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Anomaly, from Greek anomalia: 

something that deviates from what is standard, normal, or expected. 

(Oxford Languages)

« On ne peut pas être précis, et être toujours vrai. » 

« You cannot be precise, and be always true. » 
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Beauty, Standard Model and extentions
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Anomalies in b-decays: 

❑ Vub and Vcb covered in the talk by Pavel Pakhlov

❑ Rare leptonic decays

❑ In this talk: semileptonic decays, Lepton Flavour Universality (LFU)

CMS-PAS-BPH-21-006
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Lepton Flavour Universality in the Standard Model

EM interaction

Weak interaction

Strong interaction

Fermions: three generations
of leptons and quarks

Higgs bosonGauge 
bosons 

❑ Standard Model features Lepton Flavour Universality (LFU): accidental symmetry of the SM

❑ Equal electroweak coupling 

of gauge bosons to 

all charged leptons

❑ Higgs mechanism 

for the breakdown of EW gauge symmetry does not affect universality of gauge coupling

❑ Difference in dynamics driven solely by the difference in the masses 𝒎𝒆 < 𝒎𝝁≪ 𝒎𝝉
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Lepton Flavour Universality in the Standard Model

❑ SM gauge group  SUC(3) x SU(2)L x U(1)Y breaking to SUC(3) x U(1)em via Higgs mechanism

does not impact universality

❑ The difference between the three families comes from the Yukawa interaction between

the Higgs field and the fermion fields. The diagonalization of the mass matrices yields

mixing matrices (CKM and PMNS) between weak and mass eigenstates occurring in the 

coupling of fermions to the weak gauge boson W±

❑ Flavour of the quarks involved in a transition is determined experimentally (mass and 

charge), so that the CKM matrix elements are determined unambiguously

❑ Charged leptons are distinguished in the same way as quarks, whereas most of the time 

the neutrino mass eigenstates cannot be distinguished (their mass differences are 

negligible compared to the other scales and they are not detected in experiments)
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Lepton Flavour Universality in the Standard Model

❑ Final state with unspecified (anti)neutrino mass eigenstate → sum over amplitudes for all 

three possible (anti)neutrino mass eigenstates 

❑ Overlap of each mass eigenstate with the produced weak interaction eigenstate ντ via PMNS 

matrix U 

❑ Decay width proportional to . Equals to 1 due to PMNS unitarity 

❑ PMNS matrix plays no role in the SM 

❑ Choose either purely leptonic or semileptonic processes that involve leptons of different 

generations, but with the same quark transition, so that there are no PMNS matrix 

elements and the CKM ones cancel out in ratios

b → c 𝜏 - 𝜈𝜏
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Lepton Flavour Universality violation, searches
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❑ Clean environment

❑ Excellent performance           

for modes with 

neutrals/neutrinos

❑ Lower boost, poorer lifetime 

resolution 

❑ Large combinatorial 

backgrounds

❑ Decays with neutrals     and 

missing particles   more 

difficult

e+e- colliders

Hadron colliders

❑ Excellent lifetime resolution 

due to LARGE boost, ~0.03 τB

❑ Large bb production cross section

General purpose experiments

4 x 1012 bb

ʃLdt ~ 9 fb-1

ʃLdt ~ 164 fb-1

❑ Belle II ramping up 

ʃLdt ~ 0.43 ab-1
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250 mrad

10 mrad

Calorimeters

Muon

System
Tracking

RICH counters

p/K/π Identification

VErtex

LOcator

p p

LHCb detector

INT.J.MOD.PHYS. A30 (2015) 1530022JINST 8 (2013) P08002,

❑ LHCb – single-arm forward spectrometer, 10-250 mrad (V), 10-300 mrad (H)

❑ Acceptance 1.9 < η< 4.9, ~4% of solid angle, but ~40% of beauty production x-section

❑ Key detector systems for lepton universality studies: vertex reconstruction (VELO), particle

identification (electromagnetic calorimeter, muon detector), trigger

❑ Excellent lifetime resolution due to large boost, ~0.03 τB
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❑ 88 semi-circular microstrip Si sensors

❑ Double-sided, R and φ layout

❑ 300 µm thick n-on-n sensors, strip pitches 

from 40 to 120 µm

❑ First active strip at 8 mm from beam axis

JINST 8 (2013) P08002, JINST 9 (2014) P09007

Vertex reconstruction in LHCb: VErtex LOcator

Nat. Phys. 18 (2022) 1

❑ Vertex resolution allows to resolve fast (x~27) 

BsBs oscillations 

❑ Excellent proper time resolution 

❑ Excellent spatial resolution, down to 4 µm      

for single tracks

❑ Precise impact parameter measurement, 

σIP = 11.6 + 23.4/pT [µm]

❑ Precise primary vertex reconstruction,           

σx,y = 13 µm, σz = 69 µm for vertex of 25 tracks



SB  12B physics: anomalies PIC 2022, თბილისი, 5-9.09.22

Leptons in LHCb

❑ Electrons with Shashlyk electromagnetic calorimeter

❑ Granularity varies with the distance from the beam
JINST 14 (2019) P11023

❑ Higher occupancy, higher trigger thresholds for e than

for 𝜇, ET(e±) > 2.5 − 3.0 GeV, efficiency difference

❑ Measurement of momentum affected 

by bremsstrahlung emission before 

magnet 

❑ Bremsstrahlung photon recovery 

procedure with limited efficiency 

ϵ(B+ → K+μ+μ−) / ϵ(B+ → K+e+e−) ~2.8

Int.J.Mod.Phys. A30 (2015) 1530022

❑ Lepton ID and reconstruction is anything but universal

❑ Muons with muon detector: MWPC and GEM close to the beam pipe in M1

❑ Clear trigger & PID, trigger threshold pT(μ±) > 1.5−1.8 GeV, efficient tracking, good μμ resolution

INT.J.MOD.PHYS A30 (2015) 1530022
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Leptons in LHCb

❑ Electrons vs. Muons, Bremsstrahlung recovery

Nat. Phys. 18 (2022) 277 

Electrons Muons

NS = 1640 ± 70 NS = 3850 ± 70
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Leptons in Belle II

❑ However, not as much sample as LHCb in charged modes 

❑ K+μμ: 1 fb-1 LHCb ~ 2.5 ab-1 Belle II

❑ K+ee: 1 fb-1 LHCb ~ 1 ab-1 Belle II

❑ Measures channels with neutral hadrons and neutrinos → great complementarity

❑ Essential validation of anomalies from experiment with very different environment and 

challenges 

❑ Very similar responce to muons and electrons
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Lepton Flavour Universality tests

Charged currents, tree FCNC, penguin loop

❑ Two generic classes of semileptonic decays discussed below:

❑ Consider (ratios of) branching fractions and/or angular observables 

❑ Predicted to be close to 1

❑ Corrections from QED up to O(10-2) 

❑ Corrections from QCD up to O(10-4) 

G. Hiller, F. Kruger, PRD 69 (2004) 074020

M. Bordone, G. Isidori, A. Pattori, EPJC 76 (2016) 440

G. Isidori, S. Nabeebaccus, R. Zwicky, JHEP 12 (2020) 104

C. Bobeth, G. Hiller, G. Piranishvili, JHEP 12 (2007) 040
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FCNC as probe for NP
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b → sℓℓ decays

SM Penguin SM Box

NP Z’ boson NP Leptoquark

❑ b → sℓ+ℓ− decays, FCNC in SM

❑ Suppressed in the SM, branching fractions O(10-7)-O(10-6), only occur via loop-level processes 

with W bosons

❑ NP effects could give sizeable contributions to b → sℓ+ℓ−

❑ Could be tree-level

❑ Sensitive to O(>TeV) new particle masses



SB  18B physics: anomalies PIC 2022, თბილისი, 5-9.09.22

b → sℓℓ decays, EFT

❑ Zoom out to mb scale and use an Effective Field Theory (EFT), valid at mb

C9 - EW vector

C10 - EW axial-vector

C7 - electromagnetic

❑ Operators Oi for low-energy QCD effects, described 

using form factors, having large theory uncertainties

❑ Integrate out short-distance (high-energy) effects, 

parameterize them using Wilson Coefficients Ci(mb)

❑ Hamiltonian defined in terms of Wilson 

Coefficients 𝐶i
(’)  and Operators Oi

(’)

❑ High-mass NP effects will modify values of Ci
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b → sℓℓ decays, di-lepton system

❑ 𝑞2 spectrum 𝑞2 = 𝑚(ℓ+ℓ-)2, invariant mass of di-lepton system
Tree b → c

Loop b → 𝑠 ℓℓ

❑ In order to remove long distance effects b → (cc → ℓ+ℓ− )𝑠, the narrow charmonium

resonances are vetoed and used to validate the analysis, e.g. rJ/ψ 

❑ Hadronic uncertainties cancel in the ratio

❑ Complexity: muons and electrons behave differently in the detector → use double ratios
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Branching fractions and angular observables
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b → sℓℓ decays, branching fractions

❑ b → s μ+μ− branching fractions, in bins of 𝑞2

JHEP 06 (2014) 133

JHEP 04 (2017) 142
PRL 127 (2021) 151801

❑ Deviations in low 𝑞2 region

❑ SM predictions suffer from large hadronic uncertainties

JHEP 06 (2014) 133

B0 → K*0 μ+μ− Bs → φ μ+μ−
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b → sℓℓ decays, angular observables

❑ b → V μ+μ− 4-body final-states, kinematic

structure described by 3 angles and 𝑞2

❑ SM predictions challenging, but 

uncertainties smaller than for ℬ’s

❑ Large data samples from Runs 1-2

JHEP 11 (2021) 043

9 fb-1, NS~1900

PRL 126 (2021) 161802

9 fb-1, NS~700PRL 125 (2020) 011802

6 fb-1, NS~4600
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b → sℓℓ decays, angular observables PRL 125 (2020) 011802

❑ Angular observables in bins of 𝑞2



SB  24B physics: anomalies PIC 2022, თბილისი, 5-9.09.22

b → sℓℓ decays, angular observables

❑ Angular observables in bins of 𝑞2

❑ Optimised observables where hadronic uncertainties cancel out at 1st order (e.g. P’5)

M. Borsato, SUSY 2022

❑ Deviations at >2σ level

❑ Deviations coherent and significant

when interpreted as modified vector

coupling C9

Descotes-Genon et al arXiv:1407.8526

Khodjamirian et al arXiv:1006.4945

Bharucha et al arXiv:1503.05534

Altmannshofer et al arXiv:1411.3161

PRL 125 (2020) 011802
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Branching fraction ratios
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b → sℓℓ decays, R(K+)

❑ R(K+) from B+ → K+ ℓ+ℓ- decay,  𝑞2 region: [1.1, 6.0] GeV2

❑ Measure double ratios to partially cancel the effect of different electron and muon 

reconstruction efficiencies 

❑ Validation of b → sℓℓ analyses 

❑ Conservative check: single ratio of decays via J/ψ state, which is known to respect LFU 

within 0.4% 

❑ Probe electrons directly versus muons

❑ Limited cancellation of systematics

❑ Differential measurements 

flat over variables

Nat. Phys. 18 (2022) 277
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b → sℓℓ decays, R(K+)

❑ R(K+) from B+ → K+ ℓ+ℓ- decay 

❑ 𝑞2 region: [1.1, 6.0] GeV2

❑ Run 1+2 data, still statistically limited

❑ Biggest systematic: fit model ~1% 

❑ Tension of 3.1𝝈 with respect to SM

Nat. Phys. 18 (2022) 277

signal 1640 ± 70

signal 3850 ± 70
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b → sℓℓ decays, R(KS)

❑ R(KS) from B0 → KS ℓ+ℓ- decay, 𝑞2 region: [1.1, 6.0] GeV2

❑ Run 1+2 data, still statistically limited

❑ Biggest systematic: 

simulation size ~2-3% 

❑ Validation

❑

❑ Differential measurements flat over variables

❑

❑ Agreement with SM at 1.5𝝈 level

PRL 128 (2022) 191802

signal 155 ± 15 signal 45 ± 10
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b → sℓℓ decays, R(K*0)

❑ R(K*0) from B0 → K*0 ℓ+ℓ- decay 

❑ Low 𝑞2 region: [0.045, 1.1] GeV2

❑ Central 𝑞2 region: [1.1, 6.0] GeV2

❑ Run 1 data, still statistically limited

❑ Biggest systematic:

❑ Low 𝑞2: simulation calibration (2-5)%

❑ Central 𝑞2 : residual backgrounds 5% 

❑ Validation

❑ =

=

❑ Low 𝑞2: 

❑ Central 𝑞2: 

❑ Tension with SM at 2.1𝝈 and 2.4𝝈 level

❑ Results for R(K*0)

JHEP 08 (2017) 055
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b → sℓℓ decays, R(K*+)

❑ R(K*+) from B+ → K*+ ℓ+ℓ- decay,  𝑞2 region: [0.045, 6.0] GeV2

❑ Run 1+2 data, still statistically limited

❑ Biggest systematic: 

simulation size ~2-3% 

❑ Validation

❑

❑ Differential measurements flat over variables

❑

❑ Agreement with SM at 1.4𝝈 level

PRL 128 (2022) 191802

signal 67 ± 13signal 221 ± 17
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b → sℓℓ decays, R(pK)

❑ R(pK) from Λb → pK- ℓ+ℓ- decay 

❑ 𝑞2 region: [0.1, 6.0] GeV2

❑ m(pK) < 2.6 GeV

❑ Run 1 data, still statistically 

limited

❑ Biggest systematic: 

fit model ~5% 

JHEP 05 (2020) 040

❑ Validation

❑

❑ Rψ(2S)  compatible with unity within 1𝜎

❑ R(pK) =

❑ Agreement with SM at <1𝝈 level

signal 444 ± 23 signal 122 ± 17
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b → sℓℓ decays, summary

S. Schmitt talk @ICHEP 2022

LHCb private compilation
❑ Most results from partial LHCb dataset

❑ LHCb is performing combined 

measurement of 𝑹(𝑲+) and 𝑹(𝑲∗𝟎) with 

the entire Run 1+2 dataset

❑ Deeper understanding of systematic 

effects

❑ Results being finalized

❑ Measurements of 𝑅pK, 𝑅φ 𝑅Kππ and more 

with full 9 fb−1 dataset ongoing

❑ Inputs from independent experiments 

also crucial
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b → sℓℓ decays, EFT interpretation

S. Schmitt talk @ICHEP 2022

LHCb private compilation

❑ All these anomalies simultaneously 

can be accounted for via 

modification of b → s coupling  

in a model-independent way 

M. Ciuchini et al., PRD103 (2021) 015030 

K. Kowalska et al., EPJC 79 (2019) 840

M. Alguero et al., EPJC 79 (2019) 714, 

EPJC 80 (2020) 511

T. Hurth et al., PRD 102 (2020) 055001

M. Ciuchini et al., EPJC 79 (2019) 719

J. Aebischer et al., EPJC 80 (2020) 252

A. K. Alok et al., JHEP 06 (2019) 089

W. Altmannshofer, P. Stangl, EPJC 81 (2021) 952

L.-S. Geng et al., PRD 104 (2021) 035029

C. Cornella et al., JHEP 08 (2021) 050

M. Alguero et al., arXiv:2104.08921

T. Hurth et al., PLB 824 (2022) 136838

❑ This modification can be generated by the presence of a heavy neutral boson or a leptoquark, 

as well as in models with supersymmetry, extra dimensions, and extended Higgs sectors
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b → sℓℓ decays, EFT interpretation

❑ Fit couplings to all b → sℓℓ results

❑ Model with modified left-handed 

coupling to muons CL
μ = C9

μ − C10
μ fits 

better than SM by >5σ

❑ Generic lepton-dependent short-

distance contribution fits better than 

SM by >4σ

G. Isidori et al, PLB 822 (2021) 136644

W. Altmannshofer, P. Stangl EPJC 81 (2021) 952 

Muonic vector coupling C9
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Tree as a probe for NP
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LFU with b→c trees: R(Hc) 

❑ LFU via R(Hc) = ℬ(Hb→Hc τντ) / ℬ(Hb→Hc μνμ), also relative to electron channels at B-factories

❑ Neutrinos not detected, approximations used for signal reconstruction, large MC samples 

needed for template shapes

❑ Semileptonic decays, large BRs, theoretical predictions are precise (% level)

❑ SM ratio:

❑ Contributions from NP: PRL 116 (2016) 081801

PRD 94 (2016) 115201

❑ Tree-level process, sensitive to NP coupling preferentially to 3rd generation

❑ Possible connection with 𝑏→𝑠𝑙+𝑙− anomalies
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LFU with b→c trees: R(Hc) 

❑ R(D*) vs. R(D)

❑ Combination of LHCb, Belle and BaBar results

❑ All measurements are above SM predictions

❑ Flavour anomaly at >3σ
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LFU with b→c trees: R(Hc) 

❑ R(J/ψ)

❑ Flavour anomaly at <2σ

LHCb

❑ SM predictions between 0.25 and 0.28

❑ Muonic decay of τ-lepton

❑ Identical visible final state (μ+μ-)μ+

❑ Form factors V(q2), A0(q
2), A1(q

2), A2(q
2) 

determined from fits to data 

Anisimov, Narodetskii, Semay, Silvestre-Brac, PLB 452 (1999) 129

Kiselev, arXiv:hep-ph/0211021

Ivanov, Korner, Santorelli, PRD 73 (2006) 054024

Hernandez, Nieves, Verde-Velasco, PRD 74 (2006) 074008

PRL 120 (2018) 121801

𝑹(𝑱/𝝍) = 𝟎.𝟕𝟏 ± 𝟎.𝟏𝟕 ± 𝟎.𝟏𝟖

𝟏𝟒𝟎𝟎 ± 𝟑𝟎𝟎
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LFU with b→c trees: R(Hc) 

❑ ALL R(D), R(D*) and R(J/ ψ) 

measurements 

lie ABOVE the SM expectations
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LFU with b→c trees: R(Hc) 

❑ LHCb can access also baryonic modes

❑ Initial state spin ½ could couple to different physics beyond the SM

❑ Observation of Λ𝑏
0 → Λc

+ 𝜏𝜈, Λc
+ → pK-𝜋+, with Run 1 data

❑ With 3-prong hadronic 𝜏- → 𝜋 + 𝜋- 𝜋 - (𝜋0)𝜈𝜏

❑ Measured relative to Λ𝑏
0 → Λc

+ 3𝜋

❑ Three-dimensional binned maximum-likelihood fit 

to pseudo-decay time of the 𝜏 candidate, BDT output, 

and invariant mass squared of the 𝜏 - 𝜈𝜏 lepton pair q2

PRL 128 (2022) 191803

❑ First observation of  Λ𝑏
0 → Λc

+ 𝜏𝜈: 

❑ Significance >6σ
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LFU with b→c trees: R(Hc) 

❑ Ratio R(Λc) with muonic mode:

❑ R(Λc) = 0.242 ± 0.026𝑠𝑡𝑎𝑡 ± 0.040𝑠𝑦𝑠𝑡 ± 0.059𝑒𝑥𝑡

❑ Compatible with SM: R(Λc) = 0.324 ± 0.004

PRL 128 (2022) 191803

PRD 99 (2019) 055008
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LFU with inclusive b-decays: R(Xe/μ)

❑ First inclusive test of electron-muon 

lepton universality in b→cℓ𝛎 transitions

❑ SM: R(Xe/μ) = 1.006 ± 0.001  

K.Vos, M.Rahimi, in progress

❑ Paves the way for the first such inclusive 

test of tau-muon and tau-electron 

universality

❑ Demonstration of complementary 

capabilities of Belle II in semileptonic

decays

❑ Data-driven analysis

❑ In agreement with SM value within 1.2𝜎

❑ Compatible with exclusive Belle 

measurement:

H.Junkerkalefeld

@ ICHEP22

PRD 100 (2019) 052007
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b → sℓℓ anomalies, digestif

Patrick Koppenburg, 

https://www.nikhef.nl/~pkoppenb/anomalies.html

❑ Cherry-picked set of b flavour anomalies

❑ Significance (blue dot) of a measurement

❑ SM expectation (orange dot) set to zero

❑ Experimental and theory uncertainties 

summed in quadrature and their sum 

normalised to unity 

❑ The experimental value shifted and scaled 

accordingly

❑ The experimental precision is improving 

❑ The intrigue(s) still there

https://www.nikhef.nl/~pkoppenb/anomalies.html
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b → sℓℓ anomalies, digestif

A.Crivellin, J.Matias, arXiv:2204.12175More generally anomalies have been seen in:

❑ Semileptonic b-decays b → sℓℓ

❑ Tauonic B-decays b → cτν

❑ Anomalous muon magnetic moment aµ

❑ Cabibbo-angle anomaly CAA

❑ Non-resonant di-electrons qq → e+e−

❑ Difference of the forward-backward asymmetry 

in B → D∗µν vs. B → D∗eν, ∆AFB

❑ Leptonic tau decays τ → µνν

❑ Assuming these are true deviations from SM 

❑ All these effects can be explained via LFU violation … common origin ? 

❑ However, a single new field cannot explain all observed anomalies 

SM extensions
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What’s next … 
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LHCb: upgrade(s)

❑ LHCb upgrade I to run at 5 x luminosity of nominal LHCb

❑ Largely a new detector, 40 MHz readout and fully software trigger; essentially completed 

❑ LHCb upgrade II to run at 10 x luminosity of Upgrade I 

❑ Probably unique flavour facility in the world on this timescale

❑ Driven by detector developments: granularity, material budget, radiation resistance, timing, RTA

LHCB-PUB-2018-009

Upgrade I 

Upgrade II 
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Belle II

❑ Cross-section O(nb), need huge luminosity 

❑ Aim at collecting 50 ab-1 in ~10 years from now

❑ Not as much sample as LHCb in charged modes 

❑ K+μμ: 1 fb-1 LHCb ~ 2.5 ab-1 Belle II

❑ K+ee: 1 fb-1 LHCb ~ 1 ab-1 Belle II

❑ Measures channels with neutral hadrons and neutrinos → great complementarity

❑ Essential validation of anomalies from experiment with very different environment and 

challenges

https://confluence.desy.de/display/BI/Belle+II+Luminosity

https://confluence.desy.de/display/BI/Belle+II+Luminosity
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b → sℓℓ decays, prospects

LHCb Upgrade Physics Document

PUB-2018-009

❑ Precision on RK and RK*0 ~2.5% 

and 2% with ~23 and ~50 fb-1

❑ Projected sensitivity with the LHCb

Upgrade II detector, with ~300 fb-1

❑ Huge samples of rare electron 

modes available in Upgrade II 

𝑁K+e+e-∼46 000, 𝑁K*0e+e-∼20 000

❑ Ultimate precision on RK and RK*0

better than 1%
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R(Hc), prospects 

Rev. Mod. Phys. 94, 015003, arXiv:1808.08865

❑ Plans to include: R(D+); R(D*) − (𝑒 − 𝜇);         

combined R(D*) − R(D0); R(D**); R(Ds
*); R(Λc

**)

* Irreducible systematic uncertainty of 0.5% 

on 𝑅(𝐷(∗)) and 2% on the other ratios

❑ Explore new observables beyond ℬ’s, e.g. angular

observables to determine spin structure of potential

new physics

Snowmass white paper

https://www.slac.stanford.edu/~mpeskin/ 

Snowmass2021/ BelleIIPhysicsforSnowmass.pdf 



SB  50B physics: anomalies PIC 2022, თბილისი, 5-9.09.22

What happens now … 
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Belle II

❑ Impressive performance demonstrated  

❑ Recorded 0.43 ab-1 integrated luminosity

❑ Achieved 5 x 1034 cm-2 s-1 of peak instanteneous luminosity

❑ First results on LFU are emerging ! 

❑ LS1 for VXD replacement and a series of improvements on machine and detector

https://confluence.desy.de/display/BI/Belle+II+Luminosity

https://confluence.desy.de/display/BI/Belle+II+Luminosity
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LHCb reincarnation: Upgrade I

❑ LHCb upgrade I for runs 3 and 4 

❑ Subdetectors readout at 40 MHz for a fully sofrware trigger using GPUs

❑ Can run at 5 x higher luminosity 

❑ 30 MHz of inelastic collisions will be reduced to ~1 MHz by the HLT1 (tracking/vertexing and 

muon ID) running on GPUs

❑ Highest throughput of any HEP experiment

❑ Many measurements will directly profit from higher statistical precision (about x3 with run 3 only) 
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LHCb reincarnation: Upgrade I

❑ VELO: Hybrid Pixel Detectors (55 μm pitch)

❑ 5 mm from the LHC beam axis at data taking 

❑ Innovative silicon microchannel substrate, Bi-

phase CO2 cooling

❑ DAQ capable of handling 40 TB/s 

❑ Installation completed, commissioning ongoing

CERN-LHCC-2013-021

❑ SciFi: Large scale tracking stations after 

magnet

❑ Scintillating fibres, 250 μm dia, 2.5 m long

❑ Signal readout by SiPMs operated at -40 C

❑ 12 layers of mats, 12 000 km of fibre

❑ Installation completed, now commissioning

CERN-LHCC-2014-001

❑ Upstream tracker: 4 planes, silicon strips and integrated cooling

❑ Fast pT determination for track extrapolation → reduce ghost track rate, 

and improve trigger bandwidth

❑ Long lived particles (𝐾𝑆,,Λ) decaying after VELO

❑ Assembly being completed, installation later this year, not critical for 

early physics operation
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LHCb reincarnation: Upgrade I CERN-LHCC-2013-022

❑ RICH: charged hadron identification, essential for 

success of physics programme

❑ RICH 1 & 2: new photodetector MaPMTs with 

increased granularity and 40 MHz readout

❑ RICH 1: new design with new optical system with 

increased focal length, to halve occupancy

❑ Installed, commissioned, taking data

❑ Existing detectors able to stand increased luminosity of Run 3

❑ New 40 MHz readout electronics 

❑ Reduced gains in calorimeter PMTs

❑ Taking data

❑ Calorimeter (Shashlyk) 

and 

Muon detector (MWPCs)

RICH 1: MaPMTs upper side

RICH 2: first rings, LHC October 21 test

π0 with   

Run 3 data

Muon station 2, occupancy

π0 with Run 3 data 
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LHCb reincarnation: Upgrade I

❑ PLUME: luminometer for Run 3, upstream VELO

❑ Measures Cherenkov light emitted in quartz tablet 

by charged particles flying from collision vertex 

❑ Online & offline per bunch luminosity measurement 

❑ Periodic calibration via Van der Meer scans

❑ Taking data 

CERN-LHCC-2021-002

CERN-LHCC-2019-005

❑ SMOG2 gas target: new storage cell for the gas 

upstream of the nominal IP

❑ Gas density increased by up to two orders of 

magnitude → much higher luminosity

❑ Gas targets: 𝐻𝑒,𝑁𝑒,𝐴𝑟 + possibly H2,𝐷2,𝑁2,𝐾𝑟,𝑋𝑒

❑ Installed & tested

❑ Simultaneous p-p and p-gas data taking possible
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LHCb reincarnation: Upgrade I

❑ First Run 3 collisions in LHCb at 13.6 TeV on 5/7/22
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Summary

❑ Many models which explain

the LFU anomalies predict LFV/LNV effects, often near

current reach. Another direction of intensive studies

❑ If (some of) the anomalies are confirmed, is there a

unique explanation ?

❑ b-physics plays a key role in searches for effects

beyond the SM. Numerous intriguing anomalies

observed via b-hadron decays

❑ Lepton flavor universality is a fundamental

feature of the Standard Model (SM)

❑ Checks using decays mediated by tree and penguin

loop diagrams. Anomalies (so far) persist despite

improving precision … intrigue still pending

❑ Numerous new results, both in experiment and in

theory, impressive progress since PIC 2021

❑ Belle II ramping up, upgraded LHCb enters Run 3

❑ Looking forward

to results on all

available data,

further improved

sensitivities, new

searches, …

❑ New searches and new observables enter the game
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Backup
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b → sℓℓ decays, R(K*0) JHEP 08 (2017) 055
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LHCb and Belle II sensitivity projections

Belle II, upgrade snowmass whitepaper

LHCb (Framework TDR)

❑ LHCb and Belle II: complementarity and cross-check
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B → K* μ+μ− angular distributions
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LHCb perspectives

❑ Perspectives, schematic view/numbers from arXiv:2206.11331
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Leptons in LHCb: tau leptons

❑ Missing energy from 𝜈 degrading the resolution

❑ 𝜏 vertex not easy to identify in prompt decays

❑ 𝜏 reconstruction via 1- or 3-prong decays

❑ More background polluting mass distributions

𝝉 decays BR(%)

𝛕+  → 𝛍+(𝐞+)𝛎𝛎 17.39(.82) ± 0.04

𝜏+ → 𝜋+𝜈 10.82 ± 0.05

𝜏+  → 𝜋+𝜋0𝜈 25.49 ± 0.09

𝜏+ → 𝜋+𝜋0𝜋0𝜈 9.26 ± 0.10

𝛕+ → 𝛑+𝛑+𝛑-𝛎 9.31 ± 0.05

𝛕+ → 𝛑+𝛑+𝛑-𝛑0𝛎 4.62 ± 0.05
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Leptons in LHCb: muons with muon detector

❑ Muon detector: MWPC and GEM close to the beam pipe in M1

❑ Clear trigger and PID, trigger threshold pT(μ±) > 1.5 − 1.8 GeV

❑ Efficient tracking 

❑ Good di-muon resolution

INT.J.MOD.PHYS A30 (2015) 1530022


