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23 March 2021: Test of lepton universality in beauty-quark decays CERN-EP-2021-042 ; LHCB-PAPER-2021-004

23 March 2021: Improved measurement of 𝑩𝒔
𝟎 → 𝝁+𝝁− decays LHCB-PAPER-2021-007-001.

𝑩𝒔
𝟎 → 𝝁+𝝁−

• Purely leptonic flavour-changing neutral current mediated decay

• Clean probe of new physics

• Includes hadronic corrections

𝑩+ → 𝑲+𝒍+𝒍−

LHCb results and interpretation of flavour anomalies 
in b to sll transitions 
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https://arxiv.org/abs/2103.11769
https://cds.cern.ch/record/2753552/files/LHCb-PAPER-2021-007_CWR1.pdf


Effective theory for rare B decays
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𝑏 → 𝑠𝑙+𝑙− (FCNC) can be described with an „Effective Hamiltonian” where high- and low-energy 
contributions are factorised (𝑀𝑏 ≪ 𝑀𝑊)

„point-like” interaction (like
Fermi description of 𝛽 decay) 

Wilson coefficient (short-
distance), evaluated in 
perturbation theory

Local operators (long
distance), lattice
calculations

𝑪𝒊
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Excellent  performance:

• 3 fb-1 accumulated in RUN I, 3.26 fb-1 in Run II;

• Tracking system with momentum resolution Δp/p~0.5 − 1%
(from 2  to 200 GeV); 

• Excellent time (50 fs) resolution;

• Precise vertexing: 𝜎 𝐼𝑃 = 15 + 29/𝑝𝑇[𝐺𝑒𝑉] 𝜇𝑚

• Efficient hadronic identification (2-100 GeV/c):

ℰ 𝐾 → 𝐾 ~95%

misID ℰ 𝜋 → 𝐾 ~5%

• Calorimeters ECAL, HCAL, ΤΔ𝐸 𝐸 = 1%+ Τ10% √𝐸[𝐺𝑒𝑉] for 
ECAL

• HeRSChel detector: scintillator counters covering high rapidity 
region to veto detector activity 𝜎𝑏ത𝑏 = 75.3 ± 14.1 𝜇𝑏

𝜎𝑐 ҧ𝑐 = 1419 ± 133 𝜇𝑏

𝟐 < 𝜼 < 𝟓

LHCb JINST 3 (2008) S08005
LHCb performance IJMPA 30 (2015) 1530022

Physics program:
• CP Violation and rare decays of beauty and charm meson
• …
• …
• QCD, electroweak, exotica …

LHCb SPECTROMETER
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HISTORY
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Analysis strategy:

• Legacy measurement of LHCb on the full Run 1 and Run 2 data (9 fb-1)

• Improvement of strategy from 2017.

• Rejection of combinatorial background:

o BDT with blinded signal region

o Calibrated on data-corrected simulation

o Cross-checked on 𝐵0 → 𝐾+𝜋−

• Mass shape is calibrated on control channels 𝐵0 → 𝐾+𝜋−, 𝐵𝑠
0 → 𝐾+𝐾−

• To measure the branching fraction, luminosity and cross-section 
uncertainties are avoided by computing the ratio to a well-known 
channels: 𝐵+ → 𝐽/𝜓(→ 𝜇+𝜇−)𝐾+, 𝐵0 → 𝐾+𝜋−

• Remaining background is modelled

Remarkable impact of data-driven techniques!

To be submitted to Phys. Rev. Lett.
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𝜏𝑒𝑓𝑓 = 2.07 ± 0.29 ± 0.03 ps

ℬ 𝐵𝑠
0 → 𝜇+𝜇− = 3.09−0.43 −0.11

+0.46 +0.15 × 10−9 (10.8𝜎)

ℬ 𝐵0 → 𝜇+𝜇− < 2.6 × 10−10 (1.7𝜎)

In the SM, only the heavy and longer-lived 𝐵𝑠
0 eigenstate 

decays to the 𝜇+𝜇− final state.

consistent with both the heavy and light mass eigenstate
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• Important milestone for LHCb and a crucial input for the "flavour anomalies”

• Achieved the most precise single-experiment measurement of ℬ 𝐵𝑠
0 → 𝜇+𝜇−

• Very clean prediction in the SM:

• BF prediction includes single Wilson coefficient 𝐶10 and a single 
hadronic constant

• 2020 combination of ATLAS, CMS, LHCb:

2.1𝜎 away from SM

UJ Seminar   31.05.2021                                                                         A.Obłąkowska-Mucha AGH-UST      

ℬ 𝐵𝑠
0 → 𝜇+𝜇− 𝑆𝑀 = 3.66 ± 0.14 × 10−9

ℬ 𝐵0 → 𝜇+𝜇− 𝑆𝑀 = 1.03 ± 0.05 × 10−10

ℬ 𝐵𝑠
0 → 𝜇+𝜇− = 3.09−0.43 −0.11

+0.46 +0.15 × 10−9 (LHCb only)

ℬ 𝐵𝑠
0 → 𝜇+𝜇− = 2.69−0.35

+0.37 × 10−9
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Lepton universality – direct measurements @ LEP 2000
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• SM couplings of charged leptons to gauge bosons are 
identical

• Very clean and precise measurement at electron collider

8



Lepton universality – direct measurements @ LHC 2020
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R(τ/μ) = 0.992 ± 0.013 [ ± 0.007 (stat) ± 0.011 (syst) ]

ATLAS Collaboration 2020 ATLAS-CONF-2020-014• Extensively probed with 𝑍0 → 𝑙+𝑙− and 𝐽/𝜓 → 𝑙+𝑙− to 
sub percent level

𝑹𝑲
(∗)

=
𝓑(𝑩→𝑲(∗)𝝁+𝝁−)

𝓑(𝑩→𝑲(∗)𝒆+𝒆−)
≅ 𝟏 in SM

Any significant deviation is a smoking gun for New Physics
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The power of indirect searches
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Precision measurements to unveil new particles indirectly:

• 1970 charm quark as an explanation of the suppression of 𝐾0 → 𝜇+𝜇− (before direct discovery of 𝐽/𝜓)

• 1973 prediction of 3x3 CKM matrix for explanation of CPV in kaons

• 1987 top mass limit from loop contribution in 𝐵0 − 𝐵0 mixing

Large mass of b quark and rare decays of B mesons offer a rich phenomenology for 

indirect searches of New Physics 

LQ

Z’

𝒃 → 𝒔𝒍+𝒍− are FCNC processes –
only loop diagram in SM,

𝑩𝑭 < 𝟏𝟎−𝟔

Observables are sensitive 
to new (virtual) particles

𝐶9 = 0
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Flavour Anomalies in 𝒃 → 𝒔𝒍+𝒍−
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Over the past decade we have observed a coherent set of tensions with SM predictions:

• Branching Fractions: 

𝐵0 → 𝐾∗𝜇+𝜇− , 𝐵𝑠
0 → 𝜙𝜇+𝜇−, Λ𝑏 → Λ 𝜇+𝜇−

• Angular Analyses: 

𝐵0 → 𝐾∗𝜇+𝜇−, Λ𝑏 → Λ 𝜇+𝜇−

• Lepton Flavour Universality with 𝑒/𝜇 ratios:

𝐵0 → 𝐾∗𝑙+𝑙− , 𝐵+ → 𝐾+𝑙+𝑙−

𝑏 → 𝑠𝑙+𝑙− contains 𝑏 → 𝑠 transition with a hadron and offer multitude of observables complementary 
to 𝐵𝑠

0 → 𝜇+𝜇−

Hadronic uncertainties!

BUT
strong force does not couple 
directly to leptons so decays
𝐵+ → 𝐾+𝜇+𝜇− and  𝐵+ →
𝐾+𝑒+𝑒 − are identical.
SM predictions with 𝒪(1%)
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arXiv:2103.11769

Nature Physics

Double ratio normalises the rare 𝐵𝐹 ratio with a control 𝐵𝐹 ratio:

𝑅𝐾
(∗)

= ൘
ℬ(𝐵 → 𝐾(∗)𝜇+𝜇−)

ℬ(𝐵 → 𝐾(∗)𝐽/ 𝜓(→ 𝜇+𝜇−))

ℬ(𝐵 → 𝐾(∗)𝑒+𝑒−)

ℬ(𝐵 → 𝐾(∗)𝐽/ 𝜓(→ 𝑒+𝑒−))
=

=
𝑁(𝐵 → 𝐾(∗)𝜇+𝜇−)

𝑁(𝐵 → 𝐾(∗)𝐽/ 𝜓(→ 𝜇+𝜇−))
×
ℰ(𝐵 → 𝐾(∗)𝐽/ 𝜓(→ 𝜇+𝜇−))

ℰ(𝐵 → 𝐾(∗)𝜇+𝜇−)
×
𝑁(𝐵 → 𝐾(∗)𝐽/ 𝜓(→ 𝑒+𝑒−))

𝑁(𝐵 → 𝐾(∗)𝑒+𝑒−)
×

ℰ(𝐵 → 𝐾 ∗ 𝑒+𝑒−)

ℰ(𝐵 → 𝐾(∗)𝐽/ 𝜓(→ 𝑒+𝑒−))
=

= 1 ± 𝒪 10−3

The direct observable in rare decays is hardly measurable: 𝑅𝐾
(∗)

=
ℬ(𝐵→𝐾(∗)𝜇+𝜇−)

ℬ(𝐵→𝐾(∗)𝑒+𝑒−)

• Experimentally clean: most systematic uncertainties cancel due to double ratio, but controlling efficiencies is vitally 
important.

• Theoretically clean: hadronic uncertainties cancel, QED effects are small.

• The 𝐽/ 𝜓 sits in a different 𝑞2 region, but is otherwise identical.
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https://arxiv.org/abs/2103.11769


Impact of efficiency on LU measurements
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Controlling efficiencies means takes into account:

• bremsstrahlung

• L0 trigger

• Lepton identification

The complexity of this analysis is mostly driven 
by the differences  between muon and electron 
detection and reconstruction

electrons and muons exhibits very different detection efficiency: 

𝑟𝐽/𝜓 =
ℬ 𝐵+ → 𝐾+ 𝐽/𝜓(→ 𝜇+𝜇−

ℬ(𝐵+ → 𝐾+ 𝐽/𝜓(→ 𝑒+𝑒−)
= 1

Yields

BUT
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Bremsstrahlung
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• Electron suffer heavy losses from bremsstrahlung (compared to 𝜇) –
significantly broader  resolution of electron final states.

• Deficit of Energy (up to 20%) is corrected by combining energy deposits from 
photons (𝐸𝑇>75 MeV) in small region in the ECAL extrapolated from 𝑒 track 
from before the magnet (momentum of matching 𝛾 is added to electron 
track).

• Even after the bremsstrahlung recovery electrons still have degraded mass 
and 𝑞2 resolution.

L0 Trigger
• L0 calo trigger requires higher thresholds 

than L0 muon trigger – three exclusive 
trigger categories are used for 𝑒+𝑒−

Particle ID 

• PID and tracking efficiency larger 
for muons than electrons.

LHCb-PAPER-2021-004

𝛾 and 𝑒−

𝛾

14
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Efficiences
• Efficiencies are computed using simulation with control channel from real 

data

• Trigger ℰ obtained from control mode real data

• PID ℰ determined from high statistic control samples

• Mass of (𝐾+𝑒+𝑒−) and  𝑞2 resolution and kinematics from control mode

Verified procedure through
host of cross-checks (at % -
level)

LHCb-PAPER-2021-004
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Cross-checks
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𝑟𝐽/𝜓 =
ℬ 𝐵+ → 𝐾+ 𝐽/𝜓(→ 𝜇+𝜇−

ℬ(𝐵+ → 𝐾+ 𝐽/𝜓(→ 𝑒+𝑒−)
= 1• Very stringent test of the efficiencies via measurement of 𝑟𝐽/𝜓

𝑟𝐽/𝜓 = 0.981 ± 0.020 (stat+syst).

• Test of efficiency across all kinematic regions:

- plenty of variables checked if distributions are flat in all 16 regions

LHCb-PAPER-2021-004

𝐵+ → 𝐾+ 𝐽/𝜓(→ 𝑒+𝑒−)
𝐵+ → 𝐾+ 𝑒+𝑒−
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Yields 𝐵+ → 𝐾+𝑙+𝑙− (2019)
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Yields 𝐵+ → 𝐾+𝑙+𝑙− (2021)
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Nature Physics

LHCb-PAPER-2021-004
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Systematic uncertanties
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• Dominant sources (~1%):

Fit model (signal and partially reconstructed background shape),
statistic of calibration samples.

• Other sources:

efficiency 

• Total relative systematic is 1.5% in the final 𝑅𝐾 measurement.

LHCb-PAPER-2021-004
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LHCb-PAPER-2021-004

Results

𝑅𝐾 = 0.846 −0.039
+0.042 𝑠𝑡𝑎𝑡 −0.012

+0.013 (𝑠𝑦𝑠𝑡)

p-value under SM hypothesis: 0.0010

evidence of LFU violation at 3.1𝜎

When combining with ℬ(𝐵+ → 𝐾+𝜇+𝜇−), which is below SM 
[JHEP 06 (2014) 133]:

𝑑ℬ(𝐵+→𝐾+𝑒+𝑒−)

𝑑𝑞2
= 28.6 −1.4

+1.5 𝑠𝑡𝑎𝑡 ± 1.4(𝑠𝑦𝑠𝑡 × 10−9 𝐺𝑒𝑉/𝑐2 −1

it seems that electrons are more SM-like than muons.
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𝑅𝐾
∗ results from 𝐵0 → 𝐾∗0𝑙+𝑙− (2017, 2020)

UJ Seminar   31.05.2021                                                                         A.Obłąkowska-Mucha AGH-UST      

JHEP 08 (2017) 055

SM compatibility: ~2.2𝜎 , ~2.5𝜎 in central 𝑞2

m
o

d
e

ls

Phys. Rev. Lett. 125 (2020) 011802
21

https://arxiv.org/abs/1705.05802
http://dx.doi.org/10.1103/PhysRevLett.125.011802


Yields  Λ𝑏 → 𝑝𝐾−𝑙+𝑙− (2019)
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JHEP 2020 (2020) 40
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https://arxiv.org/abs/1912.08139


𝑅𝑝𝐾 results in Λ𝑏 → 𝑝𝐾−𝑙+𝑙− (2019)
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JHEP 2020 (2020) 40
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What next? Task for for theorist
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• Updated 𝑅𝐾 measurement with a 3.1𝜎 departure from LFU!

• Several LHCb measurements deviate from SM by 2-3 𝜎

• Start-up of the discussion on flavour anomalies 

To combine of all LFU observables

Emerging patterns of New Physics with and without Lepton Flavour Universal 
contributions: 
M. Alguero et al. Eur.Phys.J.C 79 (2019) 8, 714
Addendum: Eur. Phys. J. C (2020) 80: 511

J. Aebischer et al., B-decay discrepancies after Moriond 2019, arXiv:1903.10434
M. Alguero Moriond QCD: Global fits to 𝑏 → 𝑠𝑙𝑙 data, link

La Thuile 2021 - Les Rencontres de Physique de la Vallée d’Aoste, 10 March 2021:
P. Stangl Flavour fits

in one model for New Physics interpretation 24

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-7216-3
https://epjc.epj.org/articles/epjc/abs/2020/06/10052_2020_Article_8018/10052_2020_Article_8018.html
https://arxiv.org/abs/1903.10434
http://moriond.in2p3.fr/2021/QCD/Program.html


The model setup
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• New Physics scenarios:

Weak Effective Theory (WET): NP Wilson 
coefficients 𝒞′𝑖

Standard Model Effective Theory (SMEFT) at 
scale of 4 TeV: NP particles (LQ, Z’)

J.Aebischer, J.Kumar, P.Stangl, D.M. Straub
A Global Likelihood for Precision Constraints 
and Flavour Anomalies,
arXiv:1810.07698

Global likelihood from smelli python package for comparing theory predictions to experimental data:

M. Alguero et al. Eur.Phys.J.C 79 (2019) 8, 714

Wpisz tutaj równanie.
𝑅𝐾

𝑅𝐾
∗
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https://arxiv.org/abs/1810.07698
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-7216-3
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The model: one Wilson coeficient or more? 
Emerging patterns of New Physics with and without Lepton Flavour Universal contributions: 

M. Alguero et al. Eur.Phys.J.C 79 (2019) 8, 714
Addendum: Eur. Phys. J. C (2020) 80: 511

𝐵𝑠 → 𝜇+𝜇−

𝐶10𝜇 = 𝐶10𝜇
𝑆𝑀 + 𝐶10𝜇

𝑁𝑃
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Emerging patterns of New Physics with and without Lepton Flavour Universal contributions: 
M. Alguero et al. Eur.Phys.J.C 79 (2019) 8, 714

Addendum: Eur. Phys. J. C (2020) 80: 511The model: one Wilson coeficient or more? 
New Physics coefficients:

• Electrons with flavour Universality (U)
• Muons with flavour Universality Violation (UV)

New Physics in muon sector only!

scenarios coded in colours
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Try it yourself
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test your model with global results: 
https://github.com/smelli/
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Try it yourself
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test your model with global results: https://github.com/smelli/

M. Alguero et al. Eur.Phys.J.C 79 (2019) 8, 714
Addendum: Eur. Phys. J. C (2020) 80: 511

new fits to 𝑏 → 𝑠𝑙𝑙 (Moriond 2021)
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Summary
• New result on 𝑅𝐾 with more statistic & more precision.

• Increased tension with SM in 𝐵+ → 𝐾+𝑙+𝑙−and 𝐵𝑠
0 → 𝜇+𝜇− as a sign of flavour anomalies  in 𝑏 → 𝑠𝑙𝑙

• 𝑅𝐾 is uncorrelated with previous parameters

• Plenty of scenarios with similar significances:

o Right-Handed Currents 𝐶10 𝜇
′ can explain both ℬ 𝐵𝑠

0 → 𝜇+𝜇− and 𝑅𝐾 with 𝐶10 𝜇
′ ≠ 0

o The scenario LFU with coefficients: 𝐶9𝜇
𝑉 = −𝐶10𝜇

𝑉 , 𝐶9
𝑈 is reinforced and explains tensions 

between 𝐶9𝜇
𝑁𝑃

o and LFUV fit with 𝐶9𝜇
𝑁𝑃 = −𝐶10𝜇

𝑁𝑃

o 𝑄5 = 𝑃𝜇5
′ − 𝑃𝑒5

′ new candidate for a discriminator between preferred scenarios

• A consistent model-independent interpretation is possible via modification of 𝑏 → 𝑠 coupling with 
additional heavy neutral boson or with leptoquarks.

• Other SM extensions: SUSY, Higgs sectors, extra dimensions are also considered.
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