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|Vub| and |Vcb|
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- |Vub| and |Vcb| represent a long-standing puzzle.

• Complementary methods yield inconsistent results. 

• Limits their precision. 

- We need to know |Vub| and |Vcb| precisely to constraint the Unitary Triangle of the CKM matrix.

    
Alexandre Brea

[ CKMfitter Group, global CLM fit (2023) ]

[ CKMfitter Group, global CLM fit (2023) ] 
- CKM Matrix elements are fundamental SM parameters:
Precise determinations are important

http://ckmfitter.in2p3.fr/www/results/plots_spring21/ckm_res_spring21.html
http://ckmfitter.in2p3.fr/www/results/plots_summer23/ckm_res_summer23.html


Alexandre Brea

Determining the |Vub| and |Vcb| matrix elements
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- Usually, done with semileptonic decays Xb → Xc,u l 𝝂

• Theoretically clean
(only one hadronic current).

• Experimentally feasible
(large enough BFs).

- Leptonic B -> l 𝜈 decays are theoretically simpler, 
but experimentally much harder.

• Only one signal track (or 𝜏 decay)  and small BFs.

    

- Described by form factors (FFs):

• Functions of q2 = ( pμ + pν )2

• Calculated with num-methods:
LCSR (small q2) or LQCD (high q2) 

Leptonic 
current

Hadronic 
current

V{c,u}b



Two complementary methods to determine |Vub| and |Vcb| 
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- Exclusive and inclusive semileptonic Xb → Xc,u l 𝜈 decays.

➢ Largely theoretically and experimentally independent.

    

[Phys. Rev. D 107, 052008 (2023)] 

• Long-standing tension (~3 σ).

• Limits the precision of SM tests and sensitivity to NP.

Alexandre Brea

Semileptonic Decays: Some Ingredients

𝒎corr 𝑿𝒃 = 𝒎 𝑿𝒒𝒍
𝟐
+ 𝒑⊥ 𝑿𝒒𝒍

𝟐
+ 𝒑⊥ 𝑿𝒒𝒍

- Determining q2 up to a two-fold ambiguity.

• Degraded q2 resolution.
• Unfolding required to obtain the true q2.

    

[ Phys. Rev. Lett. 80:660-665,(1998) ] 

https://arxiv.org/pdf/2206.07501
https://doi.org/10.1103/PhysRevLett.80.660


Measuring |Vub| and |Vcb| at LHCb
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- At LHCb, exclusive semileptonic decays can be measured (inclusive semileptonic decays 
are measured at the B factories) → Largely theoretically and experimentally independent.
    

PROS 

• Large samples of B mesons, as well as 

heavier b hadrons, including 𝑩𝒔
𝟎

, 𝑩𝒄
+ and 𝜦𝒃

𝟎.

CONS

• Hadronic environment, unreconstructed 𝜈
→ Large backgrounds.

• The 𝒃ഥ𝒃 production rate cannot be 

determined precisely -> large uncertainty
      of measured BFs.
    

[Int. J. Mod. Phys. A 30 (2015), 1530022 ] 

Alexandre Brea

- Normalisation decays used to cancel 𝒃ഥ𝒃 -
production uncertainties → External inputs: e.g. 
normalization BFs, fragmentation fractions etc.
    

https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227


LHCb Results



Measurement of |Vcb| from the 𝑩𝒔
𝟎 → 𝑫𝒔

∗ −
𝝁+𝝂𝝁
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[ Phys. Rev. D 101 (2020) ] - First |Vcb| extraction from a 𝑩𝒔
𝟎 decay. 

- Dataset: 1 fb-1 @ 𝑠 = 7 TeV and 2 fb-1 @ 𝑠 = 8 TeV (Run1), Normalisation: 𝐵0 → 𝐷 ∗ −𝜇+𝜈𝜇

- |Vcb|CLN = (41.4 ± 0.6 (stat) ± 0.9 (syst) ± 1.2 (ext)) x 10-3

- |Vcb|BGL = (42.3 ± 0.8 (stat) ± 0.9 (syst) ± 1.2 (ext)) x 10-3

- CLN and BGL extraction compatible
- Agree with previous exclusive and

inclusive determinations

x = [w] for 𝑩𝒔
𝟎 → 𝑫𝒔

− 𝝁+𝝂𝝁
x = [w,𝜃𝐷, 𝜃𝝁, 𝜒] for 𝑩𝒔

𝟎 → 𝑫𝒔
∗− 𝝁+𝝂𝝁

|Vcb| and FFs

𝑁sig
∗
=

𝑁norm
∗

𝐵𝐹norm
×
𝑓𝑠
𝑓𝑑
× BF 𝐷𝑠

− → 𝐾+𝐾−π− × τ𝐵𝑠0 × 𝑅ϵ ×න
𝑑Γ 𝐵𝑠

0 → 𝐷𝑠
∗ −μ+νμ

𝑑𝑥
𝑑𝑥

Product derived from LHCb measurement

[PRD 100 (2019)]

Normalisation BFs

[PRD 98 (2018)]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004
https://www.sciencedirect.com/science/article/abs/pii/S0550321398003502?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.4603
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.030001


Measurement of |Vub| from the 𝜦𝒃
𝟎 → 𝒑 𝝁−ത𝝂µ
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[ Nature Physics 11 (2015) ] 

Signal Fit

Normalisation Fit

0

- First 𝜦𝒃
𝟎 → 𝒑𝝁−ഥ𝝂µ observation and |Vub| extraction from baryonic decay.

Dataset: 2 fb-1 @ 𝑠 = 8 TeV (Run1, 2012), Norm: 𝜦𝒃
𝟎 → 𝜦𝒄

+ 𝝁−ഥ𝝂µ (𝜦𝒄
+→ 𝒑𝑲−𝝅+)

Extracting |Vub| from the BF ratio:

P. Owen, Implications workshop 2015

Largest uncertainty from LQCD 
calculations (σFF/|Vub|) ~5% 

Largest external uncertainty
from 𝐵𝐹𝜦𝒄+ → 𝒑𝑲−𝝅+ ~5% 

[Phys. Rev. D 92 (2015)]

[Phys. Rev. Lett. 113 (2014)]

FFs with LQCD @ high q2

Exclusive |Vcb| world average

FFs with LQCD @ high q2

Exclusive |Vcb| world average
BF 𝛬𝑐

+→ 𝑝 𝐾− 𝜋+ by Belle

-> Measured in the high q2 region

|Vub|=(3.27±0.15 (stat)±0.16 (LQCD)±0.06 (|Vcb|)) x 10-3

Agrees with exclusively measured average [arXiv:1412.7515]

Disagrees (3.5 σ) with inclusively measured average

https://www.nature.com/articles/nphys3415
https://cds.cern.ch/record/2104018/files/LHCb-TALK-2015-309.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034503
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.042002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034503
https://pdg.lbl.gov/2015/download/rpp2014-Chin.Phys.C.38.090001.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034503
https://pdg.lbl.gov/2015/download/rpp2014-Chin.Phys.C.38.090001.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.042002
https://arxiv.org/abs/1412.7515


Measurement of |Vub|/|Vcb| from the 𝑩𝒔
𝟎→ 𝑲−𝝁+𝝂𝝁
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[ Phys. Rev. Lett. 126 (2021) ] 

First 𝑩𝒔
𝟎→ 𝑲−𝝁+𝝂𝝁 observation, |Vub| extraction from a 𝑩𝒔

𝟎 decay

Dataset: 2 fb-1 @ 𝑠 = 8 TeV Run1 (2012)

Normalisation: 𝑩𝒔
𝟎→ 𝑫𝒔

− 𝝁+𝝂𝝁 with 𝑫𝒔
− → 𝑲+𝑲−𝝅−

Extracting |Vub|/|Vcb| from the BF ratio (measured in two q2 bins)

q2 < 7 GeV2/c4 :

|Vub|/|Vcb|= 0.0607 ± 0.015 (stat) ± 0.0012 (syst) ± 0.0008 (Ds) ± 0.0030 (FF)

q2 > 7 GeV2/c4 : 

|Vub|/|Vcb|= 0.0946 ± 0.030 (stat)   −0.0025
+ 0.0024

(syst) ± 0.0013 (Ds) ± 0.0068 (FF)

Tension driven by the difference in the FF calculations

Dominant uncertainties from FF calculations:
- Low  q2: σ/(|Vub|/|Vcb|) ~ 5 %        [ JHEP 2017, 112 (2017) ]

- High q2: σ/(|Vub|/|Vcb|) ~ 7 % [ Phys. Rev. D 100, 034501 (2019) ]

[External BF measurement]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.081804
https://link.springer.com/article/10.1007/JHEP08(2017)112
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.034501
https://doi.org/10.1093/ptep/ptaa104


Summary of LHCb |Vub| and |Vcb| results
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[ PRL 126, 081804 ] 

Nature Physics 11 (2015) 

arXiv:1909.12524

[ Nature Physics 11 (2015) ]
Updated with average

BF (𝜦𝒄
+→ 𝒑𝑲−𝝅+)

[ arXiv:1909.12524, (2021)]

Exclusive & inclusive measurements 
in the (|Vcb| , |Vub| ) plane

Exclusive & inclusive Vcb

Plot taken from this talk by M. de Cian, FPCP (2021)

[Phys. Rev. D 101  (2020)] 
updated with latest fs /fd

[Phys. Rev. D 104  (2021)]

𝑩𝒔
𝟎 → 𝑫𝒔

∗ −
𝝁+𝝂𝝁

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.081804
https://www.nature.com/articles/nphys3415
https://arxiv.org/abs/1909.12524
https://cds.cern.ch/record/2772327/files/shanghai%2007.06.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032005


LHCb Prospects



Future measurements at LHCb
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Tentative publication date Decay ChannelObservable

𝚲 → 𝒑 𝝁−ഥ𝝂µ Early next year|Vus|

|Vub|

|Vub|, |Vcb|

Early next year

Late next year

Late next year

-

𝑩𝒔
𝟎→ 𝑲−𝝁+𝝂𝝁

𝑩+ → 𝝆𝟎𝝁+𝝂𝝁

𝚲𝒃
𝟎 → 𝚲𝒄

+ 𝝁−ഥ𝝂µ

𝑩(𝒄)
+ → 𝝉+𝝂𝝉

→ First determination of the | Vcb| from a baryonic semileptonic decay

→ Expecting a ~ 5-6 times higher signal yield wrt. to Run 1

→ Expecting > 50 times higher signal yield wrt. to Belle

|Vub|

|Vcb|

|Vub|/|Vcb| 𝑩𝒄
+→ 𝑫 ∗ 𝟎𝝁+𝝂𝝁

→ First CKM matrix element determined from 𝐵𝑐
+ system

Late next year



Vus (Cabbibo Anomaly)
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- Strangeness changing SL decays can provide the
most sensitive test of the unitarity of the CKM matrix
(since |Vub|2 is almost negligible) through the relation

|Vud|2 + |Vus|
2 + |Vub|2 = 1

- The experimental result is:

|Vud|2 + |Vus|
2 + |Vub|2 = 0.9985 ± 0.0007

Showing a 2.2𝜎 tension with the expected
unitarity in the first CKM row.

- 3𝜎 discrepancy in Vus measurements in leptonic (𝐾𝜇2) and semileptonic (𝐾𝑙3) kaon decays. 

Can hint towards two potential scenarios: 
• Existence of physics beyond the SM 
• Significant, yet unidentified, systematic effect within the SM itself.

Alexandre Brea
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[ J. High Energ. Phys. 2019, 48 (2019) ]
[ J. Phys. Conf. Ser. 1526 012022 (2020) ]

44K pre-selected signal events → ~1.5 % stat. unc.
Dominated by systematic uncertainties 
Publication expected early next year 

Dataset: 5.4 fb-1 @ 𝑠 = 13 TeV (Run2), Norm. : 𝚲 → 𝒑 𝝅−

𝜩− → 𝚲 𝝁−ഥ𝝂µ proposed as the next natural step
[ LHCB-FIGURE-2019-006 ]

[ Phys. Rev. Lett. 114 no. 16, (2015) ]

- Clean theoretical prediction for the decay rate (going to order δ2) 

- Best branching ratio measurement from BESIII (2021):
ℬ ( Λ → 𝑝 𝜇− ҧ𝜈µ) = (1.48 ± 0.21) x 10-4 (14.19 % Uncertainty)

Δ = 𝑀1 −𝑀2

δ =
𝑀1 −𝑀2

𝑀1

𝑓1 0 = ℎ𝑦𝑝𝑒𝑟𝑜𝑛 𝑣𝑒𝑐𝑡𝑜𝑟 𝑐ℎ𝑎𝑟𝑔𝑒

𝑔1 0 = ℎ𝑦𝑝𝑒𝑟𝑜𝑛 𝑎𝑥𝑖𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑒

𝚲 → 𝒑 𝝁−ത𝝂µ

- |Vus| can be extracted from the BF
- Adding hyperons results to the puzzle 

https://link.springer.com/article/10.1007/JHEP05(2019)048
https://iopscience.iop.org/article/10.1088/1742-6596/1526/1/012022
https://cds.cern.ch/record/2688792
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.161802


𝑩+ → 𝝆𝟎(𝝅+𝝅−)𝝁+𝝂𝝁
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[ M. Calvi Slides (2024) ]

Experiment BR (10-4) Stat. (10-4) Syst. (10-4)

BaBar 1

Belle 2

Belle2 3

1.00

1.83

1.625

0.10

0.10

0.079

0.17

0.10

0.18
364 fb-1 preliminary

1. [Phys. Rev. D 83, 032007 (2011)]

2. [Phys. Rev. D 88, 032005 (2013)]

3. [arXiv:2407.17403(2024)]

- Large discrepancy between BaBar and Belle/Belle2.
• A new, precise measurement from LHCb will 

help to solve the tension.
• Large LHCb data sample → precise determination 

of the differential decay rate and |Vub|.

- Signal yield extracted from a 2D template fit to
𝑚𝒄𝒐𝒓𝒓 and 𝑚𝜋𝜋 in O(10) non-uniform q2 bins.

- Prospects:
• Expected statistical sensitivity on BF per q2 bin 

O(5%-6%), using 2018 data (~ 2fb-1 ).
• Systematic uncertainty O(5%-9%), dominated by 

uncertainty on 𝑚𝜋𝜋 shape of the non-resonant 
component. External systematic uncertainty 4.2%.

𝑩+ → ഥ𝑫𝟎(𝝅+𝝅−𝑿𝟎)𝝁+𝝂𝝁 (𝑿)

𝑩+ → 𝝅+𝝅−𝝁+𝝂𝝁 (with non-resonant 𝜋+𝜋−) 

𝑩+,𝟎 → 𝑿𝒖 𝝁
+𝝂𝝁 (varius charmless semileptonic decays)

- Main Backgrounds:

https://indico.cern.ch/event/1345421/contributions/6103176/attachments/2935239/5155340/MCalvi_Vub.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.032007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.032005
https://arxiv.org/abs/2407.17403
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𝑩𝒔
𝟎→ 𝑲−𝝁+𝝂𝝁

New 𝑩𝒔
𝟎→ 𝑲−𝝁+𝝂𝝁 analysis with Run2 data ongoing. (2016-2018)

Larger data set (~5x) of data → binned BF in O(10) q2 bins.

Aim a measurement of |Vub| independent of |Vcb|. 

[ M. Calvi Slides (2024) ]

fs/fd = 0.2539 ± 0.079

1.9 % from Norm BF
3.1 % from fs/fd

Normalisation:
𝑩− → 𝑱/𝚿(𝝁+𝝁−) 𝑲−

(well known decay mode)

Signal Fit
Maximum-likelihood fit in HistFactory framework

Simultaneous in O(10) q2 bins and three years

FF determination:
➢ Several FF schemes available to describe signal shape.

➢ Baseline FF not defined yet (FLAG24 average?)

• Could provide results with different options
• Dependence of fitted signal yields with FF reduced using 

high number of bins.
• Dependence of signal eff. per bin on FF to be determined

➢ Same FF scheme used to fit 
𝑑𝐵

𝑑𝑞2
and determine |𝑉𝑢𝑏|

𝒅𝑩

𝒅𝒒𝟐
=

𝒅𝜞𝒔𝒊𝒈
𝟎

𝒅𝒒𝟐
|𝑽𝒖𝒃|

𝟐𝝉𝑩

∆ℬ𝑖 =
𝑁𝑠𝑖𝑔,𝑖

𝑁𝑛𝑜𝑟𝑚

𝜖𝑛𝑜𝑟𝑚
𝜖𝑠𝑖𝑔

𝑓𝑢
𝑓𝑠
ℬ𝑛𝑜𝑟𝑚

→

https://indico.cern.ch/event/1345421/contributions/6103176/attachments/2935239/5155340/MCalvi_Vub.pdf


𝑩(𝒄)
+ → 𝝉+𝝂𝝉
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• b → c 𝝉 𝝂 transition (𝑅D , 𝑅D∗ , 𝑅J/ Ψ), but in annihilation diagram form.

• Fully leptonic final state: Very beneficial for theory predictions, relevant dependence on Vcb

• At this moment, just LHCb can do it.

𝑩𝒄
+ → 𝝉+𝝂𝝉  

𝑩+ → 𝝉+𝝂𝝉

• This pure leptonic B decay allows for precise SM tests.

• Much larger BF (helicity suppression)

• Clean experimental determination of Vub , test BSM models.

𝓑 𝑩+ → 𝝉+𝝂 =
𝑮𝑭
𝟐 𝒎𝑩

𝟖𝝅
𝒎𝝉

𝟐 𝟏 −
𝒎𝝉

𝟐

𝒎𝑩
𝟐

𝟐

𝒇𝒃
𝟐 𝑽𝒖𝒃

𝟐𝝉𝑩

𝓑 𝑩+ → 𝝉+𝝂 = 𝟏. 𝟎𝟗 ± 𝟎. 𝟐𝟒 × 𝟏𝟎−𝟒

TV

SV

PV
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• PV
• SV True
• SV 𝜏 lifetime
• TV - Valid cluster found for ~50% of events.

- Resolution comparable to using TRUE SV
- The main challenge will be the low signal purity
- Currently working on ML to remove comb. Bkg.

Feasibility in progress

Kinematic Strategy for predicting SV (Run 2 Data)

Searching for hits in the Vertex Locator (Run 3)

Using heavy flavour tracking

• Look for hits between PV and SV.

• Have better B-hadron direction estimate, 
➢ better corrected mass.

• Having hits is a distinguishing feature itself.

• Trade efficiency for much-needed purity.

Image by Maarten van VeghelFeasibility in progress

𝑩(𝒄)
+ → 𝝉+𝝂𝝉  



Conclusion and outlook
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- LHCb has measured |Vub| and |Vcb| from new exclusive channels involving 

𝜦𝒃
𝟎 baryons and 𝑩𝒔

𝟎 mesons

• Constraining the Unitary Triangle of the CKM matrix.
• Providing complementary information to understand the long-standing tension between the 

exclusive and inclusive determinations.

- More LHCb measurements next year:
• Larger signal samples (reducing statistical and systematic uncertainties)
• Measuring new semileptonic channels
• Improving |Vub| precision from 𝑩𝒔

𝟎→ 𝑲−𝝁+𝝂𝝁 through a differential measurement.

• Addressing the Cabibbo anomaly with a SHD (|Vus| ) measurement.

- Exciting ideas for the future:
• Aiming to measure 𝑩𝒄

+ → 𝝉+𝝂𝝉 for the first time and also 𝑩+ → 𝝉+𝝂𝝉



Thank you!



Back Up



Measurement of 

|Vcb| from the 

𝑩𝒔
𝟎 → 𝑫𝒔

∗ −
𝝁+𝝂𝝁



Measurement of |Vcb| from the 𝑩𝒔
𝟎 → 𝑫𝒔

∗ −
𝝁+𝝂𝝁
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[ Phys. Rev. D 101 (2020) ] - First |Vcb| extraction from a 𝑩𝒔
𝟎 decay. 

- Dataset: 1 fb-1 @ 𝑠 = 7 TeV and 2 fb-1 @ 𝑠 = 8 TeV (Run1), Normalisation: 𝐵0 → 𝐷 ∗ −𝜇+𝜈𝜇

- |Vcb|CLN = (41.4 ± 0.6 (stat) ± 0.9 (syst) ± 1.2 (ext)) x 10-3

- |Vcb|BGL = (42.3 ± 0.8 (stat) ± 0.9 (syst) ± 1.2 (ext)) x 10-3

- CLN and BGL extraction compatible
- Agree with previous exclusive and

inclusive determinations

x = [w] for 𝑩𝒔
𝟎 → 𝑫𝒔

− 𝝁+𝝂𝝁
x = [w,𝜃𝐷, 𝜃𝝁, 𝜒] for 𝑩𝒔

𝟎 → 𝑫𝒔
∗− 𝝁+𝝂𝝁

|Vcb| and FFs

Product derived from

LHCb measurement
[PRD 100 (2019)]

Normalisation BFs

[PRD 98 (2018)]

𝑁sig
∗
=

𝑁norm
∗

𝐵𝐹norm
×
𝑓𝑠
𝑓𝑑
× BF 𝐷𝑠

− → 𝐾+𝐾−π− × τ𝐵𝑠0 × 𝑅ϵ ×න
𝑑Γ 𝐵𝑠

0 → 𝐷𝑠
∗ −μ+νμ

𝑑𝑥
𝑑𝑥

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004
https://www.sciencedirect.com/science/article/abs/pii/S0550321398003502?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.4603
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.030001


Measurement of |Vcb| from the 𝑩𝒔
𝟎 → 𝑫𝒔

∗ −
𝝁+𝝂𝝁
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Slides from this talk by Veronica Kirsebom, IW (2023)

https://indico.cern.ch/event/1258750/contributions/5606238/attachments/2741098/4768031/vcb_and_vub_status_and_prospects_LHCb.pdf


Measurement of |Vcb| from the 𝑩𝒔
𝟎 → 𝑫𝒔

∗ −
𝝁+𝝂𝝁
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From this talk by M. de Cian, FPCP (2021)

https://cds.cern.ch/record/2772327/files/shanghai%2007.06.pdf
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[ Nature Physics 11 (2015) ] 

Signal Fit

Normalisation Fit

0

- First 𝜦𝒃
𝟎 → 𝒑 𝝁−ഥ𝝂µ observation and |Vub| extraction from baryonic decay.

Dataset: 2 fb-1 @ 𝑠 = 8 TeV (Run1, 2012), Norm: 𝜦𝒃
𝟎 → 𝜦𝒄

+ 𝝁−ഥ𝝂µ (𝜦𝒄
+→ 𝒑𝑲−𝝅+)

Extracting |Vub| from the BF ratio:

|Vub|=(3.27±0.15 (stat)±0.16 (LQCD)±0.06 (|Vcb|)) x 10-3

P. Owen, Implications workshop 2015

Agrees with exclusively measured average [arXiv:1412.7515]

Disagrees (3.5 σ) with inclusively measured average

Largest uncertainty from LQCD calculations (σFF/|Vub|)
Largest external uncertainty from 𝐵𝐹𝜦𝒄+ → 𝒑𝑲−𝝅+

[Phys. Rev. D 92 (2015)]

[Phys. Rev. Lett. 113 (2014)]

~5% 

~5% 

FFs with LQCD @ high q2

Exclusive |Vcb| world average
FFs with LQCD @ high q2

Exclusive |Vcb| world average
BF 𝛬𝑐

+→ 𝑝 𝐾− 𝜋+ by Belle

-> Measured in the high q2 region

Target

https://www.nature.com/articles/nphys3415
https://cds.cern.ch/record/2104018/files/LHCb-TALK-2015-309.pdf
https://arxiv.org/abs/1412.7515
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034503
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.042002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034503
https://pdg.lbl.gov/2015/download/rpp2014-Chin.Phys.C.38.090001.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034503
https://pdg.lbl.gov/2015/download/rpp2014-Chin.Phys.C.38.090001.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.042002
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[ Phys. Rev. Lett. 126 (2021) ] 

First 𝑩𝒔
𝟎→ 𝑲−𝝁+𝝂𝝁 observation & |Vub| extraction from a 𝑩𝒔

𝟎 decay

Dataset: 2 fb-1 @ 𝑠 = 8 TeV Run1 (2012)

Normalisation 𝑩𝒔
𝟎→ 𝑫𝒔

− 𝝁+𝝂𝝁 with 𝑫𝒔
− → 𝑲+𝑲−𝝅−

Extracting |Vub|/|Vcb| from the BF ratio (measured in two q2 bins):

𝑉𝑢𝑏
2

𝑉𝑐𝑏 2

𝐺 𝐵𝑠
0 → 𝐾−μ+νμ

𝐺 𝐵𝑠
0 → 𝐷𝑠

−μ+νμ
=
𝑁 𝐵𝑠

0 → 𝐾−μ+νμ

𝑁 𝐵𝑠
0 → 𝐷𝑠

−μ+νμ
×
ϵ 𝐵𝑠

0 → 𝐷𝑠
− → 𝐾−𝐾+π− μ+νμ

ϵ 𝐵𝑠
0 → 𝐾−μ+νμ

× 𝐵𝐹 𝐷𝑠
− → 𝐾−𝐾+π−

q2 < 7 GeV2/c4 : |Vub|/|Vcb|= 0.0607 ± 0.015 (stat) ± 0.0012 (syst) ± 0.0008 (Ds) ± 0.0030 (FF)

q2 > 7 GeV2/c4 : |Vub|/|Vcb|= 0.0946 ± 0.030 (stat)   −0.0025
+ 0.0024 (syst) ± 0.0013 (Ds) ± 0.0068 (FF)

Tension driven by the difference in the FF calculations

Dominant uncertainties from FF calculations:
- Low  q2: σ/(|Vub|/|Vcb|) ~ 5 %        [ JHEP 2017, 112 (2017) ]

- High q2: σ/(|Vub|/|Vcb|) ~ 7 % [ Phys. Rev. D 100, 034501 (2019) ]

Target

*

*

External BF measurement

FFs for normalization:
- Full q2 LQCD
[ Phys. Rev. D 101, 074513 (2020) ]

*

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.081804
https://link.springer.com/article/10.1007/JHEP08(2017)112
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.034501
https://doi.org/10.1093/ptep/ptaa104
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074513


𝑩+ → 𝝆𝟎(𝝅+𝝅−)𝝁+𝝂𝝁
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[ M. Calvi Slides (2024) ]

- Goal: measure the differential decay rate in q2 bins

• The 𝝆𝟎 decays exclusively via 𝝆𝟎 → 𝝅+𝝅− .
• Norm mode: 𝑩+ → ഥ𝑫𝟎 𝝅+𝝅− 𝝁+𝝂𝝁
• 𝑩𝑭 = (𝟑. 𝟑𝟒 ±𝟎. 𝟏𝟒). 10-5 -> Stat. Unc. ~ 3%

Signal simulated with BCL/BSZ FFs [PRD104,034032 (2021)] and 
mpipi shape reweighted to include 𝜌 −w interference

𝑩+ → ഥ𝑫𝟎(𝝅+𝝅−𝑿𝟎)𝝁+𝝂𝝁 (𝑿)

𝑩+ → 𝝅+𝝅−𝝁+𝝂𝝁 (with non-resonant 𝜋+𝜋−)

Comb Bkg: modelled with SS data
MisID Bkg: modelled with data-driven methods 

𝑩+,𝟎 → 𝑿𝒖 𝝁
+𝝂𝝁 (varius charmless semileptonic decays)

- Main Backgrounds: MVA (Isolation)

https://indico.cern.ch/event/1345421/contributions/6103176/attachments/2935239/5155340/MCalvi_Vub.pdf


|Vus| from the
𝚲 → 𝒑 𝝁−ത𝝂µ



A. A. Alves Junior et al. “Prospects for Measurements with Strange Hadrons at LHCb”.
In: JHEP 05 (2019), p. 048. doi: 10.1007/JHEP05(2019)048. arXiv: 1808.03477 [hep-ex] 

Strange physics at LHCb
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- LHCb obtained leading strange physics measurements, particularly searching for their 
rare decays, publishing best measurements in 𝐾𝑠

0 →𝜇+ 𝜇−, 𝐾𝑠
0 →𝜇+ 𝜇− 𝜇+ 𝜇−, and 𝛴+ →𝑝 𝜇+ 𝜇−.

Multiplicity of particles produced in a single pp interaction
 at √𝑠 = 13 TeV within LHCb acceptance.



Semileptonic Hyperon Decays
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- The LFU test observable defined as the ratio between 
muon and electron modes

is sensitive to non standard scalar and tensor contributions.

- In the SM, the dependence on the form factors is 
anticipated to simplify when considering the ratio.

u u

u
d
s

d

W− μ−

νμ

𝛬 𝑝

Δ = 𝑀1 −𝑀2

δ =
𝑀1 −𝑀2

𝑀1

𝑓1 0 = ℎ𝑦𝑝𝑒𝑟𝑜𝑛 𝑣𝑒𝑐𝑡𝑜𝑟 𝑐ℎ𝑎𝑟𝑔𝑒

𝑔1 0 = ℎ𝑦𝑝𝑒𝑟𝑜𝑛 𝑎𝑥𝑖𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑒

- Clean theoretical prediction for the decay rate (going to order δ2) 

[ Phys. Rev. Lett. 114 no. 16, (2015) ]

Alexandre Brea

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.161802


𝚲 → 𝒑 𝝁−ത𝝂µ
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pT (νµ) : obtained from proton and muon (PTmiss)
pL (νµ) : obtained by imposing Λ mass
→ recovered neutrino momentum components

𝑝𝐿 νμ =
𝐸𝑝μ ⋅ 𝐴2 −𝑀Λ

2 ⋅ 𝑝𝑇
′2 − 𝐴 ⋅ 𝑝𝑝μ𝑧

′ + 𝑝𝑝μ𝑧
′ ⋅ 𝑝𝑇

′2

𝑝𝑝μ𝑧
′ 2

− 𝐸𝑝μ
2

𝐴 =
𝑀Λ

2 −𝑀𝑝μ
2

2

Alexandre Brea

[ J. High Energ. Phys. 2019, 48 (2019) ]
[ LHCB-FIGURE-2019-006 ]
[ J. Phys. Conf. Ser. 1526 012022 (2020) ]

44K selected signal events → ~1.5 % stat. unc.
Dominated by systematic uncertainties 
Publication expected early next year 

- Best branching ratio measurement from BESIII (2021):
ℬ ( Λ → 𝑝 𝜇− ҧ𝜈µ) = (1.48 ± 0.21) x 10-4 (14.19 % Uncertainty)

Dataset: 5.4 fb-1 @ 𝑠 = 13 TeV (Run2), 
Normalisation: 𝚲 → 𝒑 𝝅−

𝜩− → 𝚲 𝝁−ഥ𝝂µ proposed as the next natural step

https://link.springer.com/article/10.1007/JHEP05(2019)048
https://cds.cern.ch/record/2688792
https://iopscience.iop.org/article/10.1088/1742-6596/1526/1/012022


A. A. Alves Junior et al. “Prospects for Measurements with Strange Hadrons at LHCb”.
In: JHEP 05 (2019), p. 048. doi: 10.1007/JHEP05(2019)048. arXiv: 1808.03477 [hep-ex] 

SHD Prospects in LHCb
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𝛯− → 𝛬 𝜇− ҧ𝜈µ vs   𝛯− → Λ 𝜋−𝛬 → 𝑝 𝜇− ҧ𝜈µ vs   Λ → p 𝜋−



𝑩(𝒄)
+ → 𝝉+𝝂𝝉
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መ𝑓 :  flight direction

መ𝑓 =
𝑇𝑉 − 𝑆𝑉

𝑇𝑉 − 𝑆𝑉

Orthogonal basis

ො𝑥 = −෡𝑓𝑦, ෡𝑓𝑥, 0

ො𝑦 = መ𝑓 × ො𝑥

Ƹ𝑧 = መ𝑓

We constrain the 𝜏 mass ( 𝑀𝜏) and use energy conservation:

𝑀𝜏
2 = 𝐸3𝜋 + 𝐸𝜈

2 − Ԧ𝑝3𝜋
′ − Ԧ𝑝𝜈

′ 2

In this orthogonal basis: 

Ԧ𝑝3𝜋
′

Ԧ𝑝𝜈
′ = −𝑝3𝜋 𝑥

′ , −𝑝3𝜋 𝑦
′ , 𝑝𝐿

′

𝑝/𝑇
′ = 𝑝3𝜋 𝑥

′ 2 + 𝑝3𝜋 𝑦
′ 2

𝑝𝐿
′ =

𝑝3𝜋 𝑧
′ 𝐴 − 𝑝/𝑇

′ 2 ± 𝐸3𝜋 𝐴2 − 𝑝/𝑇
′ 2𝑀𝜏

2

𝐸3𝜋
2 − 𝑝3𝜋 𝑧

′2

𝐴 =
𝑀𝜏

2 − 𝑀3𝜋
2

2

𝐴2 − 𝑝/𝑇
′ 2𝑀𝜏

2 > 0

𝑝/𝑇
′ <

𝑀𝜏
2 −𝑀3𝜋

2

2𝑀𝜏
𝑝/𝑇
′ <

𝑀𝐵
2 −𝑀𝜏

2

2𝑀𝐵

same limit for the
first neutrino

TV

SV

PV



𝑩(𝒄)
+ → 𝝉+𝝂𝝉  with Run 2 Data
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Kinematic Strategy for predicting SV

𝑝𝜈 =
1

2

𝑀𝜏
2 −𝑀3𝜋

2

𝐸3𝜋 − 𝑝3𝜋
1. Assume Ԧ𝑝𝜈 is in the same direction as Ԧ𝑝3𝜋 →

2. Create a grid of points between PV and TV and check the two PL > 0 
conditions for each point (valid SV)

3. Identify cluster of valid SVs and compute centroid

• PV
• SV True
• SV 𝜏 lifetime
• TV

- Valid cluster found for ~50% of events.
- Resolution comparable to the one using TRUE SV
- The main challenge will be the low signal purity
- Currently working on ML to remove comb. Bkg.

Feasibility of analysing these final states in progress
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[ M. Calvi Slides (2024) ]𝑩𝒔
𝟎→ 𝑲−𝝁+𝝂𝝁

https://indico.cern.ch/event/1345421/contributions/6103176/attachments/2935239/5155340/MCalvi_Vub.pdf
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[ M. Calvi Slides (2024) ]𝑩𝒔
𝟎→ 𝑲−𝝁+𝝂𝝁

https://indico.cern.ch/event/1345421/contributions/6103176/attachments/2935239/5155340/MCalvi_Vub.pdf


𝑻𝒂𝒌𝒆 𝒊𝒏𝒕𝒐 𝒂𝒄𝒄𝒐𝒖𝒏𝒕
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