.965± 0.011 (stat.)± 0.032 (syst.)

• R−1
ψ(2S) compatible with unity

• Using Run 1 + 2 LHCb data set with B0 → K0Sℓ
+ℓ− ,

(ℓ = µ, e)

• First observation of B0 → K0Se
+e−

Result

• R[1.0,6.0]K∗+ = 0.66+0.20
−0.14 (stat.)

+0.02
−0.04(syst.)

• Compatible with SM within 1.5σ

• r−1
J/ψ = 0.977± 0.008 (stat.)± 0.027 (syst.)

• R−1
ψ(2S) compatible with unity
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Conclusion



Prospects and conclusion

• LFU tests with cℓν transitions

• First simultaneous measurement of RD0 and RD∗ with muonic τ decays at LHCb
• Very recent update of RD∗ hadronic with 2015 - 2016 LHCb dataset
• Global picture for RD0 -RD∗ combination unchanged with SM tension at 3σ level
• More measurements are in the pipeline: RDs , RD+ ,RD∗ with e− µ, RD∗∗ ,...

• LFU tests with b → sℓ+ℓ− transitions

• RK and R∗K are the most precise and accurate LFU tests today
• These results are compatible with the SM within 0.2σ
• Many more analyses and updates in the pipeline: Rϕ ,RΛ , RpK ,RKππ ,...
• Anomalies in differential branching fractions and angular analyses of the muon modes remain

• Commissioning of LHCb Upgrade I detector ongoing, increased inst. lumi. by factor 5, plan to collect
∼ 50 fb−1 of data in Run 3
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RD∗ with hadronic τ decays - Fit projections
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6 Systematic uncertainties404

The systematic uncertainties on K(D⇤�) due to the signal and background modelling,405

selection criteria on B0! D⇤�⌧+⌫⌧ and B0! D⇤�3⇡ decay modes, empty bins in the fit406

and limited size of simulation samples are estimated. The strategies followed in each case407

14

[LHCb-PAPER-2022-052]

• Distributions of the fit variables in the B0 → D∗0τ+ντ data sample with the fit result overlaid.
Alex Seuthe (LHCb) - Lepton flavour universality tests at LHCb - Moriond QCD - 28th March, 2023



RJ/ψ with LHCb Run 1 data - Fit projections
the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400' 300 signal
and 19140' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
miss, (middle) decay time, and

(bottom) Z of the signal data 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.
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the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400' 300 signal
and 19140' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
miss, (middle) decay time, and

(bottom) Z of the signal data 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.
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RΛc with LHCb Run 1 data - Fit projections

positively charged pion of the τ− candidate. For all these
samples, good agreement between data and simulation is
observed in the distributions of the variables used in the
BDT classifier.
The signal yield is measured using a three-dimensional

binned maximum-likelihood fit to tτ, the BDT output, and
q2, which are shown in Fig. 1 and 2. The fit model includes
a signal component; background components due to
B → Λþ

c D−
s ðXÞ, Λ0

b → Λþ
c D−ðXÞ, and Λ0

b → Λþ
c D̄0ðXÞ

decays; background due to misreconstructed Λþ
c candi-

dates; and combinatorial background. Template distribu-
tions for signal and background are obtained from
simulation, with the exceptions of random pK−πþ combi-
nations and the combinatorial background, which are
constructed from data-based control samples. The signal
template accounts for both τ− → 3πντ and τ− → 3ππ0ντ
decays, where the fraction of the former is fixed to 78%
according to the branching fractions and selection efficien-
cies. A contribution from Λ0

b → Λ$þ
c τ−ν̄τ decays, where

Λ$þ
c denotes any excited charmed baryon state decaying

into final states involving Λþ
c baryon, constitutes a feed

down to the signal. Its yield fraction is constrained to be
ð10% 5Þ% of the signal yield, derived from theΛ$þ

c relative
abundance as measured in the Λ0

b → Λ$þ
c π−πþπ− decays,

their respective branching fractions in the Λþ
c π0π0 and

Λþ
c πþπ− modes [31], and the corresponding selection

efficiency obtained from simulation. The background

originating from decays of Λ0
b → Λþ

c D−
s ðXÞ is divided

into contributions from Λ0
b → Λþ

c D−
s , Λ0

b → Λþ
c D$−

s ,
Λ0
b → Λþ

c D$
s0ð2317Þ−, Λ0

b → Λþ
c Ds1ð2460Þ−, and Λ0

b →
Λ$þ
c D−

s ðXÞ decays. A control sample of Λ0
b → Λþ

c 3π
candidates, where the 3π invariant mass is selected within
45 MeV=c2 of the known D−

s mass [31] is shown in Fig. 3.
The relative yield of each of the above-mentioned back-
ground processes is constrained using the results of a fit to
the Λþ

c π−πþπ− mass distribution.
The D−

s decay model used in the simulation does not
accurately describe the data because of the limited knowl-
edge of the D−

s decay amplitudes to 3πY final states. A
correcting factor, taken from high precision B̄0 → D$þD−

s
sample [14], is applied to each D−

s branching fraction to
match the π−πþπ− Dalitz distributions from simulation to
those observed in data.
The background originating from Λ0

b → Λþ
c D̄0ðXÞ

decays is subdivided into two contributions, depending
on whether the 3π system originates from the D̄0 vertex, or
whether one pion originates from the D̄0 vertex and the
other two from elsewhere. The former contribution is
constrained by the yield obtained from the Λ0

b →
Λþ
c D̄0ðXÞ control sample. The template associated to

Λþ
c D̄0ðXÞ background is also validated using the data-

driven sample where the D̄0 → Kþ3π decay is fully
reconstructed. The yield of the other Λ0

b → Λþ
c D̄0ðXÞ

background component is a free parameter in the fit.
The yield of the Λ0

b → Λþ
c D−ðXÞ background is also a

free parameter and its template is validated using the data-
driven sample with theD− meson fully reconstructed in the
Kþπ−π− mode.
The combinatorial background is divided into two

contributions, depending on whether the Λ0
b candidate

contains a true Λþ
c baryon or a random pK−πþ combina-

tion. In the first case, the Λþ
c and the 3π system originate
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positively charged pion of the τ− candidate. For all these
samples, good agreement between data and simulation is
observed in the distributions of the variables used in the
BDT classifier.
The signal yield is measured using a three-dimensional

binned maximum-likelihood fit to tτ, the BDT output, and
q2, which are shown in Fig. 1 and 2. The fit model includes
a signal component; background components due to
B → Λþ

c D−
s ðXÞ, Λ0

b → Λþ
c D−ðXÞ, and Λ0

b → Λþ
c D̄0ðXÞ

decays; background due to misreconstructed Λþ
c candi-

dates; and combinatorial background. Template distribu-
tions for signal and background are obtained from
simulation, with the exceptions of random pK−πþ combi-
nations and the combinatorial background, which are
constructed from data-based control samples. The signal
template accounts for both τ− → 3πντ and τ− → 3ππ0ντ
decays, where the fraction of the former is fixed to 78%
according to the branching fractions and selection efficien-
cies. A contribution from Λ0

b → Λ$þ
c τ−ν̄τ decays, where

Λ$þ
c denotes any excited charmed baryon state decaying

into final states involving Λþ
c baryon, constitutes a feed

down to the signal. Its yield fraction is constrained to be
ð10% 5Þ% of the signal yield, derived from theΛ$þ

c relative
abundance as measured in the Λ0

b → Λ$þ
c π−πþπ− decays,

their respective branching fractions in the Λþ
c π0π0 and

Λþ
c πþπ− modes [31], and the corresponding selection

efficiency obtained from simulation. The background

originating from decays of Λ0
b → Λþ

c D−
s ðXÞ is divided

into contributions from Λ0
b → Λþ

c D−
s , Λ0

b → Λþ
c D$−

s ,
Λ0
b → Λþ

c D$
s0ð2317Þ−, Λ0

b → Λþ
c Ds1ð2460Þ−, and Λ0

b →
Λ$þ
c D−

s ðXÞ decays. A control sample of Λ0
b → Λþ

c 3π
candidates, where the 3π invariant mass is selected within
45 MeV=c2 of the known D−

s mass [31] is shown in Fig. 3.
The relative yield of each of the above-mentioned back-
ground processes is constrained using the results of a fit to
the Λþ

c π−πþπ− mass distribution.
The D−

s decay model used in the simulation does not
accurately describe the data because of the limited knowl-
edge of the D−

s decay amplitudes to 3πY final states. A
correcting factor, taken from high precision B̄0 → D$þD−

s
sample [14], is applied to each D−

s branching fraction to
match the π−πþπ− Dalitz distributions from simulation to
those observed in data.
The background originating from Λ0

b → Λþ
c D̄0ðXÞ

decays is subdivided into two contributions, depending
on whether the 3π system originates from the D̄0 vertex, or
whether one pion originates from the D̄0 vertex and the
other two from elsewhere. The former contribution is
constrained by the yield obtained from the Λ0

b →
Λþ
c D̄0ðXÞ control sample. The template associated to

Λþ
c D̄0ðXÞ background is also validated using the data-

driven sample where the D̄0 → Kþ3π decay is fully
reconstructed. The yield of the other Λ0

b → Λþ
c D̄0ðXÞ

background component is a free parameter in the fit.
The yield of the Λ0

b → Λþ
c D−ðXÞ background is also a

free parameter and its template is validated using the data-
driven sample with theD− meson fully reconstructed in the
Kþπ−π− mode.
The combinatorial background is divided into two

contributions, depending on whether the Λ0
b candidate

contains a true Λþ
c baryon or a random pK−πþ combina-

tion. In the first case, the Λþ
c and the 3π system originate

0 0.5 1.0 1.5 2.0
 [ps]τt

200
400
600
800

1000
1200
1400
1600

Ca
nd

ida
tes

 / (
0.3

3 p
s) 

 LHCb
-1  3 fb

0 0.2 0.4 0.6 0.8 1
BDT output

500

1000

1500

2000

2500

Ca
nd

ida
tes

 / (
0.1

7) 
 

Data
Total model

Combinatorial

LHCb
-1  3 fb

FIG. 1. Distributions of (left) τ− decay time and (right) BDT
output for Λ0

b → Λþ
c τ−ν̄τ candidates. Projections of the three-

dimensional fit results are overlaid. The various fit components
are described in the legend.
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c τ−ν̄τ candidates having
a BDT output value (left) below and (right) above 0.66.
Projections of the three-dimensional fit are overlaid. The various
fit components are described in the legend.
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FIG. 3. Distribution of the Λþ
c π−πþπ− invariant mass for the

Λ0
b → Λþ

c D−
s ðXÞ control sample, with D−

s → π−πþπ−. The com-
ponents contributing to the fit model are indicated in the legend.
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