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Paradise for SM precision tests
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Charged current: BF~ few %. 
Probing indirectly energy regions ~ 10 TeV. 

, !𝑢

Tree level decays perfect holiday 
destination? 

For neutral current: See talk by Zahra 
Ghorbanimoghaddam.

https://indico.cern.ch/event/1411765/contributions/6236111/


Trouble in paradise
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Charged current: BF~ few %. 
Probing indirectly energy regions ~ 10 TeV. 

, !𝑢

An island full of trouble…



Trouble in paradise
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Many descrepencies exist…



Trouble involving 3rd gen leptons (𝑏 → 𝑐𝜏𝜈)
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LFU trouble (exp): ~  3𝜎 tension LFU trouble (theory)

NP? Can indep. measurements beyond simple BF ratio confirm/refute it? 

[Talk by Judd Harrison]]

https://indico.cern.ch/event/1258750/contributions/5606234/attachments/2740989/4767883/Lattice_QCD_Predictions_for_Charged_Current_Decays.pdf


All good with the lighter leptons 𝑏 → 𝑥𝑙𝜈? No
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𝐴#$Vs longitudinal polarisation of 𝐷∗Long standing tension ~ 3	𝜎

Differential distribution b/w experiments and 
LQCD don’t agree!𝑪𝑲𝑴:	𝑽𝒙𝒃 obtained via inclusive (e.g. 𝑩 → 𝑿𝒄𝒍𝝂) do 

not match exclusive (e.g. 𝑩 → 𝑫∗𝒍𝝂).

[Talk by Guido Martinelli]

At what level can New Physics (NP) affect the interactions with light leptons?

https://indico.cern.ch/event/1478256/


Effective Hamiltonian 𝑏 → 𝑐𝑙𝜈
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SM vector left-handed

NP Vector right-handed

NP Scalar left-handed

NP Scalar right-handed

NP Tensor left-handed

Need to disentangle short distance (WCs) from long distance (hadronic form factor)!

*Assuming left-handed 𝜈. Five more for RH 𝜈 



What New Physics models?
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Vector boson (𝑊%) Charged Higgs (𝐻&)

Note: No single NP 
model can give rise 

to tensor alone!



Current bounds from global fits
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𝒃 → 𝒄𝝉𝝂 𝒃 → 𝒄𝝁𝝂 𝒃 → 𝒄𝒆𝝂

[KEK-TH-2464, JHEP 09 (2019) 103] [M. Jung, D. Straub]

Loose bounds on NP! NP can affect light leptons at per mille level!

Darker band: 68% CL
Lighter band: 95% CL

https://arxiv.org/abs/2210.10751
https://arxiv.org/abs/1904.09311
https://arxiv.org/abs/1801.01112


Challenges at LHC
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Large calibrated 
simulation 

samples

Reconstructing B 
rest frame with 

missing neutrinos

Degradation in 
resolution

Signal & bkg 
discremination

Large varied bkg 
knowledge required

Model 
independence



Challenges at LHC: B rest frame reconstruction
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𝒃 → 𝒄𝝁𝝂 𝒃 → 𝒄𝝉𝝂; 𝝉 → 𝝁	𝟐𝝂
𝐁𝑭 𝝉 → 𝝁	𝟐𝝂 ~	𝟏𝟕. 𝟒%

B mom. reconstructed with quadratic ambiguity B mom. reconstructed with rest frame approx.: 𝒑𝑩
∥ ∝ 𝒑𝒗𝒊𝒔

∥  

𝒃 → 𝒄𝝉𝝂; 𝝉 → 𝟑𝝅𝝂
𝐁𝑭 𝝉 → 𝟑𝝅	(𝝅𝟎) ~	𝟏𝟑. 𝟓%

B mom. reconstructed upto two 
quadratic ambiguities (4 solutions).

Use ML techniques (e.g. Gaussian Process 
regression) to break the ambiguities.

[Nucl. Instrum. Meth.A 569 (2006)
J. High Energ. Phys. (2017) 2017]

[Phys. Rev. D 97, 072013 (2018)]

[Phys. Rev. Lett. 115, 111803 (2015)]

https://inspirehep.net/literature/722452
https://arxiv.org/abs/1611.08522
https://arxiv.org/abs/1711.02505
https://arxiv.org/abs/1506.08614


Challenges at LHC: Resolution degradation
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Muonic tau: Large yield but worse resolution. 

Hadronic tau: Good resolution lower reco. efficiency

𝒃 → 𝒄𝝁𝝂

𝒃 → 𝒄𝝉𝝂; 𝝉 → 𝝁	𝟐𝝂
[JHEP 11 (2019) 133]

𝒃 → 𝒄𝝉𝝂; 𝝉 → 𝝅!𝝅"𝝅" 𝝅𝟎 𝝂

[LHCB-PUB-2018-009]

https://inspirehep.net/literature/1749328
https://arxiv.org/abs/1808.08865


Challenges at LHC: Large backgrounds
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𝒃 → 𝒄𝝉𝝂; 𝝉 → 𝝅/𝝅0𝝅0 𝝅𝟎 𝝂𝒃 → 𝒄𝝉𝝂; 𝝉 → 𝝁	𝟐𝝂

Our signal! 
Requires excellent 

control over the 
backgrounds!

[Phys. Rev. Lett. 131 (2023) 111802] [Phys. Rev. D108 (2023) 012018]

https://arxiv.org/abs/2302.02886
https://arxiv.org/abs/2305.01463


Challenges at LHC: Which bkgs for muonic 𝜏?
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Feed down bkg: 
!𝑩 → 𝑫∗∗(→ 𝑫(∗)𝝅2)	𝒍2𝝂

Double charm bkg:

Ø Reduce bkg from isolation and particle ID. 
Ø Residual bkg knowledge via data-driven studies!

MisID bkg:
 !𝑩 → 𝑫(∗)𝝅2	𝒘𝒊𝒕𝒉	𝝅2 	→ 𝝁2

Signal: 
!𝑩 → 𝑫∗𝝉2𝝂

*Unreconstructed particles *Unreconstructed particles

!𝑩 → 𝑫(∗)𝑫 → 𝒍2𝑿 𝑲



Challenges at LHC: Which bkgs for hadronic 𝜏?
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Double charm: 
!𝑩 → 𝑫∗𝑫𝒔2𝝂c

Ø Reduce prompt bkg where 𝜏0 vertex 
downstream of B. 

Ø Residual bkg knowledge via data-driven studies!

𝚫𝒛 > 𝟒𝝈𝚫𝒛

Prompt bkg: 
!𝑩 → 𝑫∗𝟑𝝅𝑿

Signal: 
!𝑩 → 𝑫∗𝝉2𝝂



Challenges at LHC: Signal & bkg discrimination
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Beautiful peaks for fully 
reconstructed B decays!

[Phys. Rev. D 98 (2018) 032004] [Nature Phys. 11 (2015) 743-747]

No peaks, continuum distributions 
with missing neutrinos!

https://cds.cern.ch/record/2318785
https://cds.cern.ch/record/2007377


Challenges at LHC: Signal & bkg discrimination
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3D template fit to 𝒒𝟐, 
𝒎𝒎𝒊𝒔𝒔
𝟐  and 𝑬𝒍∗. 

3D fit to 𝒒𝟐, anti-𝑫𝒔/ BDT 
output and 𝝉 lifetime.

1D fit to corrected mass 
fits in phase space bins

𝒃 → 𝒄𝝉𝝂;𝑯𝒂𝒅𝒓𝒐𝒏𝒊𝒄	𝝉𝒃 → 𝒄𝝉𝝂;𝑴𝒖𝒐𝒏𝒊𝒄	𝝉𝒃 → 𝒄𝒍𝝂; 𝒍𝒊𝒈𝒉𝒕	𝒍𝒆𝒑𝒕𝒐𝒏𝒔



Analysis covered
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Ø𝑫∗ polarisation in 𝑩	 → 𝑫∗𝝉𝝂
ØAngular coefficients with 𝑩	 → 𝑫∗𝝉𝝂
ØWilson coefficients with 𝑩	 → 𝑫∗𝝉𝝂
ØCP-odd observables with 𝑩	 → 𝑫∗𝝁𝝂
ØAngular analysis of 𝚲𝐛 → 𝚲𝐜𝝁𝝂



𝐷∗ polarization in /𝐵$ → 𝐷∗%𝜏&�̅�'

19HQL 2023

ØUse Run 1 (	3	𝑓𝑏06) and partial Run 2 (2	𝑓𝑏06). 
ØNP can strongly affect 𝐹78

∗(𝑞9) even if LFU 
ratios align with SM predictions. 

[LHCb-PAPER-2023-020]
(Accepted by PRD)

𝐶(!

𝐶("

𝑆𝑀𝐹 $%
∗

[Phys. Rev. D 95 (2017) 115038]

𝑎;! ∝ 𝑁<=>?@ABCDEF 𝑐;! ∝ 𝑁>?@ABCDEF

https://cds.cern.ch/record/2880434/files/2311.05224.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.115038


Fit for 𝐹()
∗  

20HQL 2023

ØMeasure 𝐹)*
∗ in two 𝑞+ bins: ≶

7	𝐺𝑒𝑉+.
ØData-driven correction to the cos(𝜃*) 

for double charm ( 7𝐵, → 𝐷∗.𝐷	(→
3𝜋±)	𝑋).

Ø4D template fit to 𝑞+, cos(𝜃*), anti-𝐷0. 
BDT output and 𝜏 lifetime.

[LHCb-PAPER-2023-020]
(Accepted by PRD)

https://cds.cern.ch/record/2880434/files/2311.05224.pdf


𝐹()
∗  results 

21HQL 2023

[LHCb-PAPER-2023-020]
(Accepted by PRD)

Major systematics

ØSimulation sample size and 
modelling signal and bkg. 

→ Compatible with both SM and 
previous Belle measurement

https://cds.cern.ch/record/2880434/files/2311.05224.pdf


Angular coefficients in 𝐵 → 𝐷∗𝑙𝜈
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Fit for 12 angular coefficients which are model-independent and integrated over 𝑞9

[JHEP 11 (2019) 133]

Ongoing analysis with  𝑩	 → 𝑫∗𝝁(𝒆)𝝂 (to be published next year) and plans with 𝑩	 → 𝑫∗𝝉𝝂! 

https://inspirehep.net/literature/1749328


Wilson coefficients in 𝐵 → 𝐷∗𝑙𝜈
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Ø Another model-independent 
approach is to fit for WC directly. 

Ø Template fit to 5D distributions (3 
angles, dilepton spectrum and 
missing mass). 

Ø Simulations are weighted to NP 
scenario at each minimisation step 
using HAMMER.

Ø Hadronic form factor parameters 
also fitted simultaneously in three 
different parametrisations. 

Ongoing analysis with 𝑩	 → 𝑫∗𝝁𝝂 (to be published next year) and plans with 𝑩	 → 𝑫∗𝝉𝝂! 

Talk by Lucia Grillo
Results of toy fits. 

https://inspirehep.net/literature/1778343
https://indico.cern.ch/event/1345421/contributions/6040154/


CP-odd observables in 𝐵$ → 𝐷∗&𝜇𝜈
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[D London et al]

𝐼𝑚 𝐴)𝐴*∗  non-zero when:
• Rel. strong phase only → fake CPV (≡ 0 in both SM and NP)

• Rel. weak phase only → true CPV (≡ 0 in SM but ≠ 𝟎 in NP).

SM

𝒈𝑷𝒈𝑻∗ = 𝟎. 𝟏𝒊

https://link.springer.com/article/10.1007/JHEP05(2019)191


CP-odd sensitivity in 𝐵$ → 𝐷∗&𝜇𝜈 
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Dominant syst due to detector misalignments.

[A Poluektov and Vlad Dedu and Vlad’s thesis]

Central values are blinded. 

Ongoing analysis planned to be published next year!

https://arxiv.org/abs/2304.00966
https://indico.in2p3.fr/event/30476/


b-baryons
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Ø 57k Λ4’s per sec at LHCb in Run 3 @ peak luminosity!
Ø Different spin structure: Sensitive to different Lorentz operators 

compared to pseudo scalar decays.

b-baryon decays

𝚲𝐜!
𝝁+

𝚲𝐜!
𝝁+



Sensitivity on WC with Λ*$ → Λ+%𝜇&�̅�,
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Planned to be published 
next year!

[JHEP 12 (2019) 148]

Model efficiency and 
resolution on 𝑞9 and angular 

observable explicitly and 
publish data differential 

distributions. 

https://arxiv.org/abs/1909.04608
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Summary and conclusions

• Presented the EFT framework in 𝑏 → 𝑐	𝑙	𝜈 decays. 
• Presented the various challenged related to these measurements.
• Discussed recently published result on 𝐷∗ polarisation in 𝐵 → 𝐷∗𝜏𝜈. 
• Angular analysis of light leptons to come soon.
• Angular analysis with 𝜏 leptons are ongoing. 
•Many other analysis with 𝑏 → 𝑢	𝑙	𝜈 ongoing but not discussed here. 
• Exciting new precision tests with SL decays ahead!
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Summary and conclusions



Competing facilities

30HQL 2023

ØElectron-positron colliders.
Ø𝑶 𝟏𝟎𝟗 	𝐵K// mesons produced. 
Øb-mesons produced with fixed CoM.
ØB rest frame reconstructed with high 

precision even with missing neutrinos.

ØProton-proton colliders. 

Ø𝑶 𝟏𝟎𝟏𝟐 	𝐵 D
K//, ΛN, ΞN hadrons produced.

ØProduced predominantly via gluon fusion.
ØB rest frame approximated: Thanks for 

highly boosted B and good separation 
from primary vertex.

US + Japan Switzerland



Challenges at LHC: Large simulation samples
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ØLimited simulation sample size often form 
dominant systematic. But why? 

ØData:
o In Run 3, a signal event (𝐵	 → 𝐷∗𝜏𝜈) 

occurs every 1.7	×10A bunch crossings. 
o These many bunch crossings occur at 

LHC every 0.6 seconds.
ØMC: Compare this to time taken to simulate 

a signal event ~ 1 – 2 min. 
ØNeed fast simulation techniques!

E.g. Tracker only MC



Contraints on 𝑏 → 𝑐𝜏𝜈
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Triple products (TP) in 𝐵$ → 𝐷∗&𝜇𝜈
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[A Poluektov and Vlad Dedu]

Unbinned true observables Binned reconstructed observables

Extract the two angular functions (𝑷𝒐𝒅𝒅
𝟏  and 𝑷𝒐𝒅𝒅

𝟐 ) from total PDF

Sum all 𝑁! events in 𝑖"# bin of [𝑞$, cos 𝜃% , cos 𝜃& ]

https://arxiv.org/abs/2304.00966


TP: Fit and systematics
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ØPerform 𝜒9 fit considering correlation b/w 
sin(𝜒) and sin(2𝜒). 

ØSignal and bkg discrimination from 3D fit: 
𝑞9, 𝑚QCDD

9  and 𝐸R∗.
ØSystematics:
• CP asymmetry: Non-physics bkg. 
• Instrumental effects (e.g., tracking 

system misalignment)
• Non-uniform reconstruction efficiency. 

Misalignment of velo modules → Bias in 
vertex position → Bias in sin(𝜒)

[A Poluektov and Vlad Dedu]

https://arxiv.org/abs/2304.00966

