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On the menu today: 𝐵(𝑠)
0 → 𝐷(𝑠)

− ℎ+, Λ𝑏
0 → Λ𝑐

+ℎ−

• Non-leptonic tree-level: 

𝑏 → 𝑐ത𝑢𝑑 𝑠 or 𝑏 → 𝑢 ҧ𝑐𝑑(𝑠) transitions

• Colour allowed: separate colour indices 

for 𝑋𝑏 − 𝑋𝑐 and ℎ systems

• Main decay modes (focus of today):

• 𝐵0 → 𝐷(∗)−{𝐾+, 𝜋+}

• 𝐵+ → ഥ𝐷 ∗ 0{𝐾+, 𝜋+} (w. colour-suppressed contributions)

• 𝐵𝑠
0 → 𝐷𝑠

∗ −
{𝐾+, 𝜋+}

• Λ𝑏
0 → Λ𝑐

+{𝐾−, 𝜋−}
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Example decay: 𝐵0 → 𝐷−𝐾+

[Fleischer, arXiv:0802.2882]



Why study 𝐵(𝑠)
0 → 𝐷(𝑠)

− ℎ+? 

• Very abundant B decays 
(only semileptonic modes are more abundant)

• Fully charged final states: 
many modes easy to reconstruct

• Excellent to study B-meson system
(CKM, mixing, CP violation):

• Gamma measurements with 𝐵+ → 𝐷 ∗ 0ℎ+

• Δ𝑚𝑠 with 𝐵𝑠
0 → 𝐷𝑠

−𝜋+

• CPV in 𝐵𝑠
0 → 𝐷𝑠

−𝐾+ or 𝐵0 → 𝐷−𝜋+

• BF measurements are performed as well, 
especially to study B-hadron production
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[arXiv:2012.09903]

Preliminary

[LHCb-PAPER-2021-005]

http://arxiv.org/abs/2012.09903
https://lhcbproject.web.cern.ch/lhcbproject/Publications/l/LHCb-PAPER-2021-005.html


𝐵(𝑠)
0 → 𝐷(𝑠)

− ℎ+ decay rates and B production

• Original experimental motivation for
rates of 𝐵(𝑠)

0 → 𝐷(𝑠)
− 𝐾+, 𝜋+ modes:

determine 𝑩𝒔
𝟎 /𝑩𝟎 production/hadronisation ratio 𝒇𝒔 /𝒇𝒅!

• Study versus B-hadron kinematics

• Example: Run 1 measurement of 

𝑝𝑇 dependence with 
𝐵𝑠
0 →𝐷𝑠

−𝜋+

𝐵0 →𝐷−𝜋+
,

value with 
𝐵𝑠
0 →𝐷𝑠

−𝜋+

𝐵0 →𝐷−𝐾+

• Require BF prediction as input
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[Fleischer et al., arXiv:1012.2784,

Fleischer et al., arXiv:1004.3982]

[JHEP 04 (2013) 001]

https://arxiv.org/abs/1012.2784
https://arxiv.org/abs/1004.3982
https://doi.org/10.1007/JHEP04(2013)001


Predictions of 𝐵(𝐵 𝑠
0 → 𝐷 𝑠

∗ −
ℎ+)

• Two types of transitions:

• 𝐵0 → 𝐷
∗ −

𝐾+, 𝐵𝑠
0 → 𝐷𝑠

∗ −
𝜋+: tree-only decays

• 𝐵0 → 𝐷
∗ −

𝜋+, 𝐵𝑠
0 → 𝐷𝑠

∗ −
𝐾+: tree + exchange decays

• Require sufficient knowledge of 

• 𝝅,𝑲 decay constants 𝒇𝝅, 𝒇𝑲

• 𝑩 → 𝑫 form factors 𝑭𝟎
(𝒔/𝒅)

𝒎𝒉
𝟐

• Non-factorizable contributions 𝒂𝟏(𝑫𝒔
−𝒉)

• Size of exchange contributions

• Let’s go measure them at LHCb!
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Prediction for ratio of tree-only decays

[Fleischer et al., arXiv:1012.2784,

Fleischer et al., arXiv:1004.3982,

Bordone et al., arXiv:2007.10338]

https://arxiv.org/abs/1012.2784
https://arxiv.org/abs/1004.3982
https://arxiv.org/abs/2007.10338


Measuring branching fractions at LHCb

• No absolute measurement possible because of 
limited knowledge of b-hadron cross sections → measure ratios!

• Measure ratio of yields through fit to data

• Determine efficiency ratio with simulation calibrated on data

• Obtain efficiency-corrected yield 𝑛𝑐𝑜𝑟𝑟 per mode

• Correct for 𝑏-hadron production differences for 𝐵𝑠
0, Λ𝑏

0
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Measuring 𝐵(𝑠)
0 → 𝐷(𝑠)

− ℎ+at LHCb
• LHCb is well-suited for hadronic tree-level decays:

• Large background reduction in VELO from detached B hadrons  (~1 cm decay length)

• Excellent mass resolution (~20 MeV) from tracking to separate 𝐵0 , 𝐵𝑠
0 contributions

• Good 𝜋+ − 𝐾+ separation with RICH to separate final states
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[arXiv:2010.11986]

http://arxiv.org/abs/2010.11986


Sidenote: which final states are best?
• Prefer final state with only charged particles, 

so no 𝜌+ → 𝜋+𝜋0, 𝐾∗+ → 𝐾𝑆
0𝜋+ or 𝐷𝑠

∗+ → 𝐷𝑠
+𝜋0

• Leaves 5 charm hadron modes: 
𝐷∗+ → 𝐷0𝜋+, 𝐷0 → 𝐾+𝜋−, 𝐷+ → 𝐾−𝜋+𝜋+, 𝐷𝑠

+ → 𝐾+𝐾−𝜋+, and Λ𝑐
+ → 𝑝𝐾−𝜋+

• Resulting B decays for LHCb (require input on production):

• 𝐵0 → 𝐷(∗)−{𝐾+, 𝜋+}

• 𝐵+ → 𝐷0{𝐾+, 𝜋+}
• 𝐵𝑠

0 → 𝐷𝑠
−{𝐾+, 𝜋+}

• Λ𝑏
0 → Λ𝑐

+{𝐾−, 𝜋−}

• Belle II should be well suited to study other 𝑩𝟎, 𝑩+ modes
• For example, B(𝐵+ → 𝐷0 𝐾∗+ , 𝜌+ ) measured with ~ 10% precision at Belle
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Overview of current results

• Brief summary:

• 𝐵 𝐵0 → 𝐷−𝐾+ : Measured with Run 1 data

• 𝐵(𝐵0 → 𝐷∗−𝐾+) : Measured with Run 1 data

• 𝐵(Λ𝑏
0 → Λ𝑐

+𝜋−) : Measured with Run 1 data

• 𝐵(Λ𝑏
0 → Λ𝑐

+𝐾−) : Measured with Run 1 data

• Focus of today:
• 𝑩(𝑩𝒔

𝟎 → 𝑫𝒔
−𝝅+): Very recent update

• 𝐵 𝐵𝑠
0 → 𝐷𝑠

−𝐾+ : Measured with Run 1 data, 
updated w. new 𝑩(𝑩𝒔

𝟎 → 𝑫𝒔
−𝝅+)
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Run 1 measurements: 𝐵0 modes
• Relative measurements of branching fractions

which test exchange diagram contributions

•
𝐵 𝐵0 →𝐷−𝐾+

𝐵 𝐵0 →𝐷−𝜋+
,T/T+E, 𝑓𝑠/𝑓𝑑 analysis: 8.22 ± 0.11 stat. ± 0.25 syst. %

•
𝐵 𝐵0 →𝐷𝑠

−𝐾+

𝐵 𝐵0 →𝐷−𝜋+
, E/T+E, dedicated analysis: 1.29 ± 0. 05 stat. ± 0. 08 syst. %

•
𝐵 𝐵0 →𝐷∗−𝐾+

𝐵 𝐵0 →𝐷∗−𝜋+
,T/T+E, 𝐵0 → 𝐷∗−3ℎ study: 7.76 ± 0. 34 stat. ± 0. 26 syst. %

• Similar systematic uncertainties, mainly trigger and PID

(can probably be improved with current understanding of detector)

• Do we need to improve handle on exchange diagram contributions

by remeasuring these modes?
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JHEP 04 (2013) 001

PRD87 (2013) 092001

JHEP 05 (2015) 019

https://doi.org/10.1007/JHEP04(2013)001
https://doi.org/10.1103/PhysRevD.87.092001
https://doi.org/10.1007/JHEP05(2015)019


Run 1 measurements: Λ𝑏
0 modes

• Interesting modes, only accessible at LHCb
• Different helicity structure

• Separate form factors

• Could these modes provide complementary constraints?

• No prediction yet (work ongoing by van Dyk et al., see link)

• Results limited by 𝒇𝚲𝒃
𝟎/𝒇𝒅 from semileptonic decays

(uncertainty down to ~6% for Run 2, no updates yet)

• 𝐵 Λ𝑏
0 → Λ𝑐

+𝜋− = 4.46 ± 0.36 × 10−3

(combination of [PRD89 (2014) 032001, JHEP 08 (2014) 143])

•
𝐵 Λ𝑏

0 →Λ𝑐
+𝜋+

𝐵 𝐵0 →𝐷−𝜋+
= 1.60 ± 0.01 ± 0.04 ± 0.10

(converted from JHEP 08 (2014) 143)

•
𝐵 Λ𝑏

0 →Λ𝑐
+𝐾+

𝐵 Λ𝑏
0 →Λ𝑐

+𝜋−
= 7.31 ± 0.16 ± 0.16 %
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[JHEP 08 (2014) 143]

https://indico.in2p3.fr/event/20198/contributions/87854/attachments/60612/82447/orsay20.pdf
https://doi.org/10.1007/JHEP08(2014)143
https://doi.org/10.1007/JHEP08(2014)143
https://doi.org/10.1007/JHEP08(2014)143


Measurement of 𝐵(𝐵0 → 𝐷𝑠
−𝜋+) and 𝐵 𝐵𝑠

0 → 𝐷𝑠
−𝜋+

• Recent study of rates in 𝑫𝒔
−𝝅+ final state

• Main goal: 𝐵(𝐵0 → 𝐷𝑠
−𝜋+), tests factorisation (and |𝑉𝑢𝑏|)

• “By-product”: efficiency-corrected yield ratio

of 𝐵𝑠
0 → 𝐷𝑠

−𝜋+/ 𝐵0 → 𝐷−𝜋+

• Essential input to new combination of 𝒇𝒔/𝒇𝒅,

leading to new measurement of 𝑩(𝑩𝒔
𝟎 → 𝑫𝒔

−𝝅+)/𝑩(𝑩𝟎 → 𝑫−𝝅+)
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[arXiv:2010.11986]

http://arxiv.org/abs/2010.11986


𝑓𝑠/𝑓𝑑 combination: introduction

• 𝑓𝑠/𝑓𝑑 = 𝐵𝑠
0/𝐵0 production ratio

• Required to measure 𝑩𝒔
𝟎 branching fractions such as 𝑩 𝑩𝒔

𝟎 → 𝝁+𝝁−

• Interesting per se as probe of hadronisation and fragmentation

• Previously found to depend on 𝑝𝑇 (not on 𝜂)

• Assume equal production of 𝐵0 , 𝐵+

• 𝒇𝒔/𝒇𝒅 measured at LHCb with ratio of 𝑩𝒔
𝟎/𝑩𝟎 (or 𝑩+ ) efficiency-corrected yields

using prediction for branching fraction ratio:

• Five previous measurements (2011 to 2020): 

combination to determine single value with higher precision

25/03/21 Experimental status | M.Mulder 13

[arXiv:2103.06810]



𝑓𝑠/𝑓𝑑 combination: methods
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• 𝐵 → 𝐷𝜇𝑋 (2 measurements)

• Precise prediction available 

([Bigi et al., JHEP09(2011)012])

• 𝐵 → 𝐷ℎ (2 measurements)

• Nominal fit includes prediction

• Determine 𝑩(𝑩𝒔
𝟎 → 𝑫𝒔

−𝝅+) without prediction

• 𝐵 → 𝐽/𝜓𝑋 (1 measurement)

• No prediction available

• Larger experimental rate than 𝐵 → 𝐷ℎ
• Sensitive to dependence of 𝒇𝒔/𝒇𝒅 in 𝒑𝑻, 𝜼, 𝒔
• Determine 𝑩(𝑩𝒔

𝟎 → 𝑱/𝝍𝝓) from fit

[arXiv:2103.06810]

https://arxiv.org/abs/1105.4574


𝑓𝑠/𝑓𝑑 combination: measurements
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• 𝐵 → 𝐷𝜇𝑋
• Integrated measurement at 7 TeV

• Measurement vs 𝑝𝑇 at 13 TeV, dominates precision on scale

• 𝐵 → 𝐷ℎ
• Measurement vs 𝑝𝑇 at 7 TeV with 𝐵𝑠

0 → 𝐷𝑠
−𝜋+/ 𝐵0 → 𝐷−𝜋+, 

value from integrated measurement with 𝐵𝑠
0 → 𝐷𝑠

−𝜋+/ 𝐵0 → 𝐷−𝐾+

• Integrated measurement at 7, 8, 13 TeV with 𝐵𝑠
0 → 𝐷𝑠

−𝜋+/ 𝐵0 → 𝐷−𝜋+

• 𝐵 → 𝐽/𝜓𝑋
• Measurement vs 𝑝𝑇 at 7, 8, 13 TeV, dominates dependence

[arXiv:2103.06810]



𝑓𝑠/𝑓𝑑 combination: examples
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𝐵 → 𝐷𝜇𝑋, 13 TeV 𝐵 → 𝐷ℎ, 7 TeV 𝐵 → 𝐽/𝜓𝑋, various 𝑠

• Previous LHCb measurements performed at 7, 8, 13 TeV, 𝑝𝑇 ∈ 0.5,40 GeV, 𝜂 ∈ 2,6.4
• Selection of plots:

[arXiv:2103.06810]



Combination of 𝑓𝑠/𝑓𝑑 measurements: inputs
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• Updated external inputs for 𝐵 → 𝐷𝜇𝑋, 𝐵 → 𝐷ℎ
• 𝐷 meson branching fractions, 

incl. recent BESIII measurement, arXiv:2011.08041

• 𝐵 meson lifetimes

• 𝐵 → 𝐷 form factor update 

thanks to Bordone et al., arXiv:1912.09335

• Exchange diagram estimates including LHCb BF

• Significant reduction in overall uncertainty,

especially due to recent BESIII measurement

• Correlation between 𝐵 → 𝐷𝜇𝑋, 𝐵 → 𝐷ℎ,

measurements estimated at around 68%,

included in nominal fit

[arXiv:2103.06810]

https://arxiv.org/abs/2011.08041
https://arxiv.org/abs/1912.09335


Combination of 𝑓𝑠/𝑓𝑑: technicalities
• Combination through 𝜒2 minimization

• External inputs included as Gaussian constraints

• 𝐵 → 𝐷ℎ theoretical inputs defined as 𝑟𝐴𝐹 =
𝑁𝐴𝐹,𝑓𝑖𝑡

𝑁𝐴𝐹,𝑡ℎ𝑒𝑜
,

𝑟𝐸 =
𝑁𝐸,𝑓𝑖𝑡

𝑁𝐸,𝑡ℎ𝑒𝑜
, 𝒓𝑨𝑭 shared for hadronic measurements

• 𝒓𝑨𝑭 at tension with expectation (= 1);

to appropriately show fit result, 𝒓𝑨𝑭 included on y-axis for hadronic fits

• Fit procedure validated with pseudoexperiments, 

found to be unbiased and with proper coverage
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[arXiv:2103.06810]



Combination of 𝑓𝑠/𝑓𝑑 measurements: results

• First observation of 𝑠 dependence, 

hint of 𝑝𝑇 dependence variation vs 𝑠

• Integrated value (13 TeV) in LHCb 

acceptance: 
𝑓𝑠

𝑓𝑑
= 0.2539 ± 0.0079

• Shape not fully satisfactory, 

but effect on integrated value is negligible

• Uncertainty reduced by ~ factor 2 to ~3%

• Also measure 𝑩 𝑩𝒔
𝟎 → 𝑱/𝝍𝝓 :

𝐵 𝐵𝑠
0 → 𝐽/𝜓𝜙 = 1.018 ± 0.032 ± 0.037 × 10−3

• Update previous 𝐵𝑠
0 branching fraction 

measurements (see backup)

• Essential improvement for current/future 

measurements of 𝑩 𝑩𝒔
𝟎 → (𝝓)𝝁+𝝁−
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[arXiv:2103.06810]



Combination of 𝑓𝑠/𝑓𝑑 measurements: 𝐵(𝐵𝑠
0 → 𝐷𝑠

−𝜋+)
• For 𝐵(𝐵𝑠

0 → 𝐷𝑠
−𝜋+), fit without constraints on 𝑟𝐴𝐹 , 𝑟𝐸

• Results: 𝒓𝑨𝑭 = 𝟏. 𝟏𝟔 ± 𝟎. 𝟎𝟔, 𝒓𝑬 = 𝟏. 𝟎𝟒 ± 𝟎. 𝟎𝟒

• Measured value for 𝑩 𝑩𝒔
𝟎 → 𝑫𝒔

−𝝅+ :

𝐵 𝐵𝑠
0 → 𝐷𝑠

−𝜋+

𝐵 𝐵0 → 𝐷−𝜋+
= 1.18 ± 0.04,

𝐵 𝐵𝑠
0 → 𝐷𝑠

−𝜋+ = (3.20 ± 0.10 ± 0.16) × 10−3

• Uncertainty reduced on BF measurement as

main external parameters are correlated with 𝐵 → 𝐷𝜇𝑋

• Same value of BF ratio, uncertainty reduced by factor 2

compared to previous measurement

• Update 𝐵𝑠
0 branching fraction measurements, 

including 𝑩 𝑩𝒔
𝟎 → 𝑫𝒔

−𝑲+ :

𝐵 𝐵𝑠
0 → 𝐷𝑠

−𝐾+ = (2.41±0.05±0.06±0.14) × 10−4
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[arXiv:2103.06810]



Interpretation
• After updates of 𝐵 → 𝐷 form factors,

multiple papers discussed 𝐵 → 𝐷ℎ BFs

• As shown in table on right, predictions consistently 
larger than experiment (around 15% level effect)

• Uncertainty implies 4,5𝝈 effects 
in 𝑩𝒔

𝟎 → 𝑫𝒔
−𝝅+, 𝑩𝟎 → 𝑫−𝑲+, 𝑩𝟎 → 𝑫−𝝅+

• Effect from updated 𝑩 𝑩𝒔
𝟎 → 𝑫𝒔

−𝒉+ :
reduced uncertainty on estimates

• All LHCb measurements normalised to 
𝐵0 → 𝐷−𝜋+ BF from B-factories,
any possible biases from there?
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[Cai et al., arXiv:2103.04138]

[Bordone et al., arXiv:2007.10338]

https://arxiv.org/abs/2103.04138
https://arxiv.org/abs/2007.10338


Absolute BF measurements
• Absolute 𝐵0 → 𝐷 ∗ −𝜋+ branching fractions

measured at B-factories

• Relevant systematic uncertainties: 𝑫 branching 
fractions, 𝒇+−/𝒇𝟎𝟎

• Some measurements are input-independent!

• For 𝐵0 → 𝐷−𝜋+:
• Independent measurements differ from dependent 

measurements by ~1 sigma and 15%

• Redetermining average with updated inputs 
only affects result by <1%, unc by <10%. 
(compared with average, not fit)

• Does using PDG fit or average (6% difference) 
affect conclusions?

• Dependent and independent measurements from 
Belle (II) essential to fully exclude issues
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[Jung, PLB 753, 187]

https://arxiv.org/abs/1510.03423


Naïve questions
• How much is deviation an absolute effect only?

If so, any way to test in ratios (i.e. at LHCb)?

• How large are uncertainties on non-factorisable contributions?

• Do uncertainties on exchange diagrams affect estimates? 

Sensible to add as additional “degree of freedom” in theoretical fit?
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Questions: additional modes
• How about constraints from

• 𝐵+ → ഥ𝐷0 𝐾+, 𝜋+ ? 
Experimental measurements have similar precision, 

significant deviation from isospin for colour-suppressed contribution?

• Baryonic modes Λ𝑏
0 → Λ𝑐

+ 𝐾+, 𝜋+ ?
Additional uncertainty from 𝐟𝜦𝒃

𝟎/𝐟𝐝, work on predictions ongoing (link)

• Higher multiplicity modes (𝑋𝑏 → 𝑋𝑐 𝐾+, 𝜋+ 𝜋+𝜋−)
Theoretically complicated because of resonances?
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https://link/


Summary
• Non-leptonic colour-allowed tree-level decays are 

outstanding laboratory to study flavour physics and strong interactions

• Significant step in precision for 𝑩𝒔
𝟎 modes through simultaneous 

measurement of 𝒇𝒔/𝒇𝒅 and 𝑩𝒔
𝟎 → 𝑫𝒔

+𝝅−

• Possible hints of deviation in absolute branching fractions?

• Thinking of future studies:
• Absolute branching fraction measurements from Belle II

• Updated measurements at LHCb (eager to hear which to prioritise ☺ )

• Additional studies of baryonic modes

• Looking forward to discussing with all of you!
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Backup
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𝑓𝑠/𝑓𝑑: conversion from rates
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𝐵 → 𝐷𝜇𝑋

𝐵 → 𝐷ℎ

𝐵 → 𝐽/𝜓ℎ′



𝐵𝑠
0 branching fraction updates

• Take previous result

• Update 𝐵0/𝐵+ normalisation BF if needed, 

including correction for 𝑓+−/𝑓00

• Scale for change in 𝑓𝑠/𝑓𝑑 and normalisation branching fraction

• Reduction of 𝒇𝒔/𝒇𝒅 uncertainty by factor 2

• Also update 𝑽𝒄𝒃 :
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Table of normalisation BFs
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Example table with BFs
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Fit with Tsallis function
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