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Road most travelled (to new physics)

226.09.2024

Vub, Vcb, LFU 
and angular 

analysis.



Road most travelled : The good, the bad and the ugly

326.09.2024

Abundant signal allowing 
for high precision.

Good control over 
theoretical uncertainties. 



Road most travelled : The good, the bad and the ugly

426.09.2024

Abundant signal allowing 
for high precision.

Good control over 
theoretical uncertainties. 

Missing neutrinos

Large and perfectly calibrated 
simulation samples



Road most travelled : The good, the bad and the “ugly”

526.09.2024

Abundant signal allowing 
for high precision.

Good control over 
theoretical uncertainties. 

Missing neutrinos

Require good 
knowledge bkg

(Most time-
consuming part)

Large and perfectly calibrated 
simulation samples



Road most travelled : The good, the bad and the “ugly”

626.09.2024

Conduct analyses not so sensitive 

to this, yet provide smoking-gun 

signal to NP?

Require good 
knowledge bkg

(Most time-
consuming part)



Road less travelled (to new physics)

726.09.2024

Tests of CKM 
unitarity, LFU and 
angular analysis.

CP violation



Types of CP violation

826.09.2024

CPV in mixing CPV in decay
* Not covered CPV 

in interference

Measurement of 𝑎𝑠𝑙
𝑞

 and prospects
➢Direct CPV in 𝐵 → 𝐷∗∗𝑙𝜈 

➢Triple product asymmetries in 𝐵 → 𝐷∗𝑙𝜈 



Measurement of 𝑎𝑠𝑙
𝑞

 and prospects
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CPV in mixing

1026.09.2024

CPV in mixing

New physics sensitive in the loop. 

Explore the flavour-specific decays 𝐵0 → 𝐷 ∗ −𝜇+𝑋 and 

𝐵𝑠
0 → 𝐷 ∗ −𝜇+𝑋 i.e. 𝜇 charge identifies B flavour at decay.

Explore asymmetry in untagged decays i.e. no need to 

determine the B flavour at production.

[M. Grabalso thesis]

≠

https://cds.cern.ch/record/1456804?ln=en


𝑎𝑠𝑙
𝑑 : Fit to for 𝐵0 and ത𝐵0 samples 

1126.09.2024

2D fit to charm mass and decay time for 𝐵0 and ത𝐵0 simultaneously

Apply corrections to decay time (acceptance, resolution and missing energy)

𝑃 𝜂𝑓𝑙𝑎𝑣 , 𝑡 ∝ 𝑃 𝜂𝑓𝑙𝑎𝑣 , 𝑡𝑡𝑟𝑢𝑒  ⊗ 𝑅 𝑡 − 𝑡𝑡𝑟𝑢𝑒  ⊗ 𝐹 𝑘 ⊗ 𝜖(𝑡)

[Phys. Rev. Lett. 114, 041601 (2015)]

https://arxiv.org/abs/1409.8586


𝑎𝑠𝑙
𝑑  extractions

1226.09.2024

𝐴𝑟𝑎𝑤 =
𝑁 𝑓, 𝑡 − 𝑁 ҧ𝑓, 𝑡

𝑁 𝑓, 𝑡 + 𝑁 ҧ𝑓, 𝑡
=

𝒂𝒔𝒍

2
1 − cos Δ𝑚𝑡 + [𝐴𝐷 + 𝐴𝑃 cos Δ𝑚𝑡 ]

Nuissance asymmetries (covered later)

𝐴𝐷 + 𝐴𝑃

2𝐴𝑃  − 𝑎𝑠𝑙

[Phys. Rev. Lett. 114, 041601 (2015)]

https://arxiv.org/abs/1409.8586


𝑎𝑠𝑙
𝑠 : Fit to for 𝐵𝑠

0 and ത𝐵𝑠
0

samples

1326.09.2024

Fit charm mass for 𝐵𝑠
0 and ത𝐵𝑠

0 decays simultaneously. 

Three measurements of varying bkg in 𝐷𝑠 → 𝐾+𝐾−𝜋− Dalitz plot. 

899 ×  103

413 ×  103

280 ×  103

[Phys. Rev. Lett. 117, 061803 (2016)]

https://arxiv.org/abs/1605.09768


𝑎𝑠𝑙
𝑠  with fast oscillations

1426.09.2024

∫ 𝐴𝑟𝑎𝑤 𝑡 𝑑𝑡 =
𝒂𝒔𝒍

2
1 − ∫ cos Δ𝑚𝑡 𝑑𝑡 + [𝐴𝐷 + 𝐴𝑃∫ cos Δ𝑚𝑡 𝑑𝑡]

Due to fast 𝐵𝑠
0 integral is almost zero 𝑂(10−3). 

Nuissance asymmetries (covered later)

[M. Grabalso thesis]

[JHEP 03 (2021) 137]

https://cds.cern.ch/record/1456804?ln=en
https://arxiv.org/abs/2011.12041


𝑎𝑠𝑙
𝑠  with bkg asymmetries

1526.09.2024

Nuissance asymmetries (covered later)

𝐴𝑟𝑎𝑤 =
𝒂𝒔𝒍

2
1 − ෍

𝑖∈𝑏𝑘𝑔

𝑓𝑖 + [𝐴𝐷 + ෍

𝑖∈𝑏𝑘𝑔

𝑓𝑖 𝐴𝑃
𝑖 ]

Bkg decays

෍

𝑖∈𝑏𝑘𝑔

𝑓𝑖 = 18 ± 6 %

෍

𝑖∈𝑏𝑘𝑔

𝑓𝑖 𝐴𝑃
𝑖 = −0.045 ± 0.033)%

[Phys. Rev. Lett. 117, 061803 (2016)]

https://arxiv.org/abs/1605.09768


Nuisance asymmetries

1626.09.2024

𝐴𝑟𝑎𝑤 =
𝑎𝑠𝑙

2
 1 − cos Δ𝑚𝑡 + [𝐴𝐷 + 𝐴𝑃 cos Δ𝑚𝑡 ]

𝐴𝐷 =
𝜖 (𝐵 → 𝑓)  − 𝜖( ത𝐵 → 𝑓)

𝜖 𝐵 → 𝑓 + 𝜖( ത𝐵 → 𝑓)

Production asymmetry

𝐴𝑃 =
𝜎(𝑝𝑝 → 𝐵 𝑋)  − 𝜎(𝑝𝑝 → ത𝐵𝑋)

𝜎 𝑝𝑝 → 𝐵 𝑋 + 𝜎(𝑝𝑝 → ത𝐵𝑋)

Detection asymmetry

p p



Production asymmetry

1726.09.2024

Measured for all B species as function of 𝑝𝑇 and 𝜂.

[Phys. Lett. B739 (2014) 218, Phys. Lett. B 774 (2017) 139-158]

𝐵0 𝐵𝑠
0

https://www.sciencedirect.com/science/article/pii/S037026931400728X?via%3Dihub
https://linkinghub.elsevier.com/retrieve/pii/S0370269317307219


Detection asymmetry

1826.09.2024

[Talk by Jacco Devries]

[Phys. Rev. Lett. 117, 061803 (2016)]

Kaon PID asymmetry

Pion track asymmetry

Muon trigger asymmetry

Well established data-driven methods to evaluate these effects!

https://cds.cern.ch/record/2154244
https://arxiv.org/abs/1605.09768


𝑎𝑠𝑙
𝑑  and 𝑎𝑠𝑙

𝑠  

1926.09.2024

➢Both results use LHCb Run I data.

➢Nuisance asymmetries dominate 

systematics but scale with sample 

size.
➢Full Run 2 updates in-progress:

➢50% reduction in 𝜎𝑠𝑡𝑎𝑡.

➢30% reduction in 𝜎𝑠𝑦𝑠𝑡.

𝑎𝑠𝑙
𝑑 = −0.02 ± 0.19 ± 0.30  %

𝑎𝑠𝑙
𝑠 = 0.39 ± 0.26 ± 0.20  %

[Phys. Rev. Lett. 114, 041601 (2015)]

[Phys. Rev. Lett. 117, 061803 (2016)]

https://arxiv.org/abs/1409.8586
https://arxiv.org/abs/1605.09768


New physics induced CPV in decay
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CPV in decay

2126.09.2024

Direct CP asymmetry (CP-odd):

Requires Δ𝜙 ≠ 0 and Δ𝛿 ≠ 0. 

𝐴𝐶𝑃
𝑑𝑖𝑟 ∝ sin Δ𝜙 sin(Δ𝛿)

Triple Product asymmetry (T-odd):

Maximal when Δ𝛿 = 0

𝐴𝑇−𝑜𝑑𝑑 ∝ sin Δ𝜙 cos Δ𝛿

𝐴𝑇−𝑜𝑑𝑑 =  𝑣𝑎. [𝑣𝑏 × 𝑣𝑐]

ҧ𝐴𝑇−𝑜𝑑𝑑 = 𝑣 ത𝑎. [𝑣ത𝑏 × 𝑣 ҧ𝑐]



Which specific decay channels?

2226.09.2024

Direct CP asymmetry (CP-odd):

Requires Δ𝜙 ≠ 0 and Δ𝛿 ≠ 0. 

𝐴𝐶𝑃
𝑑𝑖𝑟 ∝ sin Δ𝜙 sin(Δ𝛿)

Triple Product asymmetry (T-odd):

Maximal when Δ𝛿 = 0

𝐴𝑇−𝑜𝑑𝑑 ∝ sin Δ𝜙 cos Δ𝛿

[Y Grossman et al]

SL decays with excited charm(less) states

Mesons: 𝑩− → 𝑫∗∗𝟎 𝒍−𝝂 and B− → (𝜋+𝜋−) 𝑙−𝜈. 
Baryons: Λ𝑏

0 → Λ𝑐
∗+𝑙−𝜈 and Λ𝑏 → 𝑁∗𝑙−𝜈)

[D London et al]

SL decays with charm(less) states

Mesons: 𝑩𝟎 → 𝑫(∗)+ 𝒍−𝝂 and B0 → 𝜋+ 𝑙−𝜈, 

Baryons: Λ𝑏
0 → Λ𝑐

+𝑙−𝜈 and Λ𝑏 → 𝑝𝑙−𝜈)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.035022
https://link.springer.com/article/10.1007/JHEP05(2019)191


𝐴𝐶𝑃
𝑑𝑖𝑟 : Strong phase in 𝐵− → 𝐷∗∗𝜏𝜈

2326.09.2024

Various 𝑐 ത𝑢 resonances with same 𝐽𝑃 interfer to give strong phase Δ𝛿. 

Predicted spectrum of 𝑐 ത𝑢 resonances

[Guy's talk]

https://indico.cern.ch/event/1345421/contributions/6089528/


𝐴𝐶𝑃
𝑑𝑖𝑟 : Weak phase in 𝐵− → 𝐷∗∗𝜏𝜈

2426.09.2024

New physics with different Lorentz structures give rise to weak phase Δ𝜙. 

[Vlad’s talk]

https://indico.in2p3.fr/event/30476/


𝐴𝐶𝑃
𝑑𝑖𝑟 : Problems and Solutions

25

1 2 3 talk

F. 
Bernlochner
et al

F. Bernlochner et al

Problem 1 

➢Large uncertainties in BFs by B-factories 
[1,2,3] and now LHCb [Guy’s talk]. 

➢ Form factors not–so well known [F. 
Bernlochner et al].

→ Investigate observables insensitive to these 
effects e.g. corrected mass. 

Corrected mass [Units of energy]

https://arxiv.org/abs/0808.0333
https://inspirehep.net/literature/2512112
https://arxiv.org/abs/1803.06444
https://indico.cern.ch/event/1345421/contributions/6089528/
https://arxiv.org/abs/1711.03110
https://arxiv.org/abs/1711.03110


𝐴𝐶𝑃
𝑑𝑖𝑟 : Problems and Solutions

26

Problem 2 

➢Hard to disentangle 𝐵− → 𝐷∗∗𝜏𝜈 from bkgs. 

→ Don’t, bkg’s don’t exhibit no CP violation 
(highly suppressed). 

Corrected mass [Units of energy]

Signal:
• Semitauonic: 𝐵− → 𝐷∗∗𝜏𝜈
• Bkg double charm: 𝐵−,0 → 𝐷∗∗𝑋𝑐 → 𝜇𝑋 𝑋

Non-physics bkgs



𝐴𝐶𝑃
𝑑𝑖𝑟 : Problems and Solutions

27

Problem 3 

➢Require control over nuisance asymmetries.

→ Use control channel with same initial and 
final state to cancel the nuisance asymmetries.

Corrected mass [Units of energy]

Signal

Non-physics bkgs

Control channel: 
• Semimuonic: 𝐵− → 𝐷∗∗𝜇−𝜈

Measure 𝚫𝑨𝑪𝑷
𝒅𝒊𝒓 = 𝑨𝒓𝒂𝒘

𝒄𝒐𝒏𝒕𝒓𝒐𝒍 − 𝑨𝒓𝒂𝒘
𝒔𝒊𝒈𝒏𝒂𝒍

 in phase space bins.



(Preliminary) Sensitivity to Δ𝐴𝐶𝑃
𝑑𝑖𝑟

28

➢ With Run 2 and Run 3 data expect around 300k events (0.1% sel. Eff). 

➢ 𝚫𝑨𝑪𝑷 ≠ 𝟎 would be a smoking gun signal for NP!

|𝑔𝑉𝑅
| = 0.8 (1 + 𝑖)

𝐷1 and 𝐷2
∗ included. 



Triple products (TP) in 𝐵0 → 𝐷∗−𝜇𝜈

2926.09.2024

[D London et al]

Angular terms 𝐼𝑚 𝐴𝑖𝐴𝑗
∗  non-zero in two cases:

• Rel. strong phase only → fake CPV signal (≡ 0 in both SM and NP for these decays.)

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

Interested only in terms 𝐼𝑚 𝐴𝑖𝐴𝑗
∗  

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


Triple products (TP) in 𝐵0 → 𝐷∗−𝜇𝜈

3026.09.2024

[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 𝑁𝑖 events in 𝑖𝑡ℎ bin of [𝑞2, cos 𝜃𝐷 , cos 𝜃𝑙 ]

https://arxiv.org/abs/2304.00966


TP: Asymmetries in 𝐵0 → 𝐷∗−𝜇𝜈

3126.09.2024

SM NP: 𝑔𝑃𝑔𝑇
∗ = 0.1𝑖NP: 𝑔𝑅 = 0.1𝑖

Trend in one of the two functions: 𝐴(1)

Clear trends when weak phase is non-zero

[A Poluektov and Vlad Dedu]

https://arxiv.org/abs/2304.00966


TP: Fit and systematics

3226.09.2024

➢Perform 𝜒2 fit considering correlation b/w 
sin(𝜒) and sin(2𝜒). 

➢Signal and bkg discrimination from 3D fit: 
𝑞2, 𝑚𝑚𝑖𝑠𝑠

2  and 𝐸𝜇
∗.

➢Systematics:

• 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


TP: Expected sensitivity in 𝐵0 → 𝐷∗−𝜇𝜈 

3326.09.2024

➢Triple-product-like CP asymmetries (and P 
asymmetries) probed.

➢Run 2 data provides sensitivity to 𝐼𝑚(𝑔𝑅) 
and 𝐼𝑚 𝑔𝑃𝑔𝑇

∗ .  

➢Dominant systematic is due to detector 
misalignments.

➢Future work to extend this 𝐵0 → 𝐷∗−𝜏𝜈.

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

Central values are blinded. 

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


26.09.2024 34

Summary and conclusions

• CP symmetry in SL decays offers powerful null tests of the SM.

• Signal and bkg separation in LFU is replaced by established methods for 
handling nuisance asymmetries in CPV.

• Full Run 2 updates on CPV in mixing (𝑎𝑠𝑙) with SL decays on the way.

• Prospects to explore direct CPV in 𝐵 →  𝐷∗∗ 𝜏𝜈 decays with Run II and III 
data.

• Triple-product-like CP asymmetries in 𝐵 →  𝐷∗𝜇𝜈 studied including 
systematic effects. 

• Exciting new precision tests with SL decays ahead!
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Backup
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𝑎𝑙𝑠
𝑠  bkg fractions



26.09.2024 37

𝑎𝑠𝑙 systematics

𝑎𝑠𝑙
𝑑 𝑎𝑠𝑙

𝑠
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