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Teaming up for the hunt
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𝜏 → ℓ
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𝑅(𝐷(∗)) 𝑅(𝑋) 𝑅(𝐷(∗)) 𝑅(𝐽/Ψ) 𝑅(Λ$) 𝑅(𝐷%
(∗))

The lepton flavor universality ratio in 𝒃 → 𝒄ℓ+𝝂ℓ transitions 
can be accessed through various observables

Let’s start with the generic measurement ideas at Belle II 
and LHCb before going into analysis specifics

Food for thought: Combinations in global Wilson coefficient 
fits is something to be considered

Belle II LHCb

Will highlight new 
𝑅(𝐷") result 
presented by Julian 
at Moriond EW

https://cds.cern.ch/record/2893843/files/3_JGarciaPardinas-v1.pdf


Semileptonic Decays at B-Factories

• 𝑒1𝑒2-collision produces Υ 4S → 𝐵 '𝐵
• Fully reconstruct the tag-side 𝐵 meson 
→ gives access to signal-side 𝐵	meson 
kinematics
• Missing four-momentum (neutrino 

mass) can be reconstructed
• All measured particles are assigned 

(completeness)
• Caveat: Small efficiency of the tagging 

algorithms



Generic Strategy at B-Factories

Nice illustration 
by F. BernlochnerLeverage fully known kinematics and that each 

reconstructed particle is assigned to a decay

• 3-class classification problem: signal, normalization, background
• Normalization chosen to cancel systematics (same topology and/or final state)



Semileptonic Decays at LHCb

• No constraint from beam energy, but 
large Lorentz boost resulting in mm decay
lengths.
• Well separated vertices.
• Momentum direction of decaying particle

is well known from vertices.
• Two τ decay modes analysed:

• 𝜏 → 𝜇𝜈𝜈𝜈: large yields low purity.
• 𝜏 → 3𝜋𝜈: lower yields higher purity.



𝜏 → 𝜇	strategy

• Form factors floated in fit to data.

• 3D fit in q2, mmiss
2  and El

*.

Annarita Buonaura

Fit overview
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‣ Perform a multi-dimensional fit to distributions of approximated rest frame variables:
- For :  missing mass,  muon energy and  invariant mass of the lepton system)R(D+/0), R(D*,0), R(Λc)

Bc → J/ψτντ
Bc → J/ψμνμ

- For : include Bc decay time as fourth dimension.R(J/ψ)

LHCb-ANA-2014-052

LHCb-ANA-2016-059 

Annarita Buonaura

Control regions
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‣ Calibrate as much as possible backgrounds from Data
‣ Isolation tools used to discard events with additional objects around the signal
‣ Cut on isolation is inverted to define control regions enriched in specific 

backgrounds 
‣ Lots of interdependence between regions.

(1)

Signal region 
[Require isolation]

Kaon enriched
[At least one additional charged kaon]

Purpose: Control B—>DDX

Additional pion(s)
[At least one additional charged pion]

Purpose: control B → X*(*)
c

Mis-ID region
[isMuon==0]

Purpose: Determine mis-ID shape/size.

Wrong Sign (WS) region
[Same-sign  combination]

Purpose: Determine comb. shape/size.
Xcμ

Control MCData-driven

    16

BDT inputs and output

Stefano Calì - SL Working Group Meeting - 28/09/2022

 Slightly different definitions used for 
R(D*s), [see S. Cali’s talk]
(1)

• Backgrounds rejected and controlled via track isolation.
• Special treatment of misID background.



𝜏 → 3𝜋	strategy
• 3D fit in q2 𝜏 decay time and BDT output.

• Key selection to reject 𝐵 → 𝐷∗𝜋1𝜋2𝜋1𝑋	background.

• No direct normalisation to semimuonic mode: R(D⇤) with hadronic ⌧ decays

K(D⇤) =
B(B0

! D
⇤�⌧+⌫⌧ )

B(B0! D⇤�3⇡±)
= 1.700 ± 0.101(stat)+0.105

�0.100(syst)

• The absolute branching fraction of B0
! D

⇤�⌧+⌫⌧ decays

B(B0! D⇤�⌧+⌫⌧ ) = (1.23 ± 0.07 (stat) ± 0.08 (syst) ± 0.05(ext)) ⇥ 10�2

R(D⇤) = K(D⇤)
B(B0

! D
⇤�3⇡±)

B(B0! D⇤�µ+⌫µ)
• The BFs of B0

! D
⇤�3⇡± and B

0
! D

⇤�µ+⌫µ - external inputs

R(D⇤) = 0.247 ± 0.015(stat) ± 0.015(syst) ± 0.012(ext)

In agreement with Run 1 result

• Combining with the Run 1 result

R(D⇤)2011�2016 = 0.257 ± 0.012 (stat) ± 0.014 (syst) ± 0.012 (ext)

Agreement within 1� to SM R(D⇤)SM = 0.254± 0.005 [HFLAV]

Resmi P K (Oxford) CERN Seminar 45

R(D⇤) with hadronic ⌧ decays

• Hadronic ⌧+
! ⇡+⇡�⇡+(⇡0)⌫̄⌧

• LHCb partial Run 2 data : 2 fb�1 at
p
s= 13 TeV, 2015-16

(⇠ 1.5⇥ Run 1 sample)

• We determine the ratio of BFs for the signal and normalisation decays as

K(D⇤) =
B(B0

! D
⇤�⌧+⌫⌧ )

B(B0! D⇤�3⇡±)
=

Nsig

Nnorm

"norm
"sig

1

B(⌧+! 3⇡±(⇡0)⌫⌧ )

• This is converted to R(D⇤) with external inputs as

R(D⇤) = K(D⇤)

⇢
B(B0

! D
⇤�3⇡±)

B(B0! D⇤�µ+⌫µ)

�

ext. input

Resmi P K (Oxford) CERN Seminar 18

• Smaller yields but higher purity compared to leptonic mode.



A History of Measurements

Had. Tag
𝜏 → ℓ

BaBar, Phys.Rev.D 88, 072012 (2013)
𝑅 𝐷 = 0.440 ± 0.058 ± 0.042
𝑅 𝐷∗ = 0.332 ± 0.024 ± 0.018

Belle, Phys.Rev.D 92, 072014 (2015)
𝑅 𝐷 = 0.375 ± 0.064 ± 0.026
𝑅 𝐷∗ = 0.293 ± 0.038 ± 0.015

SL Tag
𝜏 → ℓ

Belle, Phys. Rev. Lett. 124, 161803 (2020)
𝑅 𝐷 = 0.307 ± 0.037 ± 0.016
𝑅 𝐷∗ = 0.283 ± 0.018 ± 0.014

Had. Tag
𝜏 → 𝜋, 𝜌

Belle, Phys. Rev. D 97, 012004 (2018)
𝑃$ 𝐷∗ = −0.38 ± 0.51 ±%.'(%.)'

𝑅 𝐷∗ = 0.270 ± 0.035 ±%.%)*%.%)+

Had. Tag
𝜏 → ℓ



And the Start of a New Era

Had. Tag
𝜏 → ℓ

BaBar, Phys.Rev.D 88, 072012 (2013)
𝑅 𝐷 = 0.440 ± 0.058 ± 0.042
𝑅 𝐷∗ = 0.332 ± 0.024 ± 0.018

Belle, Phys.Rev.D 92, 072014 (2015)
𝑅 𝐷 = 0.375 ± 0.064 ± 0.026
𝑅 𝐷∗ = 0.293 ± 0.038 ± 0.015

SL Tag
𝜏 → ℓ

Belle, Phys. Rev. Lett. 124, 161803 (2020)
𝑅 𝐷 = 0.307 ± 0.037 ± 0.016
𝑅 𝐷∗ = 0.283 ± 0.018 ± 0.014

Had. Tag
𝜏 → 𝜋, 𝜌

Belle, Phys. Rev. D 97, 012004 (2018)
𝑃$ 𝐷∗ = −0.38 ± 0.51 ±%.'(%.)'

𝑅 𝐷∗ = 0.270 ± 0.035 ±%.%)*%.%)+

Had. Tag
𝜏 → ℓ

Had. Tag
𝜏 → ℓ

Had. Tag
𝜏 → ℓ

Belle II, arXiv:2401.02840
𝑅 𝐷∗ = 0.262 ±%.%,-%.%.' ±%.%,)%.%,*

Belle II, arXiv:2311.07248
𝑅 𝑋 = 0.228 ± 0.016 ± 0.036



LHCb measurements

2015
𝜏 → ℓ

Phys. Rev. Lett. 115 (2015) 111803 
𝑅 𝐷∗ = 0.336 ± 0.027 ± 0.030

2017
𝜏 → 3𝜋

Phys. Rev. Lett. 120, 171802
Phys. Rev. D 97, 072013 

𝑅 𝐷∗ = 0.291 ± 0.019 ± 0.026 ± 0.013
Superseeded by:

2023
𝜏 → ℓ

Phys. Rev. Lett. 131 (2023) 111802
𝑅 𝐷 = 0.281 ± 0.018 ± 0.024
𝑅 𝐷∗ = 0.441 ± 0.060 ± 0.066

2023
𝜏 → 3𝜋

Phys. Rev. D108 (2023) 012018 
𝑅 𝐷∗ = 0.247 ± 0.015 ± 0.015 ± 0.012
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Figure 1: Distributions of the three kinematic variables in the signal region, with the fit result
overlaid. The q2 distribution is shown over the full fit range whereas m2

miss and E⇤
l are only

shown in the range 9.44 < q2 < 11.8GeV2/c4.

Table 1: Summary of systematic uncertainties on the R(D+) and R(D⇤+) parameters.

Source R(D+) R(D⇤+)
Form factors 0.023 0.035
B ! D⇤⇤[D+X]µ/⌧⌫ fractions 0.024 0.025

B
+/0

! D+XcX fraction 0.020 0.034
Misidentification 0.019 0.012
Simulation size 0.009 0.030
Combinatorial background 0.005 0.020
Data/simulation agreement 0.016 0.011
Muon identification 0.008 0.027
Multiple candidates 0.007 0.017
Total systematic uncertainty 0.047 0.086

the quadratic di↵erence in the uncertainties on R(D+) and R(D⇤+) to when they are265

constrained to the measurements quoted in Ref [49]. A similar method is also applied to266

the B ! D⇤⇤⌧�⌫̄⌧ branching fraction constraint. The uncertainties on the D⇤⇤
! D+X267

branching fractions are treated by introducing a set of nuisance parameters which control268

the abundance of charged pions in the di↵erent D⇤⇤
! D0X decays. This ratio is varied269

in the fit and the di↵erence is used to assign a systematic uncertainty.270

In the nominal fit configuration, the fraction of the B� and B0 contributions to the271

B ! D+XcX background are fixed from simulation in both the signal and one-kaon272
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Combined with:
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Figure 4: Distributions of the fit variables in the B0! D⇤�⌧+⌫⌧ data sample with the fit result
overlaid.

• Nfake D0 and Nfake D⇤� : the combinatorial background yields with a fake D
0 and

D
⇤�, respectively. These are fixed to the values obtained from a fit to m(K�

⇡
+)

and m(D⇤�)�m(K�
⇡
+).

The parameters Nsig, ND
+
s
, fD+ and f

v1v2

D0 vary freely in the fit. The fit results are
summarised in Table 4 and the distributions of the fit variables are shown in Fig. 4. The
fit is performed in two iterations: first, the fractions of D0 are varied freely and the six
D

+
s
decay modes are Gaussian constrained, and then a second fit is performed by fixing

these to their best fit values. This is the same strategy followed in Refs. [4,5] to determine
the statistical uncertainty on the B

0 ! D
⇤�
⌧
+
⌫⌧ yield. Thus the relative statistical

precision on the yield changes from 6.2% to 5.9%. The quadratic di↵erence between
the statistical uncertainties in the two iterations is treated as a systematic uncertainty
from the double-charm decay models. The number of signal events is determined to be
2469± 154, where the uncertainty is statistical only. The fit quality is excellent with a �

2

per degree of freedom of 1.0. From studies using pseudoexperiments, the fit is found to be
unbiased.

5.2 B0! D⇤�3⇡ yield

The B
0! D

⇤�3⇡ yield is estimated from an unbinned maximum-likelihood fit to the
D

⇤�3⇡± mass distribution. The signal model consists of a Crystal Ball (CB) function [34]

13

https://doi.org/10.1103/PhysRevLett.115.111803
https://doi.org/10.1103/PhysRevLett.120.171802
https://doi.org/10.1103/PhysRevD.97.072013
https://doi.org/10.1103/PhysRevLett.131.111802
https://doi.org/10.1103/PhysRevD.108.012018


Challenges: Misidentified muons

Julián García Pardiñas (CERN) b → cl𝝼 decays at LHCb 27/03/2024

Data-based templates
LHCb-PAPER-2024-007

 9

Signal	modes
B0 → D+τ−[μ−ντνμ]ντ
B0 → D*+[D+π0/γ]τ−[μ−ντνμ]ντ

Normalisation	modes

B0 → D*+[D+π0/γ]μ−νμ

B0 → D+μ−νμ

Feed-down	bkg.	from	1P	D**	states
B → D**[D+X ]μ−νμ
B → D**[D+X ]τ−[μ−ντνμ]ντ

Feed-down	bkg.	from	higher-mass	D**	states
B → D**[D+X ]μ−νμ

Double-charm	bkg.
B → D+Hc[μ−νμX ]X′ 

Muon	Mis-ID	bkg.
D+h−

Combinatorial	bkg.
D+, μ−Λ0

b → nD+μ−νμ

Neutronic	bkg.

Obtained	from	wrong-sign	
(D+𝜇+)	control	sample.

[NEW!]

Obtained	from	non-muon	control	sample.	
True-particle-type	composition	unfolded	by	fitting	
the	reconstructed-particle-type	category.

(g	(“ghost”)	=	fake	tracks)

• Background from 𝐵 → 𝐷(∗)ℎ𝑋 a serious challenge to control at LHCb.
• Problem: Multiple sources which cannot be predicted or specifically measured.
• Solution: Reverse offline/trigger muon ID to select inclusive sample in data.
• Problem: Multiple different track types each with each ℎ → 𝜇 probabilities.
• Solution: Split sample into different track categories and fit them.

Annarita Buonaura

Mis-ID region

18

‣ Mis-identified backgrounds originate from a cocktail of sources - anything that has  is a signature.
‣ Instead of simulating specific hadronic backgrounds, one inverts the PID selection.
‣ Problem: Unknown fraction of different hadron types in inverted sample.
‣ Solution: Divide inverted sample into different regions and unfold to get the true numbers using PIDCalib.

B → Xch+

‣ Problem: Unfolding can be unstable and depends on assumptions.
‣ Several solutions to this problem:

- Iterative approach [ ]
- Bayesian unfolding [ ]
- Likelihood fit [ ]. 

R(Λc)
R(D0), R(J/ψ)

R(D0), R(D+)

JACK WIMBERLEY       SLWG         27 APRIL 2016

UNFOLDING WITH INCOMPLETE INFORMATION

▸ What do about ghost tracks? 

▸ In principle there’s really an extra category on either end: 
 
 

▸ Know blue values (because probabilities must sum to 1) 

▸ Don’t know red values, or fake rate for ghosts; no PIDCalib info 

▸ Ghosts must be ignored; Lose constraints on total num. of candidates 

▸ For R(D*) a syst. was assigned based on diff. between two methods

5
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Figure 3: Result of a fit in the (DLLp/⇡,DLLK/⇡) plane to determine the fractions of hadron
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of the particle momentum.

sidebands assuming an exponential behaviour. The (tps, MJ/ µ) distribution is found to
be statistically consistent in the two sidebands. Since the two variables are found to
be correlated, a two-dimensional model is used. To reduce the fluctuations due to the
limited sample size, a smoothing based on kernel estimation [39] is applied to the observed
two-dimensional distribution. The candidates with a fake J/ and a misidentified bachelor
muon are already taken into account in the misidentification background category. Their

8

LHCb-PAPER-2013-063
J. Wimberly’s talk at the semitauonic workshop

LHCb-PAPER-2024-007

https://cds.cern.ch/record/2893843/files/3_JGarciaPardinas-v1.pdf


Challenges: 𝐵 → 𝐷𝐷𝑋 background
• Most signal like background originates from 𝐵 → 𝐷𝐷𝑋 decays.

• Charm hadrons have similar lifetime and mass.

D
+
s production
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• Fractions of each component

determined and used as constraints in

the signal extraction fit
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• Good agreement between model and

data for the fit variables

Resmi P K (Oxford) CERN Seminar 38

LHCb three-prong analysis: arXiv:2311.052240 5 10
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Figure 5: Distributions of q2, squared missing mass and lepton energy in the one-kaon region.
Projections of the fit results are overlaid.
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Figure 6: Distributions of squared missing mass in the signal region in bins of q2. Projections of
the fit results are overlaid.
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• Less of a problem at Belle II.

• Allow for independent variation of this background in latest 𝑅(𝐷") analysis.

https://arxiv.org/abs/2311.05224
https://cds.cern.ch/record/2893843/files/3_JGarciaPardinas-v1.pdf


Challenges: Form Factors

𝑩 → 𝑫(∗)ℓ+𝝂ℓ form factors impact the efficiency determination
• Lots of progress from lattice community: 

nonzero-recoil 𝐵 → 𝐷∗ form factors

• Lots of progress from the experimental community:
new Belle & Belle II measurements of 𝐵 → 𝐷(∗)ℓ𝜈̅ℓ
- differential distributions
- angular coefficients

F. Bernlochner, M. Franco Sevilla, D. Robinson, G. Wormser
arXiv:2101.08326, Review of Modern Physics Belle II 𝑅 𝐷∗

arXiv:2401.02840

Belle II 𝑅 𝑋
arXiv:2311.07248
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Figure 1: Distributions of the three kinematic variables in the signal region, with the fit result
overlaid. The q2 distribution is shown over the full fit range whereas m2

miss and E⇤
l are only

shown in the range 9.44 < q2 < 11.8GeV2/c4.

Table 1: Summary of systematic uncertainties on the R(D+) and R(D⇤+) parameters.

Source R(D+) R(D⇤+)
Form factors 0.023 0.035
B ! D⇤⇤[D+X]µ/⌧⌫ fractions 0.024 0.025

B
+/0

! D+XcX fraction 0.020 0.034
Misidentification 0.019 0.012
Simulation size 0.009 0.030
Combinatorial background 0.005 0.020
Data/simulation agreement 0.016 0.011
Muon identification 0.008 0.027
Multiple candidates 0.007 0.017
Total systematic uncertainty 0.047 0.086

the quadratic di↵erence in the uncertainties on R(D+) and R(D⇤+) to when they are265

constrained to the measurements quoted in Ref [49]. A similar method is also applied to266

the B ! D⇤⇤⌧�⌫̄⌧ branching fraction constraint. The uncertainties on the D⇤⇤
! D+X267

branching fractions are treated by introducing a set of nuisance parameters which control268

the abundance of charged pions in the di↵erent D⇤⇤
! D0X decays. This ratio is varied269

in the fit and the di↵erence is used to assign a systematic uncertainty.270

In the nominal fit configuration, the fraction of the B� and B0 contributions to the271

B ! D+XcX background are fixed from simulation in both the signal and one-kaon272
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Belle
arXiv:2301.07529, PRD
Belle 
arXiv:2310.20286

Belle II
arXiv:2310.01170, PRD

Fermilab/MILC
arXiv:2105.14019

HPQCD
arXiv:2304.03137

JLQCD
arXiv:2306.05657



Challenges: Feeddown from %𝐵 → 𝐷∗∗ℓ𝜈̅ℓ

F. Bernlochner, M. Franco Sevilla, D. Robinson, G. Wormser
arXiv:2101.08326, Review of Modern Physics Belle II 𝑅 𝐷∗

arXiv:2401.02840

Belle II 𝑅 𝑋
arXiv:2311.07248

Sizeable systematic impact from 𝑩 → 𝑫∗∗ℓ+𝝂ℓ decays

0 5 10
]4c/2[GeV2q

0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45
610×)4 c/2

Ca
nd

id
at

es
 / 

(1
.1

8 
G

eV

LHCb Preliminary

0 5 10
]4c/2[GeV2

missm

0.005

0.01

0.015

0.02

0.025

0.03

610×)4 c/2
Ca

nd
id

at
es

 / 
(0

.6
7 

G
eV

LHCb Preliminary4c/2 < 11.8 GeV2q9.44 < 

ν τ +D →B 
ν τ +*D →B 
X cX +D →B 
ν τ/µ **D →B 

Comb + misID
ν µ +D →B 
ν µ +*D →B 

0 1000 2000
]2c[MeV/*

lE

0.005

0.01

0.015

0.02

0.025

0.03

610×)2 c
Ca

nd
id

at
es

 / 
(1

30
 M

eV
/ LHCb Preliminary4c/2 < 11.8 GeV2q9.44 < 

Figure 1: Distributions of the three kinematic variables in the signal region, with the fit result
overlaid. The q2 distribution is shown over the full fit range whereas m2

miss and E⇤
l are only

shown in the range 9.44 < q2 < 11.8GeV2/c4.

Table 1: Summary of systematic uncertainties on the R(D+) and R(D⇤+) parameters.

Source R(D+) R(D⇤+)
Form factors 0.023 0.035
B ! D⇤⇤[D+X]µ/⌧⌫ fractions 0.024 0.025

B
+/0

! D+XcX fraction 0.020 0.034
Misidentification 0.019 0.012
Simulation size 0.009 0.030
Combinatorial background 0.005 0.020
Data/simulation agreement 0.016 0.011
Muon identification 0.008 0.027
Multiple candidates 0.007 0.017
Total systematic uncertainty 0.047 0.086

the quadratic di↵erence in the uncertainties on R(D+) and R(D⇤+) to when they are265

constrained to the measurements quoted in Ref [49]. A similar method is also applied to266

the B ! D⇤⇤⌧�⌫̄⌧ branching fraction constraint. The uncertainties on the D⇤⇤
! D+X267

branching fractions are treated by introducing a set of nuisance parameters which control268

the abundance of charged pions in the di↵erent D⇤⇤
! D0X decays. This ratio is varied269

in the fit and the di↵erence is used to assign a systematic uncertainty.270

In the nominal fit configuration, the fraction of the B� and B0 contributions to the271

B ! D+XcX background are fixed from simulation in both the signal and one-kaon272
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Challenges: Feeddown from %𝐵 → 𝐷∗∗ℓ𝜈̅ℓ

inclusive ≠ sum of exclusiveDiscrepancies in the measurements of𝑩 → 𝑫∗∗ℓ4𝝂ℓ
• Tension in the available measurements
• Tension with theory prediction: ⁄' (↔ ⁄) ( puzzle
• The nature of the 𝐷∗∗ states is unclear

• These poorly understood components lead to a sizeable 
systematic effect in the experimental measurements

• Common for Belle II & LHCb



Challenges: Feeddown from %𝐵 → 𝐷∗∗ℓ𝜈̅ℓ

LHCb 𝐵# → 𝐷"𝜋#𝜋#

𝐷+∗ 2300 ?

Hadron
physics

Flavor
physics

Inputs from hadron physics 
(theory and experiment) will 
drive us forward

• Is the 𝐷%∗ 2300  a resonance from the quark model, or a more 
complex structure described by 𝑼𝝌𝑷𝑻?

• Form factors for semileptonic M𝐵 → 𝐷∗∗ℓ𝜈̅ℓ decays assume the 
narrow width approximation for the broad 𝐷∗∗

Illustration by C. Hanhart

U.G. Meißner
arXiv:2005.06909, Symmetry



Challenges: Feeddown from %𝐵 → 𝐷∗∗ℓ𝜈̅ℓ
• Is the 𝐷%∗ 2300  a resonance from the quark model, or a more 

complex structure described by 𝑼𝝌𝑷𝑻?
• Form factors for semileptonic M𝐵 → 𝐷∗∗ℓ𝜈̅ℓ decays assume the 

narrow width approximation for the broad 𝐷∗∗

• Modelling of M𝐵 → 𝐷∗∗ℓ𝜈̅ℓ decays in 
simulation depends on proper 
knowledge of form factors

• Background estimation challenging
• Active progress from our theory 

colleagues
E. J. Gustafson, F. Herren, R. S. Van de Water, 
R. van Tonder, M. L. Wagman
arXiv:2311.00864

C. A. Manzari, D. J. Robinson
arXiv:2402.12460

BGL generalization On-shell recursion + HQET



Challenges: Simulation Sample Size

MC statistics is often the leading systematic uncertainty, 
needed for:
• Fit templates
• Efficiency determination
• Training of MVA classifiers

“trivial but costly” to improve

F. Bernlochner, M. Franco Sevilla, D. Robinson, G. Wormser
arXiv:2101.08326, Review of Modern Physics Belle II 𝑅 𝐷∗

arXiv:2401.02840

Belle II 𝑅 𝑋
arXiv:2311.07248
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Figure 1: Distributions of the three kinematic variables in the signal region, with the fit result
overlaid. The q2 distribution is shown over the full fit range whereas m2

miss and E⇤
l are only

shown in the range 9.44 < q2 < 11.8GeV2/c4.

Table 1: Summary of systematic uncertainties on the R(D+) and R(D⇤+) parameters.

Source R(D+) R(D⇤+)
Form factors 0.023 0.035
B ! D⇤⇤[D+X]µ/⌧⌫ fractions 0.024 0.025

B
+/0

! D+XcX fraction 0.020 0.034
Misidentification 0.019 0.012
Simulation size 0.009 0.030
Combinatorial background 0.005 0.020
Data/simulation agreement 0.016 0.011
Muon identification 0.008 0.027
Multiple candidates 0.007 0.017
Total systematic uncertainty 0.047 0.086

the quadratic di↵erence in the uncertainties on R(D+) and R(D⇤+) to when they are265

constrained to the measurements quoted in Ref [49]. A similar method is also applied to266

the B ! D⇤⇤⌧�⌫̄⌧ branching fraction constraint. The uncertainties on the D⇤⇤
! D+X267

branching fractions are treated by introducing a set of nuisance parameters which control268

the abundance of charged pions in the di↵erent D⇤⇤
! D0X decays. This ratio is varied269

in the fit and the di↵erence is used to assign a systematic uncertainty.270

In the nominal fit configuration, the fraction of the B� and B0 contributions to the271

B ! D+XcX background are fixed from simulation in both the signal and one-kaon272
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Tracker-only simulation
• New fast simulation technique which turns off RICH photon propogation and 

Calo showers.
• Eight times faster and 40% less disk space.
• Requires involved set of emulations to obtain
 trigger/PID response.
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Figure 1: Distributions of the three kinematic variables in the signal region, with the fit result
overlaid. The q2 distribution is shown over the full fit range whereas m2

miss and E⇤
l are only

shown in the range 9.44 < q2 < 11.8GeV2/c4.

Table 1: Summary of systematic uncertainties on the R(D+) and R(D⇤+) parameters.

Source R(D+) R(D⇤+)
Form factors 0.023 0.035
B ! D⇤⇤[D+X]µ/⌧⌫ fractions 0.024 0.025

B
+/0

! D+XcX fraction 0.020 0.034
Misidentification 0.019 0.012
Simulation size 0.009 0.030
Combinatorial background 0.005 0.020
Data/simulation agreement 0.016 0.011
Muon identification 0.008 0.027
Multiple candidates 0.007 0.017
Total systematic uncertainty 0.047 0.086

the quadratic di↵erence in the uncertainties on R(D+) and R(D⇤+) to when they are265

constrained to the measurements quoted in Ref [49]. A similar method is also applied to266

the B ! D⇤⇤⌧�⌫̄⌧ branching fraction constraint. The uncertainties on the D⇤⇤
! D+X267

branching fractions are treated by introducing a set of nuisance parameters which control268

the abundance of charged pions in the di↵erent D⇤⇤
! D0X decays. This ratio is varied269

in the fit and the di↵erence is used to assign a systematic uncertainty.270

In the nominal fit configuration, the fraction of the B� and B0 contributions to the271

B ! D+XcX background are fixed from simulation in both the signal and one-kaon272
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MC production

7

‣ Instead of ReDecay, muonic tau analyses tend to use RICHless/TrackerOnly simulation.
- Photon interactions in RICH and shower developments in CALO switched off (Not set to passive material, as is 

often stated).
- RICHless saved the  analysis ~40% CPU time 
- TrackerOnly saves 85% CPU and also 40% disk space. (Numbers for sim09, will change as simulation develops).

‣ Main complications:
- Necessity to emulate trigger (see next slide)
- PIDCorr unusable.

‣ Tracker-only has been demonstrated to work well in several analyses, but no showstopper found to prevent using 
or combining with ReDecay in future.

R(D0)

Trigger strategy and MC simulation

• In order not to bias the muon kinematics, the event
is triggered fully hadronically Trigger

• L0: Hadron TOS (D+) or Global TIS

• HLT1: Hlt1TrackMVA or Hlt1TwoTrackMVA TOS
(D+)

• One of the main systematics in RunI R(D⇤) was
due to MC statistics

• We are using a 3B MC sample produced with
Tracker Only simulation

• Enables a speed up factor of 8 in CPU time and
40% reduction in size

• We need to emulate PID response and Trigger response

Simone Meloni (Milano Bicocca University) Muonic R(D+,⇤) Analysis June 17, 2021 6 / 34

C Appendix: Tracker-only vs full MC templates2082
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Figure 124: Comparison between tracker-only and full MC templates on the fit variables.
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the contribution of the form-factor uncertainty, the fit is
repeated with form-factor parameters fixed to their best-fit
values, and the reduction in uncertainty compared with the
configuration with varying nuisance parameters is used to
determine the contribution from the form-factor uncertain-
ties. The systematic uncertainty from empirical corrections
to the kinematic distributions of B̄ → D!!ð→ Dð!ÞππÞμ−ν̄μ

and B̄ → Dð!ÞHcð→ μνμX0ÞX backgrounds is computed in
the same way.
The contribution of B → D!!

ðsÞτ
−ν̄τ decays relative to

B → D!!
ðsÞμ

−ν̄μ is likelihood constrained to an expectation
of 8% taken from Ref. [35], with a relative uncertainty of
30% assigned to cover both the inclusion of different
D!!

ðsÞτ
−ν̄τ states, and the possibility of LFU violation in
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FIG. 1. Distributions of (left)m2
miss and (right) E

!
μ in the highest q2 bin (above 9.35 GeV2=c4) of the (top)D0 μ− and (bottom) D!þ μ−

signal data, overlaid with projections of the fit model.

TABLE II. Absolute uncertainties in the extraction ofRðD0Þ andRðD!Þ. The model uncertainties are divided into
those included directly in the fit likelihood and those determined via supplemental studies.

Internal fit uncertainties σRðD!Þ (×10−2) σRðD0Þ (×10−2) Correlation

Statistical uncertainty 1.8 6.0 −0.49
Simulated sample size 1.5 4.5
B → Dð!ÞDX template shape 0.8 3.2
B̄ → Dð!Þl−ν̄l form factors 0.7 2.1
B̄ → D!!μ−ν̄μ form factors 0.8 1.2
B [B̄ → D!D−

s ð→ τ−ν̄τÞX] 0.3 1.2
MisID template 0.1 0.8
B (B̄ → D!!τ−ν̄τ) 0.5 0.5
Combinatorial < 0.1 0.1
Resolution < 0.1 0.1

Additional model uncertainty σRðD!Þ (×10−2) σRðD0Þ (×10−2)

B → Dð!ÞDX model uncertainty 0.6 0.7
B̄0
s → D!!

s μ−ν̄μ model uncertainty 0.6 2.4
Baryonic backgrounds 0.7 1.2
Coulomb correction to RðD!þÞ=RðD!0Þ 0.2 0.3
Data-simulation corrections 0.4 0.8
MisID template unfolding 0.7 1.2

Normalization uncertainties σRðD!Þ (×10−2) σRðD0Þ (×10−2)

Data-simulation corrections 0.4 ×RðD!Þ 0.6 ×RðD0Þ

τ− → μ−νν̄ branching fraction 0.2 ×RðD!Þ 0.2 ×RðD0Þ
Total systematic uncertainty 2.4 6.6 −0.39
Total uncertainty 3.0 8.9 −0.43

PHYSICAL REVIEW LETTERS 131, 111802 (2023)

111802-5

• Finite simulation size demoted from first to 
fifth largest systematic.

𝑅(𝐷%) 𝑅(𝐷")

• Different fast simulation to that used for three-prong mode (ReDecay).

https://arxiv.org/abs/1810.10362


Latest RD+ measurement from LHCb
• New measurement of RD(*) with the
D1 → 𝐾2𝜋1𝜋1decay. 

• Largely follows the 𝑅 𝐷N 	analysis, 
with a few exceptions:
• Six times less feed-down from𝐷∗	decays.
• Neutral isolation to reduce𝐷∗* → 𝐷*𝜋+

feed-down.
• More conservative BàDDX treatment.
• New fast “tracker-only“ simulation used.
• Using HAMMER in the minimisation

procedure.
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determine the contribution from the form-factor uncertain-
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TABLE II. Absolute uncertainties in the extraction ofRðD0Þ andRðD!Þ. The model uncertainties are divided into
those included directly in the fit likelihood and those determined via supplemental studies.

Internal fit uncertainties σRðD!Þ (×10−2) σRðD0Þ (×10−2) Correlation

Statistical uncertainty 1.8 6.0 −0.49
Simulated sample size 1.5 4.5
B → Dð!ÞDX template shape 0.8 3.2
B̄ → Dð!Þl−ν̄l form factors 0.7 2.1
B̄ → D!!μ−ν̄μ form factors 0.8 1.2
B [B̄ → D!D−

s ð→ τ−ν̄τÞX] 0.3 1.2
MisID template 0.1 0.8
B (B̄ → D!!τ−ν̄τ) 0.5 0.5
Combinatorial < 0.1 0.1
Resolution < 0.1 0.1

Additional model uncertainty σRðD!Þ (×10−2) σRðD0Þ (×10−2)

B → Dð!ÞDX model uncertainty 0.6 0.7
B̄0
s → D!!

s μ−ν̄μ model uncertainty 0.6 2.4
Baryonic backgrounds 0.7 1.2
Coulomb correction to RðD!þÞ=RðD!0Þ 0.2 0.3
Data-simulation corrections 0.4 0.8
MisID template unfolding 0.7 1.2

Normalization uncertainties σRðD!Þ (×10−2) σRðD0Þ (×10−2)

Data-simulation corrections 0.4 ×RðD!Þ 0.6 ×RðD0Þ

τ− → μ−νν̄ branching fraction 0.2 ×RðD!Þ 0.2 ×RðD0Þ
Total systematic uncertainty 2.4 6.6 −0.39
Total uncertainty 3.0 8.9 −0.43
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Figure 1: Distributions of the three kinematic variables in the signal region, with the fit result
overlaid. The q2 distribution is shown over the full fit range whereas m2

miss and E⇤
l are only

shown in the range 9.44 < q2 < 11.8GeV2/c4.

Table 1: Summary of systematic uncertainties on the R(D+) and R(D⇤+) parameters.

Source R(D+) R(D⇤+)
Form factors 0.023 0.035
B ! D⇤⇤[D+X]µ/⌧⌫ fractions 0.024 0.025

B
+/0

! D+XcX fraction 0.020 0.034
Misidentification 0.019 0.012
Simulation size 0.009 0.030
Combinatorial background 0.005 0.020
Data/simulation agreement 0.016 0.011
Muon identification 0.008 0.027
Multiple candidates 0.007 0.017
Total systematic uncertainty 0.047 0.086

the quadratic di↵erence in the uncertainties on R(D+) and R(D⇤+) to when they are265

constrained to the measurements quoted in Ref [49]. A similar method is also applied to266

the B ! D⇤⇤⌧�⌫̄⌧ branching fraction constraint. The uncertainties on the D⇤⇤
! D+X267

branching fractions are treated by introducing a set of nuisance parameters which control268

the abundance of charged pions in the di↵erent D⇤⇤
! D0X decays. This ratio is varied269

in the fit and the di↵erence is used to assign a systematic uncertainty.270

In the nominal fit configuration, the fraction of the B� and B0 contributions to the271

B ! D+XcX background are fixed from simulation in both the signal and one-kaon272
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• Results:

isolation regions. This assumption is relaxed in an alternative fit by allowing them to vary273

in the fit and the di↵erence is assigned as a systematic uncertainty. In addition, a further274

categorisation is explored based on whether the Xc meson is charged or neutral. The275

di↵erence in the results when the background template is split into sub-samples based on276

this categorisation is assigned as a systematic uncertainty.277

Systematic uncertainties associated to the misidentification background arise from the278

treatment of fake tracks in the misidentification sample. Alternative definitions for fake279

tracks are explored and di↵erences in the shapes are included as template shape variations280

in the fit. The treatment of the momentum smearing due to decay in flight of the hadron281

is also varied and included as additional shape variation. Turning o↵ these variations282

allows for a systematic to be determined based on the resulting uncertainties in the fit.283

An uncertainty on the assumption of the background in the PID calibration samples is284

determined by changing the nominal procedure of using sPlot to a fit-and-count method.285

The finite size of the simulated samples results in statistical uncertainties for each286

template. The e↵ect of these on the parameters of interest is determined by bootstrapping287

the templates and repeating the fit to the data. The variations of the central values are288

assigned as systematic uncertainties.289

The combinatorial background shape is obtained from the same-sign sample with a290

multi-dimensional correction applied as a function of the visible mass and other kinematic291

variables. A systematic uncertainty is obtained by switching o↵ this correction and292

repeating the fit.293

Potential di↵erences between the data and simulation are investigated by removing294

the final simulation correction and repeating the fit. The di↵erence to the fit parameters295

is assigned as a systematic uncertainty.296

The muon PID e�ciency has a strong dependence on the muon momentum, which297

is di↵erent between the signal and normalisation modes. This e�ciency is determined298

in bins of kinematics from a J/ ! µ+µ� control sample. A systematic uncertainty is299

determined by increasing the number of bins by 20% and repeating the measurement.300

Approximately 2% of the selected events contain multiple candidates, leading to a301

systematic which is determined by randomly removing one candidate in those events and302

repeating the fit.303

Finally, systematic uncertainties that were found to be negligible include the potential304

contribution from B0
s ! D⇤⇤

s µ�⌫µ and ⇤0
b ! D+nµ�⌫µ decays, the emulation of the305

neutral isolation selection e�ciency, the assumptions behind the sPlot procedure and the306

e↵ects of incomplete QED modelling in the simulation [51].307

7 Results and conclusion308

The signal yields are divided by the combination of the relative e�ciencies and the309

⌧� ! µ�⌫µ⌫⌧ branching fraction [52], which is 0.099± 0.003 for R(D+) and 0.101± 0.003310

for R(D⇤+) . This results in the following311

R(D+) = 0.249± 0.043± 0.047

R(D⇤+) = 0.402± 0.081± 0.085

where the first uncertainties are statistical and the second systematic. The correlation312

coe�cient between the two measurements is �0.39 . These results are 0.78 � from the SM313
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New	World	Average.	
Tension	with	SM	at	the	level	of	3.17	σ.
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• Significance from SM goes from 3.3 𝜎 to 3.1𝜎.
• 𝑅(𝑋) shows no tension



Beyond R ratios:𝐹#$∗ at LHCb
• Recent measurement of 𝐹OP∗ at LHCb. 
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[arXiv:2311.05224]

Compatible	with	SM:

FD*
L [q2 < 7GeV2 /c4] = 0.495 ± 0.017

FD*
L [q2 > 7GeV2 /c4] = 0.383 ± 0.006

FD*
L = 0.60 ± 0.08 ± 0.04 [arXiv:1903.03102]
Compatible	with	previous	Belle	measurement:

[arXiv:2310.03680]

FD*
L = 0.441 ± 0.006

FD*
L = 0.457 ± 0.010

FD*
L = 0.467 ± 0.009

FD*
L = 0.422 ± 0.010

[PRD	98	(2018)	095018]
[Eur.	Phys.	J.	C	79,	268	(2019)
[Eur.	Phys.	J.	C	80,	347	(2020)]
[arXiv:2310.03680]

Run	1	+	partial	Run	2	(5fb-1),	hadronic	τ	decay.	
➥Background	suppression	and	control	similar	to	
Run	2	R(D*)	analysis	[PRD	108,	012018].	

Measurement	of	FLD*:	
• 4D-binned	template	fit	on:	τ	decay	time,	anti-Ds	
BDT	output,	cos	θD	and	q2	(q2	≶	7	GeV2/c4).	

• Two	signal	components:	polarised	&	unpolarised.

[arXiv:2310.03680]

Measured	values	of	FLD*:

Main	systematic	uncertainties	from	size	of	
simulated	samples,	FF	parameterisation	and	
double-charm	background	modelling.
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D* polarisation fraction in                                 decays

[PRD	95	(2017)	115038]

The	presence	of	new	mediators	impacts	the	
polarisation	fraction.

FD*
L =

aθD
(q2) + cθD

(q2)
3aθD(q2) + cθD(q2)

d2Γ
dq2d cos θD

= aθD
(q2) + cθD

(q2) cos2 θD

[arXiv:2311.05224]
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Searching for New Physics

BaBar, arXiv:1303.0571

New physics contribution alter signal and 
background decay distributions → Impact 
on the acceptance and fitting templates

arXiv:2101.08326



Searching for New Physics
Challenge: We need MC for each NP working point

• Our standard generator EvtGen does not 
incorporate NP effects

• Very costly to re-produce MC at various NP 
working points

Luckily for us, this problem has been solved!

It also allows us to perform truly global fits for 𝑏 →
𝑐𝜏𝜈̅$ transitions that avoid biases and remove SM 
priors

Π!ℒ!(𝐶, 𝜃)

Belle II 𝑅 𝐷∗

Belle P$ 𝐷∗ LHCb 𝑅 𝐷(∗)

Belle II R 𝑋

Correlation of common 
systematic uncertainties

Full experimental 
LikelihoodF. Bernlochner, S. Duell, Z. Ligeti, M. Papucci, D. J. Robinson

arXiv:2002.00020, EPJC



Searching for New Physics
It also allows us to perform truly global fits for 𝑏 →
𝑐𝜏𝜈̅$ transitions that avoid biases and remove SM 
priors

Π!ℒ!(𝐶, 𝜃)

Belle II 𝑅 𝐷∗

Belle P$ 𝐷∗ LHCb 𝑅 𝐷(∗)

Belle II R 𝑋

Correlation of common 
systematic uncertainties

Full experimental 
LikelihoodJ. Albrecht, F. Bernlochner, M. Colonna, B. Mitreska, M. Prim, I. Tsaklidis

Work in progress

Proof of concept
based on LHCb simulation and a Belle toy

Work in progress

Idea currently being discussed internally within the respective collaborations.



Glimpse into the future

LHCb Belle II

More data to come! Will push precision of the 𝑏 → 𝑐 LFU ratios considerably

F. Bernlochner, M. Franco Sevilla, D. 
Robinson, G. Wormser
arXiv:2101.08326, Review of Modern Physics
Belle II Collaboration
arXiv:2207.06307, Snowmass White Paper
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Discussion!



Backup



Challenges: Form Factors


