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LHCb SL measurements
● LFU test

● R(D)-R(D*), R(J/ψ), R(Λc),  Run1

● R(D*), Run1 + Run2(2015-16)

● D* FL, Run1 + Run2(2015-16)

● CKM 

● |Vub/Vcb|, Λb → p, Bb → K, Run1(2012)

● |Vcb|, Bs→ Ds/Ds*, Run1

● Exclusive b → c

● Λb → Λc μν differential rate, Run1

● Bs → Ds*μν differential rate, Run2(2016)

● D/D*/D**μν production rate, Run1

● Exclusive b→u 

● B→p p μν, search for B → 3μν, Run1 

● Hb production: Bs, Λc, Bc at 7 and 13 TeV

● Run2: larger dataset

● 1.9 x Luminosity, 1.8 x σ(bb)
● Systematics usually non-negligible

● More data requires larger data controls 
samples (scale with L) and larger MC

● Fast MC crucial to exploit the data

Run 1 Run 2
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R(D*) with τ → 3π(π0)ν

N sig=1296 ± 86 N sig=2469 ± 154

10% 6%

MC size is the single dominant systematic (4.1%) Reduced to 2% using fast MC 
ReDecay, EPJC 78, 1009 (2018)

Run1
3 fb-1

Run2
2015-2016
2 fb-1

PRD 108(2023)1,012018PRL 120, 171802 (2018)
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R(D*) with τ → 3π(π0)ν

● Many systematic uncertainties scale down 
with increasing statistics

● Inputs from BESIII on Ds decay modeling is 
essential 

● Crucial to improve external inputs (Belle II, 
LHCb)

–

–

● A floor of 2-4% due to external inputs will 
remain

● Combined R(D)-R(D*) is ongoing

± 4.7% ± 5.4% ± 4.7%

Assuming experimental syst. 
scaling with L, with full Run2 

σtot = 0.022 → 0.014 

Dedicated 
R(D**)
analysis 
is ongoing

± 9% ± 5.5%
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R(D)-R(D*) with τ → μ

R(D*), Run1 R(D)-R(D*), Run1PRL115, 111803 (2015) PRL131, 111802 (2023)
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R(D)-R(D*) with τ → μ

Systematics internal to fit likelihood
scale roughly with size of control data
 

External to fit likelihood: requires dedicated 
studies/measurements. May be able to 

reduce on case-by-case basis

From M.F.Sevilla talk at SM@LHC workshop

Fast MC factor 10x, will cover Run2 and 
hopefully will be fine also beyond

Most uncertainties are data driven: 
expected to be reduced with larger 

data samples
A systematic floor of 0.5-3% will 

probably remain
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R(D)-R(D*) with τ → μ

Adding full Run2, assuming irreducible syst 
uncertainty at 3% for both D and D*:

- σtot(R(D))   = 0.089 → 0.022 
- σtot (R(D*)) = 0.030 → 0.012 

±20% → ±8%
±11% → ±4%
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Run3 and beyond

● Run3: currently taking data with Upgrade I 
detector

● Completely new software-only trigger

● No more required pT cut on the muon in L0

● Exploit this to improve purity for tau decays

● Improve analyses with electrons in final state

● Run4: maintenance and some upgrades (ECAL)

● Steady data taking

● Run5-6: Upgrade II detector

● Fully exploit the HL-LHC

● Very challenging: average of ~50 PVs

● Timing in sub-detectors is needed to fully exploit 
the higher luminosity

HL - LHC

(commissioning)

LHCb Physics with Upgrade II
arXiv:1808.08865
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Projections on R(Hc) measurements

Projections on other ongoing analyses in 
LHCb. If the anomaly persists, it is 
crucial cross check with other decay 
modes

the bands represent the 
degree of optimism 
(pessimism) in our ability to 
reduce systematics 
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Beyond R(Hc): going differential
● Angular analyses with semitauonic (and semimuonic) 

to probe spin structure of physics beyond SM
● Even in case R(Hc) is SM-like, it will put strong 

constraints on NP models

Bs → Ds* μν

Ds* → Ds γ

Hi sensitive to New Physic and Form Factors 
Many observables can be derived by Hi

Recent literature (non-exhaustive list):

D.Hill et al.  JHEP 11 (2019) 133

V. Dedu, A.Poluektov  JHEP 07 (2023) 063

B. Bhattacharya et al. JHEP 05 (2019) 191

C.Bobeth et al. EPJ.C 81 (2021) 11, 984

M. Fedele et al.  ArXiv;2305.15457

Z. Huang et al. PRD 105 (2022) 1, 013010

B. Bhattacharya et al. JHEP 07 (2020) 07, 194

M. Ivanov et al. PRD 95 (2017) 3, 036021  

D. Becirevic et al. NPB 946 (2019) 114707

O. Colangelo, F.DeFazio, JHEP 06 (2018) 082 
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Differential measurements: B→D*τν 
LHCb Physics with Upgrade II
arXiv:1808.08865

The broad resolutions for τ → μ demand very large 
samples to extract the underlying physics

B momentum determined with 
boost-approximation

Analyses using 3-prong hadronic τ decays, 
compared with τ → μ 

- better angular resolutions 

- lower statistics but better S/N

D. Hill et al.
JHEP11(2019)133

LHCb D* longitudinal polarization 
measurement in 2 q2 bin
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Differential measurements: Bq→Dq*μν 
● Good resolution of angular variables

● Assuming single massless neutrino
Boost approx

● Publication of unfolded q2 spectra

● dΓ(Λb → Λc μν)/dq2  PRD96 (2017) 112005
● dΓ(Bs → Ds*μν)/dq2  JHEP 12 (2020) 144

Update to a full angular analysis is ongoing 

provide info on the unfolded spectrum 

1.6/fb
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Unitarity Triangle sides: |Vub|/|Vcb|

S. Meinel at el. PRD 92 (2015) 3, 034503

● Update of Λb → p and Λc is ongoing: finite 
volume systematic will meet FLAG quality 
criteria  

HPQCD Phys.Rev.D 90 (2014) 054506

FNAL/MILC     Phys.Rev.D 100 (2019) 3, 034501

RBC/UKQCD  Phys.Rev.D 107 (2023) 11, 114512

A.Khodjamirian, A.Rusov JHEP 08 (2017) 112

Golden mode for Lattice

6.9k 6.4k

PRL 126 (2021) 081804Nature Physics 11 (2015) 743

S. Meinel arXiv:2309.01821
 

https://doi.org/10.1103/PhysRevLett.126.081804
https://doi.org/10.1038/nphys3415
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Prospects on Bs → K μ ν 

Largest systematics 
● MC statistics: requires larger MC samples    
● BF(Ds → K K π): reducible (planned in BESIII)
● Tracking: dominated by 2 additional tracks in 
the normalization channel

Analysis on the full Run2 dataset is 
ongoing

Expected signal yields:
● Low q2: 39’000 signal events 
● High q2: 36’000 signal events

The high statistics allows to 
perform analysis in more q2 bins
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Differential distribution

B → π l nu

● Measuring partial rate in more q2 bins

● Constrain the shape of the Form Factor f+(q2)

● Large uncertainties due to the 
extrapolation to the full q2 

With Run2 it should be possible to have 6-8 q2 
bins, studies are ongoing
 
(differential shape of Λb → p μν would allow to 
validate the FF shape predictions)

Bs → K l ν
It will be possible to perform global fits 
similar to what is done in HFLAV for B →π μν 

C. Bolognani et al. arXiv:2308.04347
A. Biswas et al. ArXiv:2212.02528
G. Martinelli et al. arXiv:2202.10285

HFLAV,  PRD107, 052008 

PRL 126 (2021) 081804

Global fits

https://doi.org/10.1103/PhysRevLett.126.081804
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B-hadron production fractions with SL decays

● With inclusive semileptonic decays, measuring

● Bs → Xc μν / B → (D0+D+) X μν

● Λb → Xc μν / B → (D0+D+) X μν

● Rely on equality of SL decay widths

Gambino, Bordone
ArXiv:2203.13107

● Using exclusive Bc → J/Ψ μν 

● Bc → J/Ψ μν / B → (D0+D+) X μν

● Uses calculations of Form Factors to 
determine BF(Bc → J/Ψ μν)

Production fraction of  Ξ+
b

  Ξ0
b  Ωb … ?

Requires: Form Factors, knowledge 
of absolute BFs of charm baryons 

PRD100 (2019) 031102(R) PRD100 (2019) 112006

I. Bigi et al
JHEP 09 (2011) 012
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Opportunities with baryons
● Already measured |Vub/Vcb|, R(Λc), dΓ(Λb → Λc μν)/dq2

● Expected 7.5M signal Λb → Λc μν (Λc  → pKπ) in Run1+Run2

● Ongoing:

1. Measurement of double differential rate as a function of q2  and 
cos(θlep), expect good sensitivity to Right Handed currents

2. Measurement of |Vcb| exploiting equality of partial ΓSL

3. Decays into excited states: 

M. Ferrillo et al.
JHEP 12 (2019) 148

Phys. Rev. D 96, 112005 (2017) Run1

Plenty of signal
Possibility to measure FFs and
branching fractions 
- crucial to bkg. constraint to R(Λc) 
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Study of Bs → Ds**μν 
● Clean samples of Bs → Ds1(2536)μν 

and Bs → Ds2(2537)μν

● Spectrum of excited L=1 Ds** states different with corresponding D** states
● Ds**  are all narrow: 

Ds1(2536)-→  D*0K+

22.6K

Ds2(2573)-→  D*0K+

14.3K
Non resonant (DK)

38.1K

13 TeV
1.67 fb-1

PRD100 2019, 031102

1.New path to understand puzzles in B→D**μν
2.SL decays into Ds0(2317) and Ds1(2460) can shed light on the 
nature of these states

➢  Precise measurements of exclusive Bs → Hcs**μν decays allows determination of hadronic 
moments of  Xcs in inclusive Bs → Xcs**μν using a Sum-of-Exclusive Modes

➢ Access to OPE parameters for Bs decays: improve predictions of Bs SL and total widths
➢ Similar approach done by CDF and DELPHI for B mesons Inclusive Bs 

@ Barolo SL WS

➢  Various ongoing analyses on Bs → Ds**μν
➢ FFs , relative BFs, R(Ds**)

https://indico.cern.ch/event/851900/contributions/4793315/
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What else? 
● Many other SL decays can be accessed with increasing statistics

● B → pp τν: promising LFU test in b→u transition in LHCb

– Expected 10K events at the end of Phase II (300 fb-1) 
– but theory is not developed yet

● B → KKμν(π): to constrain part of ss-popping in inclusive B → Xuμν 

I. Bigi  arXiv:1507.01842   
● B → μνγ, via B → μνγ* (γ* → e+e-)

– Gives information to leading moment of B-meson dispersion 
amplitude A. Bharucha et al. arXiv:2102.03193

– LHCb very stringent UL on B → μνμμ with m(μ+μ-) < 980 MeV

EPJC 79 (2019) 675
– Will cross check Belle II measurement

● Study more deply SL Bc decays 

– Measurement of |Vub|/|Vcb|, for factors, BFs, cc spectroscopy studies 
Colandego et al.
PRD 106 (2022) 9, 
094005
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What else? 
● Many other SL decays can be accessed with 

increasing statistics
● B → pp τν: promising LFU test in b→u transition in LHCb

● Expected 10K events at the end of Phase II (300 fb-1) 

● but theory is not developed yet (ever be?)
● B → μνγ, via B → μνγ* (γ* → e+e-)

● Gives precious information on B meson DA

JHEP 03 (2020) 14
6

EPJC 79 (2019) 675

B→ppμν

B→μμμν

● B → KKμν(π): to constrain part of ss contribution in 
inclusive B → Xuμν

● Semileptonic Bc decays: insight on cc  spectroscopy 

 

S.Kurten et al. PRD 107 (2023) 5, 053006 
M.Beneke et al. EPJC 81 (2021) 7, 638
C.Wang et al. JHEP 02 (2022) 141
A.Bharucha et al. arXiv:2102.03193
M.Ivanov, D, Melikhov PRD 105 (2022) 1, 014028, PRD 106 (2022) 11, 119901 

LHCb very stringent UL on 
B → μνμμ with m(μ+μ-) < 980 MeV

Colangelo et al. PRD 106 (2022) 9, 094005

https://doi.org/10.1007/JHEP03(2020)146
https://doi.org/10.1007/JHEP03(2020)146
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Conclusions

● Many ongoing analysis on full dataset
● Major focus: R(Hc) and full angular analysis of many different channels

● Statistics and detector performances foreseen in Run3-Run4 with Upgrade I is 
very promising

● huge statistics, higher signal efficiency, interesting opportunities with electrons
● Often systematics are limited by external inputs

– Crucial inputs from other experiments (BES III, Belle, Belle II)
– Crucial a close collaboration with theorists (both Continuum and Lattice)

● The motivation for a Upgrade II for SL decays is strong
● Very high precision on measurement of differential shapes for many b-hadrons 
● Significant contribution to ultimate precision on |Vub|, |Vcb|
● Unique program to study semitauonic decays
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Backup
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FLAG21

Update of Λb → p and Λb is ongoing: finite volume systematic will meet 
FLAG quality criteria!

… LQCD for Λb semileptonic decays 

https://inspirehep.net/literature/1971260
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Spectroscopy of (cd) and (cs)

Spectrum of excited Ds** states different with corresponding D** states
Courtesy of S. Klaver
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Similar effect for Bs → Ds* Comparison with LHCb data

HPQCD 21 HPQCD 23

https://inspirehep.net/literature/1864871
https://inspirehep.net/literature/2649580
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Summary

M. Jung
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Projections on R(Hc) measurements

arXiv:1808.08865

Physics case for an LHCb Upgrade II

9
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Projections on R(Hc) measurements

arXiv:1808.08865

o

o X = D

X = Λc

Physics case for an LHCb Upgrade II

x

Projections on other ongoing 
analyses in LHCb 
If the anomaly persists, crucial 
cross check with other decay 
modes

9

o

x

TO B
E 

IM
PROVED
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Run3 and beyond: b-hadron samples

From M.F.Sevilla talk at SM@LHC workshop
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B→Dℓν and |Vcb|
● In the SM the amplitude for B→Dℓν depends only from the 

Vector interaction term

● |Vcb| via measurement of differential decay width shape

● + Knowledge of BF(B→Dℓν) from external inputs

● + Points or parameters for form factor normalization using Lattice QCD

● Form factors parameterization:

● CLN: model dependent, unaccounted uncertainties

● BGL: less model assumptions

For light leptons
ℓ=e,μ

P. Gambino’s 
talk 29/5

Caprini, Lellouch, Neubert  Nucl. Phys. B530,153(1998)
Boyd, Grinstein, Lebed, Nucl.Phys.B462,493(1996)
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