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where ℓ = e,μ 
3.8σ discrepancy

2

Experiment Tag method τ mode R(D) R(D*)
Babar ‘12 Hadronic ℓν ν 0.440 ± 0.058 ± 0.042 0.332 ± 0.024 ± 0.018
Belle ‘15 Hadronic ℓν ν 0.375 ± 0.064 ± 0.026 0.293 ± 0.038 ± 0.015
LHCb ‘15 - ℓν ν - 0.336 ± 0.027 ± 0.030
Belle ‘16 Semileptonic ℓν ν - 0.302 ± 0.030 ± 0.011
Belle ‘17 Hadronic π ν, ρ ν - 0.270 ± 0.035 ± 0.027
LHCb ‘18 - π π π - 0.291 ± 0.019 ± 0.029  
Average - - 0.407 ± 0.039 ± 0.024 0.306 ± 0.013 ± 0.007 

SM 0.299 ± 0.003 0.258 ± 0.005
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background  
events

B ⟶ D(*) τ ν 

B ⟶ D(*) ℓ ν 

y ( signal vs normalization classifier)

x (energy left in the calorimeter)

This measurement

3

• Measure R(D) and R(D*) and their 
statistical and systematic correlations 
simultaneously  

• Three main components can be identified 
for the reconstructed events. We use a 
2D fit as signal extraction method

Y(4S) 

e¯  

e⁺   

–
B0/±  ⟶ D(*)  τ¯  ν 

⟶ ℓ¯ ν ν 

B0/±  ⟶ D(*)  ℓ¯  ν 

B0/±  ⟶ D(*)  ℓ¯  ν 

B-tag

signal mode

normalization mode

use BDT hierarchical 
algorithm
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Preliminary fit results, D* ℓ samples

4

7

 (GeV)ECLE
0 0.2 0.4 0.6 0.8 1 1.2

Ev
en

ts
 / 

(0
.1

2 
G

eV
)

0

1

2

3

4

5

310×

ν τ D* →B 

ν D* l →B 

ν D** l →B 

Other

Fake D*

 (GeV)ECLE
0 0.2 0.4 0.6 0.8 1 1.2
Ev

en
ts

 / 
(0

.1
2 

G
eV

)
0

50

100

150

200

 (GeV)ECLE
0 0.2 0.4 0.6 0.8 1 1.2

Ev
en

ts
 / 

(0
.1

2 
G

eV
)

0

1

2

3

4
310×

ν τ D* →B 

ν D* l →B 

ν D** l →B 

Other

Fake D*

 (GeV)ECLE
0 0.2 0.4 0.6 0.8 1 1.2

Ev
en

ts
 / 

(0
.1

2 
G

eV
)

0

50

100

150

FIG. 3. EECL fit projections and data points with statistical uncertainties in the D⇤+`� (top) and D⇤0`� (bottom) data
samples, are shown for the full classifier region (left) and for the signal region defined by the selection class > 0.9 (right).
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FIG. 5. Classifier fit projections and data points with statistical uncertainties in the D⇤+`� (top) and D⇤0`� (bottom) data
samples, are shown for the full EECL region (left) and for the signal region defined by the selection EECL < 0.48 GeV (right).
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Preliminary fit results, D ℓ samples
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FIG. 4. Classifier fit projections and data points with statistical uncertainties in the D+`� (top) and D0`� (bottom) data
samples, are shown for the full EECL region (left) and for the signal region defined by the selection EECL < 0.48 GeV (right).
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FIG. 2. EECL fit projections and data points with statistical uncertainties in the D+`� (top) and D0`� (bottom) data samples,
for the full classifier region (left) and for the signal region defined by the selection class > 0.9 (right).
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Preliminary systematic uncertainties
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136 CHAPTER 6. SYSTEMATIC UNCERTAINTIES

Table 6.2: Breakdown of systematics uncertainty due to the limited MC size sample. Each
line in the table corresponds to a PDF used in the fit.The total systematic uncertainty is
calculated by summing the each uncertainty in quadrature.

PDF �R(D) (%) �R(D⇤) (%)

Signal 1.98 1.16

Normalization 0.96 0.63

B̄ ! D⇤⇤`�⌫̄` 0.79 0.59

Other 0.93 0.65

Fake D(⇤)-mesons 1.83 0.82

Mixed Feed-down, ` 1.64 0.29

Charged Feed-down, ` 1.45 0.56

Mixed Feed-down, ⌧ 0.68 0.20

Charged Feed-down, ⌧ 0.78 0.28

Sum 3.94 1.92

• Results are still statistically dominated 

4

The parameters that are floated in the final fit are the294

yields of the signal, normalization, B ! D

⇤⇤
`⌫` and feed-295

down fromD

⇤
` toD` components. The yield of fakeD(⇤)

296

events is fixed to the value estimated from sidebands in297

the �M distribution. The yields of other backgrounds298

are fixed to the values expected from MC simulation.299

The ratio R(D⇤) is given by the formula:300

R(D⇤) =
1

2B(⌧� ! `

�
⌫̄`⌫⌧ )

· "norm
"

sig

· N

sig

N

norm

, (3)301

where "

sig(norm)

and N

sig(norm)

are the reconstruction ef-302

ficiency and yields of signal (normalization) events. To303

validate the fit procedure, we perform fits to multiple304

subsets of the available MC samples. Furthermore, we305

validate the fit procedure with a large number of pseudo306

experiments. We do not find any bias or any problems307

with the evaluation of the statistical uncertainties.308

V. SYSTEMATIC UNCERTAINTIES309

To estimate the systematic uncertainties on R(D(⇤)),310

we vary every fixed parameter 500 times, sampling from a311

Gaussian distribution built using the parameter’s value312

and uncertainty. Then we repeat the fit and estimate313

the associated systematic uncertainty from the standard314

deviation of the fit results distribution. The systematic315

uncertainties are summarized in Table I.316

In Table I the label “D⇤⇤ composition” refers to the317

uncertainty introduced by the branching fractions of the318

B ! D

⇤⇤
`⌫` decay modes and the decays of the D

⇤⇤
319

mesons, which are not well known and therefore con-320

tribute significantly to the total PDF uncertainty for321

B ! D

⇤⇤
`⌫` decays. The uncertainties on the branching322

fraction of the B ! D

⇤⇤
`⌫` modes are assumed to be323

±6% for D

1

, ±10% for D

⇤
2

, ±83% for D

0
1

, and ±100%324

for D

⇤
0

, while the uncertainties on each of the D

⇤⇤ de-325

cay branching fractions are conservatively assumed to be326

±100%.327

The e�ciency factors for the fake D

(⇤) and B

tag

re-328

construction are calibrated using collision data. The un-329

certainties on these factors is a↵ected by the size of the330

samples used in the calibration. We vary these factors331

within their uncertainties and extract associated system-332

atic uncertainties.333

The reconstruction e�ciency of feed-down events, to-334

gether with e�ciency ratio of signal to normalization335

events are varied within their uncertainties, which are336

limited by the size of the MC samples.337

The e↵ect of the lepton e�ciency and fake rate, as well338

as the one due to the slow pion e�ciency, do not cancel339

out in the R(D(⇤)) ratios. This is due to the di↵erent340

lepton and charm mesons momentum spectra of normal-341

ization and signal modes. The uncertainty introduced by342

these factors is added to the total systematic uncertainty.343

The dominant systematic uncertainty arises from the344

limited size of the MC samples: to estimate this uncer-345

tainty, we recalculate PDFs for signal, normalization,346

TABLE I. Overview of all the contributions to the system-
atic uncertainties on the R(D(⇤))results. The total system-
atic uncertainty is calculated by summing each uncertainty in
quadrature.

Source �R(D) (%) �R(D⇤) (%)
D⇤⇤ Composition 0.62 1.26
Fake D(⇤) Calibration 0.18 0.10
Btag Calibration 0.06 0.04
Feed-down Factors 1.52 0.37
E�ciency Factors 1.73 3.60
Lepton E�ciency and Fake Rate 0.33 0.28
Slow ⇡ E�ciency 0.07 0.07
PDFs Statistics 3.94 1.92
B Decay Form Factors 0.50 0.24
Luminosity 0.09 0.04
B(B ! D(⇤)`⌫) 0.05 0.02
B(D) 0.31 0.12
B(D⇤) 0.04 0.02
B(⌧� ! `�⌫̄`⌫⌧ ) 0.13 0.12
Sum 4.66 4.32

fake D

(⇤) events, B ! D

⇤⇤
`⌫`, feed-down, and other347

backgrounds by generating toy MC samples from the348

nominal PDFs according to Poisson statistics and repeat349

the fit with the new PDFs.350

We include other minor systematic uncertainties from351

other sources: one related to the parameters that are used352

for the reweighting of the semileptonic B decays from353

the ISGW model to the LLSW model; and the others354

from the collider luminosity and the branching fractions355

of B ! D

(⇤)
`⌫, D,D

⇤ and ⌧

� ! `

�
⌫̄`⌫⌧ decays [26]. The356

total systematic uncertainty is estimated by summing the357

above uncertainties in quadrature.358

VI. RESULTS359

After performing the fit and evaluating the systematic
uncertainty, we extract the results:

R(D) = 0.307± 0.037± 0.016 (4)

R(D⇤) = 0.283± 0.018± 0.014, (5)

where the first uncertainties are statistical and provided360

by the fit, and the second uncertainties are system-361

atic (and likewise for all following results). The sta-362

tistical correlation between the R(D) and R(D⇤) val-363

ues is -0.53, while the systematic correlation is -0.52.364

The dataset used for this measurement includes the one365

used for the previous R(D⇤+) measurement by Belle [13],366

whose results agree with this measurement and should367

not be averaged with this measurement, which combines368

R(D⇤+) and R(D⇤0). A break-down of electron and369

muon channels yields the results R(D) = 0.281±0.042±370

0.017, R(D⇤) = 0.304 ± 0.022 ± 0.016 for the electron371

channels and R(D) = 0.373 ± 0.068 ± 0.030, R(D⇤) =372

0.245 ± 0.035 ± 0.020 for the muon channels. The best-373

fit yields are given in Table II. The E

ECL

and classifier374
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Conclusion / Preliminary R(D(*)) averages
• Most precise measurement of 

R(D) and R(D*) to date 

• First R(D) measurement 
performed with a semileptonic 
tag
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Chapter 71522

Results and Discussion1523

7.1 Results1524

After performing the fit and evaluating the systematic uncertainty, we extract the results:

R(D) = 0.307 ± 0.037 ± 0.016 (7.1)

R(D⇤) = 0.283 ± 0.018 ± 0.014, (7.2)

where the first uncertainty is statistical and provided by the fit, and the second error is1525

systematic. A break-down of electron and muon channel results is given in Table 7.1. We1526

exploited the isospin symmetry between B0 and B+ to impose the relationship R(D(⇤)) =1527

R(D(⇤)+) = R(D(⇤)0) in the fit. The fit projection on the EECL axis and on the classifier axis,1528

for both the whole 2D fit region and for the signal region defined by class > 0.9, are shown1529

in Figures 7.2 to 7.8. The correlation matrix for all floating parameters of the fit is shown in1530

Figure 7.9. As expected, we find a statistical correlation factor of �0.53 between R(D⇤) and1531

R(D) .

Table 7.1: Fit results for the electron, muon and sum of electron and muon channels.

R(D, `) 0.307 ± 0.037 ± 0.016

R(D, e) 0.281 ± 0.042 ± 0.017

R(D, µ) 0.373 ± 0.068 ± 0.030

R(D⇤, `) 0.283 ± 0.018 ± 0.014

R(D⇤, e) 0.304 ± 0.022 ± 0.016

R(D⇤, µ) 0.245 ± 0.035 ± 0.020

1532

The 2D combination of the R(D⇤) and R(D) results, together with their correlation and1533

the SM expectation is shown in Figure 7.10.1534

137

Chapter 81559

Conclusion1560

This thesis presents the measurement of the branching ratio of B̄ ! D(⇤)⌧�⌫̄⌧ relative to1561

B̄ ! D(⇤)`�⌫̄` decays – where ` is either e or µ – using semileptonic tagging channels and1562

leptonic ⌧ decays exclusively. It is performed on the full dataset on the ⌥(4S ) resonance of1563

the Belle experiment.1564

In the past these measurements have been carried out using hadronic tags, and this work1565

is the first analysis that uses a semileptonic tag for a combined measurement of R(D) and1566

R(D⇤) . Furthermore, with respect to the previous semileptonic measurement of R(D⇤+) by1567

Belle [44], this analysis uses a larger number of Btag channels, which directly translates to a1568

larger analysis dataset.1569

Our results are

R(D) = 0.307 ± 0.037 ± 0.016 (8.1)

R(D⇤) = 0.283 ± 0.018 ± 0.014, (8.2)

where the first uncertainty is statistical and provided by the fit, and the second error is1570

systematic. This is the single most precise measurement of R(D) and R(D⇤) ever performed.1571

The results are in agreement with the previous Belle measurement of R(D⇤) performed with1572

a semileptonic tag, which is now superseded.1573

The goal was to test the compatibility of this experimental data with the SM, whose
expectation values are

R(D) SM = 0.299 ± 0.003 (8.3)

R(D⇤) SM = 0.258 ± 0.005. (8.4)

Our results for R(D) and R(D⇤) are in agreement with the SM predictions within 0.2� and1574

1.1� respectively. The combination of our R(D) and R(D⇤) results is compatible with the1575

SM within 1.3�. Before these results, the experimental R(D) and R(D⇤) world average1576

showed a discrepancy of approximately 4� with the SM expectations. However, given the1577

compatibility of our results with the SM and their high precision, this discrepancy is reduced1578

to 3� when including these latest results.1579

151

SM prediction
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This result
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Conclusion / Preliminary R(D(*)) averages
• Most precise measurement of 

R(D) and R(D*) to date 

• First R(D) measurement 
performed with a semileptonic 
tag

• Results compatible with SM 
expectation within 1.2σ
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Chapter 71522

Results and Discussion1523

7.1 Results1524

After performing the fit and evaluating the systematic uncertainty, we extract the results:

R(D) = 0.307 ± 0.037 ± 0.016 (7.1)

R(D⇤) = 0.283 ± 0.018 ± 0.014, (7.2)

where the first uncertainty is statistical and provided by the fit, and the second error is1525

systematic. A break-down of electron and muon channel results is given in Table 7.1. We1526

exploited the isospin symmetry between B0 and B+ to impose the relationship R(D(⇤)) =1527

R(D(⇤)+) = R(D(⇤)0) in the fit. The fit projection on the EECL axis and on the classifier axis,1528

for both the whole 2D fit region and for the signal region defined by class > 0.9, are shown1529

in Figures 7.2 to 7.8. The correlation matrix for all floating parameters of the fit is shown in1530

Figure 7.9. As expected, we find a statistical correlation factor of �0.53 between R(D⇤) and1531

R(D) .

Table 7.1: Fit results for the electron, muon and sum of electron and muon channels.

R(D, `) 0.307 ± 0.037 ± 0.016

R(D, e) 0.281 ± 0.042 ± 0.017

R(D, µ) 0.373 ± 0.068 ± 0.030

R(D⇤, `) 0.283 ± 0.018 ± 0.014

R(D⇤, e) 0.304 ± 0.022 ± 0.016

R(D⇤, µ) 0.245 ± 0.035 ± 0.020

1532

The 2D combination of the R(D⇤) and R(D) results, together with their correlation and1533

the SM expectation is shown in Figure 7.10.1534
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Conclusion1560

This thesis presents the measurement of the branching ratio of B̄ ! D(⇤)⌧�⌫̄⌧ relative to1561

B̄ ! D(⇤)`�⌫̄` decays – where ` is either e or µ – using semileptonic tagging channels and1562

leptonic ⌧ decays exclusively. It is performed on the full dataset on the ⌥(4S ) resonance of1563

the Belle experiment.1564

In the past these measurements have been carried out using hadronic tags, and this work1565

is the first analysis that uses a semileptonic tag for a combined measurement of R(D) and1566

R(D⇤) . Furthermore, with respect to the previous semileptonic measurement of R(D⇤+) by1567

Belle [44], this analysis uses a larger number of Btag channels, which directly translates to a1568

larger analysis dataset.1569

Our results are

R(D) = 0.307 ± 0.037 ± 0.016 (8.1)

R(D⇤) = 0.283 ± 0.018 ± 0.014, (8.2)

where the first uncertainty is statistical and provided by the fit, and the second error is1570

systematic. This is the single most precise measurement of R(D) and R(D⇤) ever performed.1571

The results are in agreement with the previous Belle measurement of R(D⇤) performed with1572

a semileptonic tag, which is now superseded.1573

The goal was to test the compatibility of this experimental data with the SM, whose
expectation values are

R(D) SM = 0.299 ± 0.003 (8.3)

R(D⇤) SM = 0.258 ± 0.005. (8.4)

Our results for R(D) and R(D⇤) are in agreement with the SM predictions within 0.2� and1574

1.1� respectively. The combination of our R(D) and R(D⇤) results is compatible with the1575

SM within 1.3�. Before these results, the experimental R(D) and R(D⇤) world average1576

showed a discrepancy of approximately 4� with the SM expectations. However, given the1577

compatibility of our results with the SM and their high precision, this discrepancy is reduced1578

to 3� when including these latest results.1579
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• Most precise measurement of 
R(D) and R(D*) to date 

• First R(D) measurement 
performed with a semileptonic 
tag

• Results compatible with SM 
expectation within 1.2σ 

• R(D) - R(D*) Belle average is 
now within 2σ of the SM 
prediction 

• R(D) - R(D*) exp. world average 
tension with SM expectation 
decreases from 3.8σ to 3.1σ 

9
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leptonic ⌧ decays exclusively. It is performed on the full dataset on the ⌥(4S ) resonance of1563

the Belle experiment.1564

In the past these measurements have been carried out using hadronic tags, and this work1565

is the first analysis that uses a semileptonic tag for a combined measurement of R(D) and1566

R(D⇤) . Furthermore, with respect to the previous semileptonic measurement of R(D⇤+) by1567

Belle [44], this analysis uses a larger number of Btag channels, which directly translates to a1568

larger analysis dataset.1569

Our results are

R(D) = 0.307 ± 0.037 ± 0.016 (8.1)

R(D⇤) = 0.283 ± 0.018 ± 0.014, (8.2)

where the first uncertainty is statistical and provided by the fit, and the second error is1570

systematic. This is the single most precise measurement of R(D) and R(D⇤) ever performed.1571

The results are in agreement with the previous Belle measurement of R(D⇤) performed with1572

a semileptonic tag, which is now superseded.1573

The goal was to test the compatibility of this experimental data with the SM, whose
expectation values are

R(D) SM = 0.299 ± 0.003 (8.3)

R(D⇤) SM = 0.258 ± 0.005. (8.4)

Our results for R(D) and R(D⇤) are in agreement with the SM predictions within 0.2� and1574

1.1� respectively. The combination of our R(D) and R(D⇤) results is compatible with the1575

SM within 1.3�. Before these results, the experimental R(D) and R(D⇤) world average1576
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Results and Discussion1523

7.1 Results1524

After performing the fit and evaluating the systematic uncertainty, we extract the results:

R(D) = 0.307 ± 0.037 ± 0.016 (7.1)

R(D⇤) = 0.283 ± 0.018 ± 0.014, (7.2)

where the first uncertainty is statistical and provided by the fit, and the second error is1525

systematic. A break-down of electron and muon channel results is given in Table 7.1. We1526

exploited the isospin symmetry between B0 and B+ to impose the relationship R(D(⇤)) =1527

R(D(⇤)+) = R(D(⇤)0) in the fit. The fit projection on the EECL axis and on the classifier axis,1528

for both the whole 2D fit region and for the signal region defined by class > 0.9, are shown1529

in Figures 7.2 to 7.8. The correlation matrix for all floating parameters of the fit is shown in1530

Figure 7.9. As expected, we find a statistical correlation factor of �0.53 between R(D⇤) and1531

R(D) .

Table 7.1: Fit results for the electron, muon and sum of electron and muon channels.

R(D, `) 0.307 ± 0.037 ± 0.016

R(D, e) 0.281 ± 0.042 ± 0.017

R(D, µ) 0.373 ± 0.068 ± 0.030

R(D⇤, `) 0.283 ± 0.018 ± 0.014

R(D⇤, e) 0.304 ± 0.022 ± 0.016

R(D⇤, µ) 0.245 ± 0.035 ± 0.020

1532

The 2D combination of the R(D⇤) and R(D) results, together with their correlation and1533

the SM expectation is shown in Figure 7.10.1534
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Comparison to previous Belle semileptonic R(D*) 
result 

• \

  Phys. Rev. D94, 
072007 (2016) This analysis

Observables R(D*) R(D), R(D*)

B signal flavours Bᵒ Bᵒ, B⁺ 

B tag channels D*¯ ℓ⁺ ν D¯ ℓ⁺ ν ,     D*¯ ℓ⁺ ν,     

Tag reconstruction 
method Same as normalization Fast BDT

Tag selection cosθ B - D(*) ℓ 
cosθ B - D(*) ℓ, 

Fast BDT output

12
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Tagging in Belle

22/03/2019

• e+e- ⟶ Y(4S) ⟶ BB̄ : very clean and 
well-known initial state 

• Reconstruct one of the B mesons in 
the Y(4S) event (B tag) to gather 
information about the B decay of 
interest  

• Hadronic B decays:                                        
PRO: full B reconstruction, high purity                                         
CON: low efficiency                     
~5000 channels 

• Semileptonic B decays:                                 
PRO: high efficiency                     
CON: one missing neutrino, low purity                               
~100 channels 

B̄ 

π¯  B

Y(4S) e¯  e⁺  

D
τ 

ντ̄  

J/ψ

K¯ 
π⁺ 

Signal

Tag

K⁺ 

μ⁺ 

μ¯  

νℓ̄   

ντ̄  

ℓ 

13



Giacomo Caria University of Melbourne22/03/2019

Event selection and D(*) channels

14

16 CHAPTER 3. SIGNAL RECONSTRUCTION AND SELECTION

Table 3.2: List of D, D⇤ and ⇢� decays used in the signal side reconstruction.

D(⇤) decay BR (PDG 2014)
D+ ! K�⇡+⇡+ (9.46 ± 0.24)%
D+ ! K0

S⇡
+⇡0 (7.24 ± 0.17)%

D+ ! K�⇡+⇡+⇡0 (6.14 ± 0.16)%
D+ ! K0

S⇡
+⇡+⇡� (3.05 ± 0.09)%

D+ ! K0
S⇡

+ (1.53 ± 0.06)%
D+ ! K�K+⇡+ (0.996 ± 0.026)%
D+ ! K0

SK
+ (0.295 ± 0.015)%

D0 ! K�⇡+⇡0 (13.9 ± 0.5)%
D0 ! K�⇡+⇡+⇡� (8.07 ± 0.23)%
D0 ! K0

S⇡
+⇡�⇡0 (5.2 ± 0.6)%

D0 ! K�⇡+ (3.88 ± 0.05)%
D0 ! K0

S⇡
+⇡� (2.83 ± 0.20)%

D0 ! K0
S⇡

0 (1.19 ± 0.04)%
D0 ! K�K+ (0.396 ± 0.008)%
D0 ! ⇡�⇡+ (0.1402 ± 0.0026)%
D⇤+ ! D0⇡+ (67.7 ± 0.5)%
D⇤+ ! D+⇡0 (30.7 ± 0.5)%
D⇤0 ! D0⇡0 (61.9 ± 2.9)%
D⇤0 ! D0� (38.1 ± 2.9)%
⇢� ! ⇡�⇡0 100%

goodKs = 1, where the goodKs value is provided by the Belle K0
S finder [26]1.

Because there are a number of low energy photons due to the beam background, we
use photons with energy (E�) more than 50 MeV in the barrel region (32� < ✓ < 130�),
100 MeV in the forward endcap region (17� < ✓ < 32�) or 150 MeV in the backward
endcap region (130� < ✓ < 150�), except for slow ⇡0 candidates originating from D⇤

mesons.
For ⇡0 reconstruction, we use di↵erent requirements between normal ⇡0 from D0 or ⇢�

decays and slow ⇡0 from D⇤ decays. For normal ⇡0 reconstruction, we require the nominal
� selection described above. Furthermore, we apply the candidate selection based on the
characteristics that true ⇡0’s tend to have energetic photons (Fig 3.3), which was invented
in Ref. [28]. We firstly sort the ⇡0 candidates in descending order based on E� of the higher
energy �. If the higher energy � is shared by more than two ⇡0 candidates, we order the
candidates by E� of the second �. We then pick up the ⇡0 candidate from the higher rank
ones and discard other candidates which have a � used in the picked-up ⇡0 candidates.
Figure 3.4 shows comparison of the distributions of invariant mass with two photons
(m��) between the cases with and without the ⇡0 candidate selection. The figure-of-merit
S/

p
S + B, where S and B mean the number of true ⇡0 and fake ⇡0 candidates, is slightly

1In the Belle analyses, we can exploit the new K0
S selection package based on the NeuroBayes anal-

ysis [27]. However, increase of the K0
S reconstruction e�ciency of 10% does not gain our signal recon-

struction e�ciency so much (about 1%), and additional studies on estimation of systematic errors are
required. Therefore we do not apply the new package in our analysis.

D* channels
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Table 4.6: D mesons decay channels for the B
sig

.

D0 channels D+ channels

K� ⇡+ ⇡0 K� ⇡+ ⇡+

K� ⇡+ ⇡+ ⇡� K0

S

⇡+ ⇡0

K� ⇡+ K0

S

⇡+ ⇡+ ⇡�

K0

S

⇡+ ⇡� K0

S

⇡+

K0

S

⇡0 K� K+ ⇡+

K� K+ K0

S

K+

⇡� ⇡+

K0

S

K+ K�

Table 4.7: Selection criteria for D mesons.

Particle Decay channel Variable type Cut

D+ with ⇡0 InvM �36 MeV/c2 < dM < 24 MeV/c2

D+ without ⇡0 InvM �15 MeV/c2 < dM < 15 MeV/c2

Vertex fit pValue > 0

D0 with ⇡0 InvM �45 MeV/c2 < dM < 30 MeV/c2

D0 without ⇡0 InvM �15 MeV/c2 < dM < 15 MeV/c2

Vertex fit pValue > 0

Table 4.8: Selection criteria for D⇤ mesons

Particle Decay channel Cut

D⇤0 D0⇡0 |dM | < 2.5 MeV/c2

D0� |dM | < 2.5 MeV/c2

D⇤+ D0⇡+ |dM | < 2.5 MeV

D+⇡0 |dM | < 2.0 MeV/c2

~ 30% of total ~ 22% of total 
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Table 3.5: Selection criteria for final state particles.

Particle Variable type Selection criterion

K± Particle ID KID > 0.1

e± Particle ID eID > 0.3

Kinematics plab > 0.200 GeV/c

µ± Particle ID muID > 0.5

all charged Track parameter �r < 2.0 cm

Track parameter |�z| < 5.0 cm

⇡0 Invariant mass 0.120 < M( GeV/c2 ) < 0.150

E� > 50/100/150 MeV (barrel/fwd/back)

cos✓�� > 0

Kinematics plab > 0.200 GeV/c

⇡0
slow Invariant mass |M�� � MPDG

⇡
0 | < 0.010 GeV/c2

E�, high > 50 MeV

E�, low > 20 MeV

K0
S Invariant mass 0.483 < M( GeV/c2 ) < 0.513

K0
S Optimizer nbvlike > 0.5 and nbnolam > �0.4

Table 3.6: D-meson decay channels for the Bsig , with branching ratios taken from Ref.
[10].

D0 channel Branching ratio (%)

K� ⇡+ ⇡0 13.9 ± 0.5

K� ⇡+ ⇡+ ⇡� 8.07 ± 0.23

K� ⇡+ 3.88 ± 0.05

K0
S ⇡+ ⇡� 2.83 ± 0.20

K0
S ⇡0 1.19 ± 0.04

K0
S K+ K� 0.451 ± 0.034

K� K+ 0.396 ± 0.008

⇡� ⇡+ 0.1402 ± 0.0026

D+ channel Branching ratio (%)

K� ⇡+ ⇡+ 9.46 ± 0.24

K0
S ⇡+ ⇡0 7.24 ± 0.17

K0
S ⇡+ ⇡+ ⇡� 3.05 ± 0.09

K0
S ⇡+ 1.53 ± 0.06

K� K+ ⇡+ 0.996 ± 0.026

K0
S K+ 0.295 ± 0.015
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3.3.3 D⇤-meson Selection

We reconstruct D⇤+ meson decays in the channels D0 ⇡+ and D+ ⇡0. For the first
channel, the D⇤+ vertex is fit using the previously fit D0 vertex adding a ⇡+

slow track to the
fit. This improves the purity for this channel. On the other hand, the vertex-fit for the
D+ ⇡0 channel does not perform well, given the lack of directional information provided
by a ⇡0 and therefore, we do not perform a vertex-fit for this channel. Moreover, for the
D+ ⇡0 channel we loosen the photon selection for the slow ⇡0 with respect to the ⇡0 used
for D-meson reconstruction, as mentioned in section 3.5. However, the asymmetry
between the energies of the photons emitted by the slow ⇡0 , defined as:

A� =
|E1 � E2|
(E1 + E2)

, (3.6)

where E1, E2 are the two photon energies, is required to be smaller than 0.6, a value
chosen by maximising the figure of merit for this distribution, as shown in Figure 3.11.
We reconstruct D⇤0 -meson decay in the channel D0 ⇡0 . The ⇡0 candidates are selected
through the procedure explained in the previous paragraph. We do not apply a vertex
fit to the D⇤0 , since no information is gained with this procedure, due to the presence
of a ⇡0 .

Given that in D⇤ decays there is only a small amount of phase space available for
the momentum of the emitted ⇡, the signal D⇤ decay can be e↵ectively selected using a
selection criterion on the �M ⌘ M(D⇡)�M(⇡), where M(D⇤+)�M(D+) = 140.66±
0.10 MeV/c2 and M(D⇤0)�M(D0) = 145.42±0.01 MeV/c2 [10]. The di↵erential mass
distributions of all D⇤-meson channels are shown in Figure 3.10. The selection criteria
for the di↵erent channels for this variable are summarized in Table 3.8.

3.3.4 B-signal Selection

We require Bsig candidates to have cos ✓
B,D

(⇤)
`
< 1.0, since for both normalization and

signal events the distributions of this variable do not extend any further than this limit
on the positive axis range. On the other hand, we do not impose any lower bound on
this variable since small values of cos ✓

B,D
(⇤)

`
are a signature of the signal events.

Table 3.8: Selection criteria for D⇤ mesons.

Particle Decay channel Selection criterion

D⇤0 D0⇡0 |M reco
D

⇤ � MPDG
D

⇤ | < 2.0 MeV/c2

D⇤+ D0⇡+ |M reco
D

⇤ � MPDG
D

⇤ | < 2.5 MeV/c2

D+⇡0 |M reco
D

⇤ � MPDG
D

⇤ | < 2.0 MeV/c2
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Table 3.7: Selection criteria for D-mesons.

Particle Decay channel Variable type Selection criterion

D+ with ⇡0 Invariant Mass �36 MeV/c2 < M reco
D � MPDG

D < 24 MeV/c2

D+ without ⇡0 Invariant Mass �15 MeV/c2 < M reco
D � MPDG

D < 15 MeV/c2

Vertex fit pValue > 0 (successful fit)

D0 with ⇡0 Invariant Mass �45 MeV/c2 < M reco
D � MPDG

D < 30 MeV/c2

D0 without ⇡0 Invariant Mass �15 MeV/c2 < M reco
D � MPDG

D < 15 MeV/c2

Vertex fit pValue > 0 (successful fit)
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Signal vs normalisation classifier

BDT classifier used to distinguish signal 
from normalization events. 

The input variables used are: 

15

• squared missing mass 
• cosθ D(*) ℓ - B  

• Evisible (sum of all particles’ energies) 

Input variables (e.g.: Bᵒ  ⟶ D*⁺  e¯ ν) 

(c) Signal channel:

¯B0 ! D⇤+e�⌫

(d) Signal channel:

¯B0 ! D⇤+µ�⌫

Figure 21: Input variables distributions for the XGBoost trainings for the B0 signal
channels.
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(c) Signal channel:

¯B0 ! D⇤+e�⌫

(d) Signal channel:

¯B0 ! D⇤+µ�⌫

Figure 21: Input variables distributions for the XGBoost trainings for the B0 signal
channels.
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(c) Signal channel:

¯B0 ! D⇤+e�⌫

(d) Signal channel:

¯B0 ! D⇤+µ�⌫

Figure 21: Input variables distributions for the XGBoost trainings for the B0 signal
channels.
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Fit correlation matrix

16
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R(D) and R(D*) preliminary results
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Chapter 71522

Results and Discussion1523

7.1 Results1524

After performing the fit and evaluating the systematic uncertainty, we extract the results:

R(D) = 0.307 ± 0.037 ± 0.016 (7.1)

R(D⇤) = 0.283 ± 0.018 ± 0.014, (7.2)

where the first uncertainty is statistical and provided by the fit, and the second error is1525

systematic. A break-down of electron and muon channel results is given in Table 7.1. We1526

exploited the isospin symmetry between B0 and B+ to impose the relationship R(D(⇤)) =1527

R(D(⇤)+) = R(D(⇤)0) in the fit. The fit projection on the EECL axis and on the classifier axis,1528

for both the whole 2D fit region and for the signal region defined by class > 0.9, are shown1529

in Figures 7.2 to 7.8. The correlation matrix for all floating parameters of the fit is shown in1530

Figure 7.9. As expected, we find a statistical correlation factor of �0.53 between R(D⇤) and1531

R(D) .

Table 7.1: Fit results for the electron, muon and sum of electron and muon channels.

R(D, `) 0.307 ± 0.037 ± 0.016

R(D, e) 0.281 ± 0.042 ± 0.017

R(D, µ) 0.373 ± 0.068 ± 0.030

R(D⇤, `) 0.283 ± 0.018 ± 0.014

R(D⇤, e) 0.304 ± 0.022 ± 0.016

R(D⇤, µ) 0.245 ± 0.035 ± 0.020

1532

The 2D combination of the R(D⇤) and R(D) results, together with their correlation and1533

the SM expectation is shown in Figure 7.10.1534
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Conclusion1560

This thesis presents the measurement of the branching ratio of B̄ ! D(⇤)⌧�⌫̄⌧ relative to1561

B̄ ! D(⇤)`�⌫̄` decays – where ` is either e or µ – using semileptonic tagging channels and1562

leptonic ⌧ decays exclusively. It is performed on the full dataset on the ⌥(4S ) resonance of1563

the Belle experiment.1564

In the past these measurements have been carried out using hadronic tags, and this work1565

is the first analysis that uses a semileptonic tag for a combined measurement of R(D) and1566

R(D⇤) . Furthermore, with respect to the previous semileptonic measurement of R(D⇤+) by1567

Belle [44], this analysis uses a larger number of Btag channels, which directly translates to a1568

larger analysis dataset.1569

Our results are

R(D) = 0.307 ± 0.037 ± 0.016 (8.1)

R(D⇤) = 0.283 ± 0.018 ± 0.014, (8.2)

where the first uncertainty is statistical and provided by the fit, and the second error is1570

systematic. This is the single most precise measurement of R(D) and R(D⇤) ever performed.1571

The results are in agreement with the previous Belle measurement of R(D⇤) performed with1572

a semileptonic tag, which is now superseded.1573

The goal was to test the compatibility of this experimental data with the SM, whose
expectation values are

R(D) SM = 0.299 ± 0.003 (8.3)

R(D⇤) SM = 0.258 ± 0.005. (8.4)

Our results for R(D) and R(D⇤) are in agreement with the SM predictions within 0.2� and1574

1.1� respectively. The combination of our R(D) and R(D⇤) results is compatible with the1575

SM within 1.3�. Before these results, the experimental R(D) and R(D⇤) world average1576

showed a discrepancy of approximately 4� with the SM expectations. However, given the1577

compatibility of our results with the SM and their high precision, this discrepancy is reduced1578

to 3� when including these latest results.1579
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B ⟶ D(*) τ ν  @ Belle II

18

• Current measurements are statistically limited 
• Dominant systematics from: 

• MC statistics ⟶  larger at Belle II 
• limited knowledge of B ->D** l nu and B-

>D(*) Xc bkg ⟶  dedicated studies with 
large data sample at Belle II 

• Study kinematic distributions, polarization

1 Leptonic and Semileptonic B Decays

Table 10: Expected precision on RD(⇤) and P⌧ (D⇤) at Belle II. The first and the second values

are the expected statistical and the systematic errors, respectively. These expectations are

shown as the relative (absolute) values for RD(⇤) (P⌧ (D⇤)).

5 ab�1 50 ab�1

RD (6.0 ± 3.9)% (2.0 ± 2.5)%

RD⇤ (3.0 ± 2.5)% (1.0 ± 2.0)%

P⌧ (D⇤) 0.18 ± 0.08 0.06 ± 0.04

R(D)
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Fig. 8: Expected Belle II constraints on the RD vs RD⇤ plane (top) and the RD⇤ vs P⌧ (D⇤)

plane (bottom) compared to existing experimental constraints from Belle. The SM predic-

tions are also indicated by the black dots with error bars. In the right panel, the new physics

scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators OS
1

,

OV
1

and OT , respectively.

Future prospect. Based on the existing results from Belle and expected improvements at 523

Belle II, we estimate precisions in the RD(⇤) and P⌧ (D⇤) measurements as shown in Table 10. 524

In Fig. 8, the expected precisions at Belle II are compared to the current results and the SM 525

expectations. The RD(⇤) precision will be comparable to the current theoretical uncertainty 526

in the SM expectations. Furthermore, using information of P⌧ (D⇤), discrimination of the 527

new physics scenarios may be possible. In the estimates for P⌧ (D⇤), no improvement in the 528

systematic uncertainty arising from the hadronic B decays with three or more ⇡0, ⌘ and � is 529

assumed. However, although challenging, understanding for these modes may be improved by 530

the future measurements at Belle II and the systematic uncertainty will be further reduced. 531

As shown in Fig. 6, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on the E
ECL

shape 532

in discrimination of the signal from the background events. One of the possible problem 533

at Belle II is therefore e↵ects from the large beam-induced background onto E
ECL

. Deep 534

understanding of the beam background will be essential. 535

With high statistics of the Belle II data, the new physics scenarios can be also precisely

tested with q2 distributions. Figure 9 is demonstration of the statistical precision of the

q2 measurement with 50 ab�1 data based on a toy-MC study. A quantitative estimation

for future sensitivity to search for new physics by B̄ ! D(⇤)⌧ ⌫̄ is shown in Fig. 10 [66]. In

the figure, it is shown that the regions of CX are probed by the ratios (red) and the q2
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Table 12: Expected precision of RD(⇤) and P⌧ (D⇤) at Belle II, given as the relative uncertainty

for RD(⇤) and absolute for P⌧ (D⇤). The values given are the statistical and systematic errors

respectively.

5 ab�1 50 ab�1

RD (±6.0 ± 3.9)% (±2.0 ± 2.5)%

RD⇤ (±3.0 ± 2.5)% (±1.0 ± 2.0)%

P⌧ (D⇤) ±0.18 ± 0.08 ±0.06 ± 0.04

R(D)
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

R
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Fig. 10: Expected Belle II constraints on the RD vs RD⇤ plane (top) and the RD⇤ vs P⌧ (D⇤)

plane (bottom) compared to existing experimental constraints from Belle. The SM predic-

tions are indicated by the black points with theoretical error bars. In the right panel, the

NP scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators OS
1

,

OV
1

and OT , respectively.

Future prospects. Based on the existing results from Belle and the expected statistical 550

and experimental improvements at Belle II, we provide estimates of the precision of RD(⇤) 551

and P⌧ (D⇤) in Table 12 for two integrated luminosities. In Fig. 10, the expected precisions 552

at Belle II are compared to the current results and the SM expectations. The RD(⇤) precision 553

will be comparable to the current theoretical uncertainty. Furthermore, precise polarisation 554

measurements, P⌧ (D⇤), and decay di↵erentials will provide further discrimination of NP 555

scenarios. In the estimates for P⌧ (D⇤), we take the pessimistic scenario that no improvement 556

to the systematic uncertainty arising from hadronic B decays with three or more ⇡0, ⌘ and 557

� can be achieved. However, although challenging, our understanding of these modes should 558

be improved by future measurements at Belle II and hence the systematic uncertainty will 559

be further reduced. As shown in Fig. 8, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on 560

the E
ECL

shape in discrimination of the signal from the background events. One possible 561

challenge at Belle II is therefore to understand the e↵ects from the large beam-induced 562

background onto E
ECL

. From studies of B ! ⌧⌫, shown earlier in this section, E
ECL

should 563

be a robust observable. 564

With the Belle II data set NP scenarios can be also precisely tested with q2 (and other

di↵erential) distributions. Figure 11 shows a demonstration of the statistical precision of

the q2 measurement with 50 ab�1 data based on a toy-MC study with the hadron tag

based analysis. A quantitative estimation of the future sensitivity to NP in B̄ ! D(⇤)⌧ ⌫̄
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5 ab-1 50 ab-1

R(D) (6.0 +/- 3.9)% (2.0 +/- 2.5)%

R(D*) (3.0 +/- 2.5)% (1.0 +/- 2.0)%

Pτ (D*) 0.18 +/- 0.08 0.06 +/- 0.04

Errors @ Belle II


