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B Physics 2

▸ B physics is the study of bound states containing one b quark and their decays/dynamics. 

▸ b-hadrons decay in a multitude of final states, allowing the study of a wide range of physics.

▸ Non B physics is great too! But I had to somehow restrict the topic

▸ They are copiously produced at the LHC:  produced per 1011 bb̄ fb−1

B0 = |db̄⟩; B+ = |ub̄⟩; B0
s = |sb̄⟩

Λ0
b = |udb⟩; B+

c = |cb̄⟩



Experiments (two out of many on the slides) 3

▸ @Hadron Colliders

▸ @electron-positron collideres

▸ Higher  production cross-sectionbb̄

▸ Many b-hadron species  to study

▸ Collisions @  (or ) 
centre of mass energy

Υ(4S) Υ(5S)

▸ Constrained kinematics

▸ Backgrounds: high particle density 
environment, b-hadron momentum 
determined from final state particles

▸ Backgrounds: other physics 
processes, beam background
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▸ “Semileptonic decay” refers to a final state with leptons and hadrons

▸ Except for LHCb people, where with “Semileptonic b-hadron decay ” refers to tree level 
 and  transitions , with charged and neutral leptons in the final stateb → c b → u

▸ Today not much about  transitions, e.g.  (again, they are 
great too…)

b → sℓ+ℓ B0 → K*0ℓ+ℓ−

▸ Today’s topic: Semileptonic b-hadron decays



Why tree-level semileptonic b-hadron decays? 5
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▸ The fundamental (theoretical) advantage of semi-leptonic decays is the non-coupling of 
the leptonic system to the outgoing  hadron. 

▸ The fundamental (experimental) disadvantage of semi-leptonic decays is the non-
reconstructible neutrino in the final state

▸ Experimental advantage: about 10% of all b-hadrons decays  very large samples allow 
for precision tests of the SM (evaluation of systematic uncertainties is crucial)

→

▸ Access to many interesting observables
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Why tree-level semileptonic b-hadron decays?
▸ Access to many interesting observables



7Semileptonic b-hadron decays @LHCb
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Tracking efficiency > 96%

Δp/p = 0.5-1.0%

σIPx~20μm

decay time resolution~45fs
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Techniques for semileptonic decays (@LHCb)



The fundamental problem: partial reconstruction 9

L(B )PV
0 DV(B )0

p2-body
→

Tp
→mis

5200 5250 5300 5350 5400

m(µ+µ�K+
) [MeV/c2]

0

2000

4000

6000

8000

10000

12000

14000

C
a
n
d
id
a
t
e
s
/
(
2
.2
M
e
V
/c

2
)

Data

Sum

B+! J/ K+

Background

LHCb 2011, Down

▸ The missing neutrino is the fundamental experimental 
problem with semileptonic decays (@LHCb)

▸ Cannot reconstruct the invariant mass of 
b-hadrons & the momentum of the b-
hadron is underestimated
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L(B )PV
0 DV(B )0

p2-body
→

Tp
→mis

▸ The ‘visible mass’ (invariant mass of the decay product we do 
reconstruct) has poor signal/bkg discriminating power

▸ Need approaches to (1) isolate the signal (2) get correct kinematics (within resolution)

▸ The missing neutrino is the fundamental experimental 
problem with semileptonic decays (@LHCb)

▸ Cannot reconstruct the invariant mass of 
b-hadrons & the momentum of the b-
hadron is underestimated

The fundamental problem: partial reconstruction
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▸ We may or may not need a  invariant mass like object, e.g. when studying  B B → DμνX

▸ Samples are signal dominated ( )ℬ(B → DμνX) ≈ 10 % ( |Vcb | )
▸ Displaced muon
▸ Clear  peakD
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▸ One can fit simultaneously  and  
 to separate the semileptonic decays 

from prompt charm

m(K+π−)
log(IPD)

▸ Useful or not? - it depends on the analysis - no separation from other semileptonic b-
hadron decays including  in the final stateDμ

IPD



Bargaining: use the (partial) information/make assumptions 12
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pvis ⋅ pν = EvisEν − p∥visp∥ν − p⊥visp⊥ν

= EvisEν − p∥visp∥ν + p2
⊥

p⊥ν = − p⊥vis

▸ We can make an assumption about the missing (parallel) component:  p∥ν = p∥vis

▸  s a Lorentz invariant: one can always boost along the flight direction, in a system 
where   vanishes
pvis ⋅ pν

p∥vis

▸  pvis ⋅ pν = Evis ⋅ p⊥ + p2
⊥ = m2

vis + p2
⊥ ⋅ p⊥ + p2

⊥
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B = (pvis + pν)2

= m2
vis + m2

ν + 2(pvis ⋅ pν)

= m2
vis + 2 m2

vis + p2
⊥ ⋅ p⊥ + 2p2

⊥

= ( m2
vis + p2

⊥ + p⊥)2

Bargaining: use the (partial) information/make assumptions

mB,corr = m2
vis + p2

⊥ + p⊥

pvis ⋅ pν = m2
vis + p2

⊥ ⋅ p⊥ + p2
⊥
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D(⇤)

PV

Depression and acceptance

▸ The  variables peaks at the nominal  B mass (the 
case where, in the rest frame of the B, the visible system 
and the neutrino fly perpendicular to the flight 
direction). 

mcorr

▸ But it has a very long tail to lower masses

▸ This is a consequence of the assumption we made

▸ High-end of the spectrum: resolution effects

▸ One can define the corrected mass also for massive 
missing particles

▸ The width of the distribution depends on the 
available phase space

mB,corr = m2
vis + p2

⊥ + p⊥
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Finding b ! ul⌫l at a hadron collider 84

Fig 6.12 compares the corrected mass uncertainty computed using solely the covariance in-
formation for the primary and secondary vertex positions, �mcorr , to that including the impact
of the uncertainty on the pµ 4-momentum, �0

mcorr
. Fig 6.12 also shows the improvement in the

corrected mass resolution, mreco
corr �mtrue

corr , when requiring candidates either have �mcorr < 100 MeV/c2

or �0
mcorr

< 100 MeV/c2. While the selection criterion �0
mcorr

< 100 MeV/c2 results in a slightly
narrower mreco

corr � mtrue
corr distribution this condition results in a efficiency loss of 11% relative to the

condition �mcorr < 100. For this reason a selection was made using �mcorr as opposed to �0
mcorr

.

The requirement to reject candidates with a corrected mass uncertainty above 100 MeV/c2

reduces the RMS of the mreco
corr � mtrue

corr distribution from 250 MeV/c2 to 156 MeV/c2. Although this
tight selection criterion selects only around 23% of signal after preselection there is a significant
improvement in the separation between signal and background corrected mass shapes as shown in
Fig 6.13.
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Figure 6.12: The corrected mass uncertainty, �mcorr , distribution for simulated ⇤0
b ! pµ�⌫µ decays. In

the |Vub| analysis candidates with corrected mass uncertainty above 100 MeV/c2 are rejected
(left). The mreco

corr � mtrue
corr distribution for simulated ⇤0

b ! pµ�⌫µ decays is shown by the
solid line meanwhile the dashed requirement shows candidates which meet the additional
requirements of �mcorr < 100 MeV/c2 and �0

mcorr
< 100 MeV/c2 (right).

The choice of the selection criterion �mcorr < 100 MeV/c2 was made in order to limit systematic
uncertainties as opposed to optimising on a statistical basis. The cut value of 100 MeV/c2

corresponds to the peak of the corrected mass uncertainty distribution, this results in a smaller
impact for any potential mismatch in corrected mass uncertainty distribution in simulation to that
in data. This effect is quantified later in section 7.4.1 using a kaon and muon combination from
B+ ! (J/ ! µ+µ�

)K+ decays as a proxy for the signal proton and muon. Fig 6.14 shows the
RMS of the mreco

corr � mtrue
corr distribution as a function of �mcorr and xcut, where �mcorr < xcut.Initially
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LHCb simulation

▸ One can calculate the expected error on  (have fun with Jacobians)mcorr

▸ As expected the error on secondary vertex dominates

▸ Select events with low σ(mcorr)

▸ Improves separation between signal and background, but greatly reduces event yield.



16Getting the correct kinematics: q2

▸ The corrected mass is constructed assuming   (only one quantity fixed)p∥ν = p∥vis

▸ If we assume the nominal mass of the parent b-hadron, we can obtain   p∥ν

▸ We can then calculate = squared invariant mass of the dilepton system = squared 
invariant mass of the virtual W

q2 =

▸ The mass is a squared quantity (in energy-momentum conservation), one obtains two 
solutions (and only once is correct). 
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4 CP violation in interference
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17 : which solution to chooseq2

▸ Randomly pick one? 

▸ Or: experimentally one solution occurs more frequently than the other (due to the 
acceptance of the sub-detectors, selection criteria of the analysis…). One can choose this

▸ Or: Try to get an independent measure of the B momentum, and compare it with the 
two solutions. Pick the closest 

▸ How to get an independent estimate: B momentum is correlated with flight length and 
angle wrt to beam axis  use a linear regression to predict B momentum→

▸ Significantly better than random choice 
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Figure 3. The left-hand figure shows the 1/sin✓flight distribution of the simulated b-hadrons that
are within the LHCb acceptance. The right-hand figure shows the distribution of the same variable
versus the b-hadron momentum.
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Figure 4. The left-hand figure (left) shows the |~F | distribution of the simulated b-hadrons that
are within the LHCb acceptance. The right-hand figure (right) shows the distribution of the same
variable versus the b-hadron momentum.

balance. Considering the LHCb detector, and the most optimistic use of all kinematic
information from the reconstructible particles, we can only achieve a correlation of around
20% between the missing pT and the pT of the signal b. As an alternative, we consider the
possibility to reconstruct the b̄-hadron that is produced in association with the signal b.
Even at b(b̄)-quark level the naive pT balance between the b and b̄ is spoilt by the broad
bb̄ pT spectrum. Various combinations of reconstructing the signal b and associated b̄ at
hadron or jet level are considered. Even before considering the inefficiency of reconstructing
the associated b̄ this approach does not seem promising.

We are left with the conclusion that there are only two pieces of information related to
the b-hadron flight vector, namely 1/ sin ✓flight and |~F |, which are of value in an estimator of
the b-hadron momentum. In the following section we utilise them in a regression algorithm.

4 Multivariate regression analysis

The two flight variables described in the previous section, 1/ sin ✓flight and |~F |, are considered
in a multivariate regression analysis in order to infer the momenta of the b-hadrons. A simple
least squares linear regression algorithm, as implemented in the sklearn package [11], is
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are within the LHCb acceptance. The right-hand figure shows the distribution of the same variable
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are within the LHCb acceptance. The right-hand figure (right) shows the distribution of the same
variable versus the b-hadron momentum.

balance. Considering the LHCb detector, and the most optimistic use of all kinematic
information from the reconstructible particles, we can only achieve a correlation of around
20% between the missing pT and the pT of the signal b. As an alternative, we consider the
possibility to reconstruct the b̄-hadron that is produced in association with the signal b.
Even at b(b̄)-quark level the naive pT balance between the b and b̄ is spoilt by the broad
bb̄ pT spectrum. Various combinations of reconstructing the signal b and associated b̄ at
hadron or jet level are considered. Even before considering the inefficiency of reconstructing
the associated b̄ this approach does not seem promising.

We are left with the conclusion that there are only two pieces of information related to
the b-hadron flight vector, namely 1/ sin ✓flight and |~F |, which are of value in an estimator of
the b-hadron momentum. In the following section we utilise them in a regression algorithm.

4 Multivariate regression analysis

The two flight variables described in the previous section, 1/ sin ✓flight and |~F |, are considered
in a multivariate regression analysis in order to infer the momenta of the b-hadrons. A simple
least squares linear regression algorithm, as implemented in the sklearn package [11], is
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18 : which solution to chooseq2

▸ Randomly pick one? 

▸ Or: experimentally one solution occurs more frequently than the other (due to the 
acceptance of the sub-detectors, selection criteria of the analysis…). One can choose this

▸ Or: Try to get an independent measure of the B momentum, and compare it with the 
two solutions. Pick the closest 

▸ How to get an independent estimate: B momentum is correlated with flight length and 
angle wrt to beam axis  use a linear regression to predict B momentum→

▸ Significantly better than random choice 
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Figure 5. The distribution of Pinf versus the true b-hadron momentum.

used. This algorithm is trained on a randomly selected subset of the simulated event
sample. The independent data are used to evaluate the performance of the algorithm in
estimating the b-hadron momentum from the values of the two flight variables. Fig. 5
shows the distribution of the inferred b-hadron momentum, Pinf , versus the true b-hadron
momentum. The correlation coefficient is around 70%. In Tab. 1, the correlation coefficients
between Ptrue and the two flight variables are listed for the three centre of mass energies
and various selection requirements on the simulated B0

s ! K�µ+⌫µ decays. Also listed are
the correlations between Ptrue and the inferred momentum that would be returned by the
regression using only 1/ sin ✓flight, which is denoted P ✓

inf . It can be seen that as expected
these values are close to the corresponding correlations with the raw flight angle variable
itself. The final column of Tab. 1 lists the correlations between Ptrue and Pinf . It can
be seen that the combination of the two variables in the regression algorithm increases
the correlation by around 10% compared to the more powerful angular variable alone.
Hardly any dependence on the centre-of-mass energy is seen. There is a degradation of the
correlations of up to 10% when applying the acceptance and selection requirements on the
charged decay products of the simulated B0

s ! K�µ+⌫µ decays.
Fig. 6 (left) shows the distribution of (Pinf�Ptrue)/Ptrue and the corresponding distribu-

tion for P ✓
inf instead of Pinf . As expected the shapes of these distributions roughly resemble

the underlying b-hadron pT spectrum shown in Fig. 1. In Fig. 6 (right) the corresponding
profiles of the mean |Pinf �Ptrue|/Ptrue are shown as a function of ⌘. The resolution of Pinf

is around 60% and exhibits some dependence on ⌘. It is about 10–20% improved compared
to that of P ✓

inf which neglects the decay length information.

5 Physics applications

In this section, several physics applications are considered. Sect. 5.1 describes an application
to the study the decay B0

s ! K�µ+⌫µ. The b-hadron momentum estimate is used to resolve
the quadratic ambiguity and enhance the resolution in the kinematic quantities describing
the b-hadron decay. Sect. 5.2 describes an attempt to use the momentum estimate directly
to define variables that distinguish between different classes of decays. As an example, we
consider separating B0

s ! K�µ+⌫µ from B0
s ! K⇤�µ+⌫µ. Sect. 5.3 reports on the use
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Figure 7. The distribution of (P+�Ptrue)/Ptrue versus (P��Ptrue)/Ptrue in the subset of simulated
B0

s ! K�µ+⌫µ decays that satisfy the selection requirements as described in the text.
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Figure 8. The rate at which the correct b-hadron momentum solution is chosen, as a function of
various kinematic properties of the b.
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Figure 9. The rate at which the correct b-hadron momentum solution is chosen, as a function of q2.
Separate points are show for only the b-hadron level selection cuts, and for sequential application
of P, pT and ⌘ cuts on the charged final state particles from the simulated B0

s ! K�µ+⌫µ decays.

uncertainty. Fig. 10 compares the q2 resolution that is obtained with a random choice of
solutions versus a choice based on Pinf . A useful figure of merit in unfolding problems is the
bin purity. For a given bin in the true quantity, we define its purity as the fraction of entries
for which the reconstructed quantity also falls into the same bin. Fig. 11 compares the q2

bin purities for the random quadratic solution versus the best solution with our method.
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19 : which solution to chooseq2

▸ Randomly pick one? 

▸ Or: experimentally one solution occurs more frequently than the other (due to the 
acceptance of the sub-detectors, selection criteria of the analysis…). One can choose this

▸ Or: Try to get an independent measure of the B momentum, and compare it with the 
two solutions. Pick the closest 

▸ How to get an independent estimate: B momentum is correlated with flight length and 
angle wrt to beam axis  use a linear regression to predict B momentum→

▸ Significantly better than random choice 
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Figure 7. The distribution of (P+�Ptrue)/Ptrue versus (P��Ptrue)/Ptrue in the subset of simulated
B0

s ! K�µ+⌫µ decays that satisfy the selection requirements as described in the text.
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uncertainty. Fig. 10 compares the q2 resolution that is obtained with a random choice of
solutions versus a choice based on Pinf . A useful figure of merit in unfolding problems is the
bin purity. For a given bin in the true quantity, we define its purity as the fraction of entries
for which the reconstructed quantity also falls into the same bin. Fig. 11 compares the q2

bin purities for the random quadratic solution versus the best solution with our method.
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20 : DNNs? q2

▸ Using DNNs and training on specific 
decay mode works a bit better

▸ No silver bullet
Master Project • EPFL - PH - LPHE • S. Ek-In
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Figure 17: Distribution of reconstructed B
0
s

mass and missing mass square with various methods.

(a) Pseudorapidity ⌘ (b) q2(µ⌫µ)

Figure 18: Fraction of which the correct B0
s

momentum solution is chosen as a function of pseudorapidity
and invariant mass of µ⌫µ system.
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Figure 17: Distribution of reconstructed B
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mass and missing mass square with various methods.
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larger widths than the neural networks models. This implies that the neural networks provide the
predicted PB0

s
more precisely. The RNN model has the best resolution among other neural network

models. We present the distribution of the B
0
s

momentum using this model (RNN) and the true value
in Figure 16. The correlation coefficient can reach upto almost 90% whereas around 70% was achieved
by [20].

0 50 100 150 200 250 300 350 400
/(10 GeV/c)TRUEP

0

50

100

150

200

250

300

350

400

/(1
0 

G
eV

/c
)

PR
ED

P

0

5

10

15

20

25

30

35

40

45

Correlation: 89.1

Figure 16: Distribution of predicted B
0
s

momentum using recurrent neural networks (RNN) PPRED

versus the true momentum at a generator level.

3.4 Application to study the semileptonic decy

We show the B
0
s

invariant mass as well as missing mass square M
2
miss

of the system. The M
2
miss

is an
alternative quantity to specify undetected particles’ masses which is supposed to be near zero because
of the massless neutrino. It is defined as

M
2
miss

=
⇣q

P 2
Bs

+m2
Bs

� Evis

⌘2

� (PB0
s
� P

||
vis

)2 � (P?
vis

)2, (18)

where PBs is acquired depending on the specific methods used. Figure 17 shows that the reconstructed
quantities with the linear regression by using only the flight vector has a larger width than the other
methods. By comparing the deterministic methods and neural networks, the latter provides distributions
that are closer to expected values than the former; mass distributions near the B

0
s

mass and missing
mass square near zero. The RNN is the best method to reconstruct both mass distribution and missing
mass square.

These models are also tested on how well they predict the correct PBs solution as shown in
Figure 18 as a function of ⌘ and q

2 (the true value). The proportional mass is clearly separated from the
others by having the lowest fraction of the correct solution. The average fractions of neural networks
linear regression methods have similar trends and are distinct from the proportional mass method. The
ratios of correct predictions from the neural networks increase as a function of q2(µ⌫µ) and fluctuate at
high q

2 value, but this is not the case for the RNN method which still rises and can reach up to around
80% in 14 < q

2
< 20 GeV2/c4.
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▸ :  fully reconstructed and 
highly correlated with w ( )
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▸ Other discriminating variables are often used: m2
miss

▸ Approximate the B momentum with pz,B =
mB

mvis
⋅ pz,vis

Other approaches: collinear approximation

▸ If only one neutrino missing, the distribution peaks at 0, otherwise higher values

▸ Also energy of the muon in the B rest frame is discriminating

▸ Note:  and  are highly correlatedmcorr m2
miss
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Approximated distributions

μ decay
τ decay

▸ Any approach you use to get the kinematics: you need to account for the resolutions, 
bin-to-bin migration (and their non-trivial dependences)

▸ Often used templated fits: let the MC tell you how your ‘reconstructed’ distribution is, 
given the physics model (using TRUE quantities) and the detector effects (which you 
measure and simulate)

▸ If you want to change physics model: need to re-weight in TRUE quantities…
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Flavour specific 
decays

Phys. Rev. Lett. 114, 041601 (2015)
<latexit sha1_base64="2e8EtHQbltgZ992NQMW0nT6i1qE="></latexit>
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� (Ad
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cos(�mdt)

cosh(��dt)
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P(B̄!B) 6= P(B!B̄)

CP-Violation
Production

Detection

Charge 
asymmetry

AD =
�(µ+K+⇥�⇥�)� �(µ�K�⇥+⇥+)

�(µ+K+⇥�⇥�) + �(µ�K�⇥+⇥+)

asl = a = 1 −
q
p

AP =
σ(B̄) − σ(B)
σ(B̄) + σ(B)

Other approaches: explicit case of modelling resolutions
Neutral mesons 
flavour oscillation 
parameters

https://arxiv.org/abs/1409.8586
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Flavour specific 
decays

Charge 
asymmetry

A(t) =
Nnot osc(t)�Nosc(t)

Nnot osc(t) +Nosc(t)
= cos(�mdt)

B0 ! D�µ+�µX

�md = 503.6± 2.0(stat)± 1.3(syst)ns

Oscillation 
frequency

Other approaches: explicit case of modelling resolutions
Neutral mesons 
flavour oscillation 
parameters
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k =
| ~preco|
| ~ptrue|

1

kav(MB)

t =
L ·MPDG

|~p| · kav(M)

B mass
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Psig = (T (t)�t R(t)�kF (k)) ·A(t)

k = preco/ptrue

”L resolution”

▸ The B decay time is corrected using the factor (from Monte Carlo): 

▸ The k-factors  are also used to model the decay time 
resolution

▸ For decay-time dependent measurements

Other approaches: case of neutral meson mixing
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▸ Use  decaysB*s2 → B+K−

▸ Add additional (narrow) resonance (kinematic constraint)to the decay chain

Other approaches: using  decaysB*s2 → B+K−

▸ Constrain  mass, fit in  mass (or 
constrain to  mass), calculate  (= )

B+ B*s2
B*s2 m2

miss m2
ν

▸ Useful to extract  fractionsB → D, D*D**μν

▸ Main issue: the number of  gets reduced 
by a factor ~100 when requiring the 

B+
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28Vertex isolation: charged isolation
Finding b ! ul⌫l at a hadron collider 78

PV

Xb̄

�0
b

µ�

⌫̄µ

p PV

Xb̄

�0
b

µ�⌫̄µ

p
�+

c

Figure 6.5: Decay topologies for signal ⇤0
b ! pµ�⌫µ decays (left) and background ⇤0

b ! ⇤+
c µ�⌫µ decays

(right). In the case that background decays have additional charged tracks as shown in blue
these backgrounds are removed by identifying these tracks as opposed to other tracks in the
event shown in red, which originate from another b-hadron or the primary vertex.

Figure 6.6: Schematic view of a decision tree taken from [80]. Starting from a root node a sequential set
of cuts, which each maximise the separation between background and signal at a given node,
are applied. The final subsets of the parameter space selected by these splits, known as the
leaves of the tree, are labelled signal or background based on their dominate composition.

training sample into subsets using rectangular cuts on the N chosen variables, ~x = {x1, x2, ..., xN},
as shown in Fig 6.6. At each stage of splitting the variable and associated cut value which results
in the greatest separation of signal and background is chosen. This is done by comparing the
Gini index, p(1 � p), before and after a potential split where here p is the signal purity; this index
falls off to zero for complete separation. A maximum depth of five splits was allowed and subsets
of samples with less than 5% of the total training statistics were not split further. The final
subsets, which are known as the leaves of the tree, are classified as signal, h(~x) = 1 or background
h(~x) = �1, where here h(~x) is the classifier output for a single tree.

▸ When looking at Cabibbo-suppressed  semileptonic decays ( ), need to fight 
background. 

|Vub | |Vcb |

▸ Two handles: c-hadron flies a few mm and decays (mostly) into few extra (displaced) tracks

▸ Vertex  is poor for  background χ2 |Vcb |
▸ Vertex  increases slowly when adding closest tracksχ2

▸ In reality: construct a multivariate classifier to use as much as possible available information

▸ Run over all tracks in the event which are ”close” to the  vertex, evaluate BDT for thempμ

PV

Xb̄

⇤0
b

µ�

⌫̄µ

p
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▸ Run over all tracks in the event which are ”close” to the  vertex, evaluate BDT for thempμ

▸ As expected performs better for channels with at least one extra track than on channels 
with additional neutral particles 

▸ Different analyses use different techniques, but the idea is the same

▸ Charged vertex isolation usually most powerful (high-level) variable to extract signal in 
semileptonic decays. 

▸ Essential also to select regions enriched of specific physics backgrounds we want to model
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More difficult for neutral particlesPAPER-2020-038, arXiv:2012.05143

https://arxiv.org/abs/2012.05143
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Neutral isolation
• Lot of feed-down with additional π0s.


• Reduce this by looking for neutral objects in a cone around the D+.

!8

• Reduce                       by 30% and keep 90% of                      .


• Could improve by looking at softer photons - next round.

B ! D�`+⌫`B ! D⇤�`+⌫`

O✏ine selection Neutral isolation

Combined neutral isolation BDT

A combined BDT is created, using the number of ”good” ⇡0s per event and the
neutral cone BDT output as input variables.

The training is done on the same signal and background samples as before, but
without any truth-matching requirement applied.

neutralBDT response
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) d
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MVA Method:

neutralBDT

Background rejection versus Signal efficiency

By setting the working point at a 90% signal e�ciency level, the cut on the combined
BDT is defined to be > �0.16.

Julián Garćıa Pardiñas (USC) Status of the selection 19th July 2017 23

A nice control region

▸ Main issue with the neutral particles: one does not know their point of origin (e.g. PV or 
decay vertex)

▸ Neutral isolation mostly much less powerful than charged isolation

▸ Similar strategy: see if you find neutral objects in vicinity of signal decay



and and differential measurements|Vub | |Vcb |
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ubV

▸ How do you measure ? |Vub |

<latexit sha1_base64="OdmIXqitbRxSRyoivILHQW4zB5E="></latexit>

d�(B
0 ! ⇡+µ�⌫µ)

dq2
=

G2
F |Vub|2| ~p⇡|3

24⇡3
|f+(q2)|2 QCD component 

encompassed by 
form factors

Electroweak  + phase space 

b u
dd

_ _

and  measurement @LHCb|Vub | |Vcb |

▸   is proportional let’s just count events! ℬ |Vub |2 →

▸ Or almost… 

▸ Similar for  transitions, e.g.  |Vcb | B0 → D−μ+ν

▸ Slightly more complicated with a vector meson in the final state, e.g.  versus  
(= more form factors)

D*− D−

▸ That means: to measure  (or ) we need to know (or measure) the form factors|Vub | |Vcb |

▸ Note:  (or )  do not depend on the form factors, but the “QCD component” does|Vub | |Vcb |

▸ Absolute branching fractions are hard to measure at LHCb:  luminosity,  cross section, 
hadronisation fractions (e.g.  ) not well known -   

ℒ bb̄
fs NB0

s →Kμν = ℒ ⋅ σbb̄ ⋅ 2 ⋅ fs ⋅ ℬ(B0
s → Kμν)



33Measuring @LHCb|Vub |
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▸  decays: much more background than  decays ( )|Vub | |Vcb | |Vub | ≪ |Vcb |

▸ Use isolation techniques and multivariate classifiers

▸ Hadronic system has lower mass  (e.g.  vs ) - coming usually with more backgroundK Ds

▸ Samples are sizeably smaller  have not (yet) determined  and hadronic form 
factors at the same time (used theoretical predictions)

→ |Vub |
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b

|Vub|2

|Vcb|2
=

B(�0
b � pµ��µ)

B(�0
b � �+

c µ��µ)
RFF

RFF = 1.470± 0.115(stat)± 0.104(syst)

Belle measurement arXiv:1312.7826
B(�0

b ⇥ pµ�⇥µ)q2>15GeV 2/c4

B(�0
b ⇥ �+

c µ�⇥µ)q2>7GeV 2/c4
=

N(�0
b ⇥ pµ�⇥µ)

N(�0
b ⇥ �+

c (⇥ pK�⇤+)µ�⇥µ)

� �(�0
b ⇥ �+

c (⇥ pK�⇤+)µ�⇥µ)

�(�0
b ⇥ pµ�⇥µ)

� B(�+
c ⇥ pK�⇤+)

W. Detmold, C. Lehner and S. Meinel 
arXiv:1503.01421

▸ Strategy: measure ratio of branching fractions 
of   and Λ0

b → pμ−ν̄ Λ0
b → Λ+

c μ−ν̄

▸ Normalisation mode reduces systematic 
uncertainties and dependence on fΛ0

b
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▸ Use the corrected mass variable - 
unfortunately not very clean - templated fit

  decays∼ 15k Λ0
b → Λ+

c μ−ν

▸ Histograms from MC that can be scaled up 
or down until the overall shape fits.

http://arxiv.org/abs/1312.7826
http://arxiv.org/abs/1503.01421
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Low q2

Fit templated from 
simulated samples 
corrected to 
describe the data

High q2▸ Different spectator quark wrt B0 → πμν

▸ Measure 
|Vub |
|Vcb |

= RFF
ℬ(Bs → Kμν)
ℬ(Bs → Dsμν)

▸ Use  to identify signal and describe 
sample composition

mcorr

▸ Different form factors predictions:
▸ Low : LCSR based on [JHEP08112]q2

▸ High : LQCD based on [Phys.Rev.D100,034501] q2
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NB0
s!K�µ+⌫µ

(low) = 6922± 285
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NB0
s!K�µ+⌫µ

(high) = 6399± 370Low q2

https://arxiv.org/abs/1703.04765
https://arxiv.org/abs/1901.02561
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Low q2 High q2▸ Different spectator quark wrt B0 → πμν

▸ Measure 
|Vub |
|Vcb |

= RFF
ℬ(Bs → Kμν)
ℬ(Bs → Dsμν)

▸ Use  to identify signal and describe 
sample composition

mcorr

▸ Different form factors predictions:
▸ Low : LCSR based on [JHEP08112]q2

▸ High : LQCD based on [Phys.Rev.D100,034501] q2
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▸ Measuring differential decay rate will help understanding Bs → Kμν

https://arxiv.org/abs/1703.04765
https://arxiv.org/abs/1901.02561


37Measuring using  decays|Vub | B0
s

▸ Different spectator quark wrt B0 → πμν

▸ Measure 
|Vub |
|Vcb |

= RFF
ℬ(Bs → Kμν)
ℬ(Bs → Dsμν)

▸ Use  to identify signal and describe 
sample composition

mcorr

▸ Different form factors predictions:
▸ Low : LCSR based on [JHEP08112]q2

▸ High : LQCD based on [Phys.Rev.D100,034501] q2

▸ Lots of interesting theoretical work 
on  (e.g. [PRD 99 (2019) 
114512], [PRD 101 (2020) 074513] )

Bs → D(*)
s μν
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▸ Perform relative measurement: 
ℬ(B0

s → D(*)−
s μ+ν)

ℬ(B0 → D(*)−μ+ν)
=

NB0
s →D(*)−

s μ+ν

NB0→D(*)−μ+ν
⋅ R

▸ Fit to  and  distributions to extract 
 and form factors. 2D template to model 

the data, including efficiency

mcorr p⊥(D)
|Vcb |

<latexit sha1_base64="H8z5/famsA+LH/95mLWQGccdol8="></latexit>

dNobs

dp?dMcorr
= N d�(|Vcb|, hA1 , ...)

dp?dMcorr
⇥ ✏(p?,Mcorr)

▸ Constrain form factors from lattice QCD [PRD 101 
(2020) 074513, PRD 99 (2019) 114512]. 

▸ Normalisation contains measured  reference yields, input branching fractions, 
relative b-hadron production probabilities  and  lifetime

𝒩 B0

fs /fd B0
s

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074513
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074513
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.114512
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▸ Fit to  and  distributions to extract  and form factorsmcorr p⊥(D) |Vcb |
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▸ The sample is signal dominated 
▸   allows to separate between  and mcorr Ds D*s
▸ 2-Dimensional templated fit: Histograms from MC that can be scaled up or down until the 

overall shape fits.
▸ Take limited number of simulated events into account by allowing for fluctuations in each bin. 



40Measuring using  decays|Vcb | B0
s

10 20 30 40
]3−| [10cbV|

ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 82, 3746 (1999)]
Belle [PRD 93, 032006 (2016)]
BaBar [PRD 79, 012002 (2009)]
BaBar [PRL 104, 011802 (2010)]
ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 89, 081803 (2002)]
OPAL [PLB 482, 15 (2000)]
OPAL [PLB 482, 15 (2000)]
DELPHI [PLB 510, 55 (2001)]
DELPHI [EPJ C33, 213 (2004)]
BaBar [PRD 77, 032002 (2008)]
BaBar [PRL 100, 231803 (2008)]
BaBar [PRD 79, 012002 (2009)]
Belle [PRD 100, 052007 (2019)]
BaBar [PRL 123, 091801 (2019)]
LHCb [LHCb-PAPER-2019-041]

CLN
BGL

CLN
BGL
CLN
BGL

CLN
BGL

Exclusive average (HFLAV 2019)
Inclusive average (HFLAV 2019)

▸ LHCb was not built to measure , 
but still achieves a good precision 

|Vcb |

▸ Always need to rely on precision of 
normalisation channel (i.e. an external 
measurement). For this measurement also 
rely on  fs /fd

▸ No inclusive  measurement so far, 
investigating sun-of-exclusive approach

|Vcb |

▸ Complementary measurement of 
 for factorsB0

s → D(*)−
s μ+ν
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▸ Measurement of the shape of    
the                                decay rate B0

s → D*−
s μ+νμ
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▸ Fully reconstruct D*−
s → D−

s γ

▸ Signal yield measured in bins 
of hadronic recoil parameter 
w = vB0

s
⋅ vD*−

s

Differential measurements @LHCb
▸ First 1D-differential measurements

https://arxiv.org/abs/2003.08453
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▸ Measurement of the shape of    
the                                decay rate B0

s → D*−
s μ+νμ
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▸ Fully reconstruct D*−
s → D−

s γ

▸ Signal yield measured in bins 
of hadronic recoil parameter 
w = vB0

s
⋅ vD*−

s
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Differential measurements @LHCb
▸ First 1D-differential measurements
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▸ Measurement of the shape of    
the                                decay rate B0

s → D*−
s μ+νμ
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▸ Fully reconstruct D*−
s → D−

s γ

▸ Signal yield measured in bins 
of hadronic recoil parameter 
w = vB0

s
⋅ vD*−

s
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w bin

1 2 3 4 5 6 7

Fraction of Nunf
corr,i 0.183 0.144 0.148 0.128 0.117 0.122 0.158

Uncertainties (%)

Simulation sample size 3.5 3.0 2.8 3.1 3.4 3.0 3.7

Sample sizes for e↵s and corrections 3.6 3.2 3.0 2.8 2.8 2.7 2.8

SVD unfolding regularisation 0.5 0.5 0.1 0.7 1.2 0.0 0.5

Radiative corrections 0.1 0.2 0.1 0.3 0.4 0.2 0.2

Simulation FF parametrisation 0.3 0.1 0.1 0.1 0.2 0.4 0.2

Kinematic corrections 2.4 1.0 1.1 0.1 0.2 0.1 0.9

Hardware-trigger e�ciency 0.3 0.3 0.0 0.2 0.2 0.3 0.1

Software-trigger e�ciency 0.0 0.1 0.0 0.0 0.1 0.0 0.0

D�
s selection e�ciency 0.5 0.2 0.3 0.3 0.2 0.1 0.3

Photon background subtraction 0.0 2.3 0.8 2.9 2.0 0.9 0.4

Total systematic uncertainty 5.6 5.1 4.4 5.2 5.0 4.2 4.8

Statistical uncertainty 3.4 2.9 2.7 3.1 3.2 2.9 3.4

Unfolded  efficiency corrected yields+ correlation matrix in the paper

Differential measurements @LHCb
▸ First 1D-differential measurements

https://arxiv.org/abs/2003.08453
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▸ Full description using the possible three helicity states of the D* - measuring the angular 
coefficients does not separate hadronic and NP effects, but also doesn’t make assumptions
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▸ Fully differential decay rate

dΓ(B → D*ℓν)
dwdcosθℓdcosθddχ

=
3m3

Bm2
D*G2

F

16(4π)4
ηEW |Vcb |2
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▸ Helicity angles (and derived observables) are 
sensitive to New Physics contributions and 
hadronic interactions (Form Factors)

▸ Measurement of Angular Asymmetries (Belle II)

Expanding differential measurements

▸ Measurement of the 12 Angular Coefficients 
▸ Direct determination of New Physics Wilson Coefficients (and hadronic Form Factors)

https://arxiv.org/abs/2001.03225
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⌧(! µ⌫⌫)
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Resolutions to be 
modelled, but good 
sensitivity with large 
datasets!
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LHCB-PUB-2018-009, arXiv:1808.08865

▸ Fully differential decay rate - in  (or ) and 
helicity angles

q2 w

▸ Resolutions (worst case: rest frame approximation)

Towards full angular analyses @LHCb
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Forward Backward
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AFB =
∫ 1

0
cosθℓdΓ/dcosθℓ − ∫ 0

−1
cosθℓdΓ/dcosθℓ

∫ 1
0

cosθℓdΓ/dcosθℓ + ∫ 0
−1

cosθℓdΓ/dcosθℓ

ΔAFB = Aμ
FB − Ae

FB
ΣAFB = Aμ

FB + Ae
FB

ℓ

θℓ

C. Lyu ALPS ‘23

1
Γ

dΓ
dcosθV

=
3
2 (FLcos2θV +

1 − FL

2
sin2θV)

Wouldn’t be nice to measure angular asymmetries?

Re/μ = 1.001 ± 0.009(stat) ± 0.021(syst)

Untagged Belle II B̄ → D*+ℓ−ν̄

https://docs.belle2.org/record/3502/files/BELLE2-TALK-CONF-2023-034.pdf


Lepton flavour universality



More charged leptons ? 48
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PV
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π
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Non-reconstructable neutrino(s)

Primary Vertex 
(pp collision) Decay Vertex

τ decay mode BR[%]

17.39±0.04
17.82±0.04
9.31±0.05
4.62±0.05
18.82±0.05
25.49±0.99

⌧ ! µ⌫⌫
<latexit sha1_base64="gag4poEQ8oWmq7c/8AKji0vPCtM=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBKuyKoGXQxjKCeUB2CbOTSTJkHss8hLCksvFXbCwUsfUb7PwbZ5MtNPHAhcM5996Ze5KUUW2C4NsrrayurW+UNytb2zu7e/7+QUtLqzBpYsmk6iRIE0YFaRpqGOmkiiCeMNJOxje5334gSlMp7s0kJTFHQ0EHFCPjpJ5/HBlkIyNhxC2MpGvNN2WRsFNXPb8a1IIZ4DIJC1IFBRo9/yvqS2w5EQYzpHU3DFITZ0gZihmZViKrSYrwGA1J11GBONFxNjtjCk+d0ocDqVwJA2fq74kMca0nPHGdHJmRXvRy8T+va83gKs6oSK0hAs8fGlgG3dl5JrBPFcGGTRxBWFH3V4hHSCFsXHIVF0K4ePIyaZ3XQsfvLqr16yKOMjgCJ+AMhOAS1MEtaIAmwOARPINX8OY9eS/eu/cxby15xcwh+APv8wfoTJlm</latexit><latexit sha1_base64="gag4poEQ8oWmq7c/8AKji0vPCtM=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBKuyKoGXQxjKCeUB2CbOTSTJkHss8hLCksvFXbCwUsfUb7PwbZ5MtNPHAhcM5996Ze5KUUW2C4NsrrayurW+UNytb2zu7e/7+QUtLqzBpYsmk6iRIE0YFaRpqGOmkiiCeMNJOxje5334gSlMp7s0kJTFHQ0EHFCPjpJ5/HBlkIyNhxC2MpGvNN2WRsFNXPb8a1IIZ4DIJC1IFBRo9/yvqS2w5EQYzpHU3DFITZ0gZihmZViKrSYrwGA1J11GBONFxNjtjCk+d0ocDqVwJA2fq74kMca0nPHGdHJmRXvRy8T+va83gKs6oSK0hAs8fGlgG3dl5JrBPFcGGTRxBWFH3V4hHSCFsXHIVF0K4ePIyaZ3XQsfvLqr16yKOMjgCJ+AMhOAS1MEtaIAmwOARPINX8OY9eS/eu/cxby15xcwh+APv8wfoTJlm</latexit><latexit sha1_base64="gag4poEQ8oWmq7c/8AKji0vPCtM=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBKuyKoGXQxjKCeUB2CbOTSTJkHss8hLCksvFXbCwUsfUb7PwbZ5MtNPHAhcM5996Ze5KUUW2C4NsrrayurW+UNytb2zu7e/7+QUtLqzBpYsmk6iRIE0YFaRpqGOmkiiCeMNJOxje5334gSlMp7s0kJTFHQ0EHFCPjpJ5/HBlkIyNhxC2MpGvNN2WRsFNXPb8a1IIZ4DIJC1IFBRo9/yvqS2w5EQYzpHU3DFITZ0gZihmZViKrSYrwGA1J11GBONFxNjtjCk+d0ocDqVwJA2fq74kMca0nPHGdHJmRXvRy8T+va83gKs6oSK0hAs8fGlgG3dl5JrBPFcGGTRxBWFH3V4hHSCFsXHIVF0K4ePIyaZ3XQsfvLqr16yKOMjgCJ+AMhOAS1MEtaIAmwOARPINX8OY9eS/eu/cxby15xcwh+APv8wfoTJlm</latexit><latexit sha1_base64="gag4poEQ8oWmq7c/8AKji0vPCtM=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBKuyKoGXQxjKCeUB2CbOTSTJkHss8hLCksvFXbCwUsfUb7PwbZ5MtNPHAhcM5996Ze5KUUW2C4NsrrayurW+UNytb2zu7e/7+QUtLqzBpYsmk6iRIE0YFaRpqGOmkiiCeMNJOxje5334gSlMp7s0kJTFHQ0EHFCPjpJ5/HBlkIyNhxC2MpGvNN2WRsFNXPb8a1IIZ4DIJC1IFBRo9/yvqS2w5EQYzpHU3DFITZ0gZihmZViKrSYrwGA1J11GBONFxNjtjCk+d0ocDqVwJA2fq74kMca0nPHGdHJmRXvRy8T+va83gKs6oSK0hAs8fGlgG3dl5JrBPFcGGTRxBWFH3V4hHSCFsXHIVF0K4ePIyaZ3XQsfvLqr16yKOMjgCJ+AMhOAS1MEtaIAmwOARPINX8OY9eS/eu/cxby15xcwh+APv8wfoTJlm</latexit>

⌧ ! e⌫⌫
<latexit sha1_base64="Xc6AfH5FBTD/LQ55NKk0NGxez3U=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZkRQZdFNy4r2Ad0hpJJ0zY0kxmSG6EMBTf+ihsXirj1J9z5N2baWWjrgQuHc+69yT1RKrgGz/t2Siura+sb5c3K1vbO7p67f9DSiVGUNWkiEtWJiGaCS9YEDoJ1UsVIHAnWjsY3ud9+YErzRN7DJGVhTIaSDzglYKWeexQAMQEkmAWJ7cvXZIE0U1s9t+rVvBnwMvELUkUFGj33K+gn1MRMAhVE667vpRBmRAGngk0rgdEsJXRMhqxrqSQx02E2u2GKT63Sx4NE2ZKAZ+rviYzEWk/iyHbGBEZ60cvF/7yugcFVmHGZGmCSzh8aGIHtzXkguM8VoyAmlhCquP0rpiOiCAUbW8WG4C+evExa5zXf8ruLav26iKOMjtEJOkM+ukR1dIsaqIkoekTP6BW9OU/Oi/PufMxbS04xc4j+wPn8AeMqmE8=</latexit><latexit sha1_base64="Xc6AfH5FBTD/LQ55NKk0NGxez3U=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZkRQZdFNy4r2Ad0hpJJ0zY0kxmSG6EMBTf+ihsXirj1J9z5N2baWWjrgQuHc+69yT1RKrgGz/t2Siura+sb5c3K1vbO7p67f9DSiVGUNWkiEtWJiGaCS9YEDoJ1UsVIHAnWjsY3ud9+YErzRN7DJGVhTIaSDzglYKWeexQAMQEkmAWJ7cvXZIE0U1s9t+rVvBnwMvELUkUFGj33K+gn1MRMAhVE667vpRBmRAGngk0rgdEsJXRMhqxrqSQx02E2u2GKT63Sx4NE2ZKAZ+rviYzEWk/iyHbGBEZ60cvF/7yugcFVmHGZGmCSzh8aGIHtzXkguM8VoyAmlhCquP0rpiOiCAUbW8WG4C+evExa5zXf8ruLav26iKOMjtEJOkM+ukR1dIsaqIkoekTP6BW9OU/Oi/PufMxbS04xc4j+wPn8AeMqmE8=</latexit><latexit sha1_base64="Xc6AfH5FBTD/LQ55NKk0NGxez3U=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZkRQZdFNy4r2Ad0hpJJ0zY0kxmSG6EMBTf+ihsXirj1J9z5N2baWWjrgQuHc+69yT1RKrgGz/t2Siura+sb5c3K1vbO7p67f9DSiVGUNWkiEtWJiGaCS9YEDoJ1UsVIHAnWjsY3ud9+YErzRN7DJGVhTIaSDzglYKWeexQAMQEkmAWJ7cvXZIE0U1s9t+rVvBnwMvELUkUFGj33K+gn1MRMAhVE667vpRBmRAGngk0rgdEsJXRMhqxrqSQx02E2u2GKT63Sx4NE2ZKAZ+rviYzEWk/iyHbGBEZ60cvF/7yugcFVmHGZGmCSzh8aGIHtzXkguM8VoyAmlhCquP0rpiOiCAUbW8WG4C+evExa5zXf8ruLav26iKOMjtEJOkM+ukR1dIsaqIkoekTP6BW9OU/Oi/PufMxbS04xc4j+wPn8AeMqmE8=</latexit><latexit sha1_base64="Xc6AfH5FBTD/LQ55NKk0NGxez3U=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZkRQZdFNy4r2Ad0hpJJ0zY0kxmSG6EMBTf+ihsXirj1J9z5N2baWWjrgQuHc+69yT1RKrgGz/t2Siura+sb5c3K1vbO7p67f9DSiVGUNWkiEtWJiGaCS9YEDoJ1UsVIHAnWjsY3ud9+YErzRN7DJGVhTIaSDzglYKWeexQAMQEkmAWJ7cvXZIE0U1s9t+rVvBnwMvELUkUFGj33K+gn1MRMAhVE667vpRBmRAGngk0rgdEsJXRMhqxrqSQx02E2u2GKT63Sx4NE2ZKAZ+rviYzEWk/iyHbGBEZ60cvF/7yugcFVmHGZGmCSzh8aGIHtzXkguM8VoyAmlhCquP0rpiOiCAUbW8WG4C+evExa5zXf8ruLav26iKOMjtEJOkM+ukR1dIsaqIkoekTP6BW9OU/Oi/PufMxbS04xc4j+wPn8AeMqmE8=</latexit>

⌧ ! 3⇡⌫
<latexit sha1_base64="sgBYRcoS7zxMzduKyRtW4zp4SYM=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWwVVJVNBl0Y3LCvYCTSiT6aQdOpmEuQg19EncuFDErY/izrdx2mahrT8MfPznHOacP8o4U9rzvp3S2vrG5lZ5u7Kzu7dfdQ8O2yo1ktAWSXkquxFWlDNBW5ppTruZpDiJOO1E49tZvfNIpWKpeNCTjIYJHgoWM4K1tfpuNdDYBDpFF0HGAmH6bs2re3OhVfALqEGhZt/9CgYpMQkVmnCsVM/3Mh3mWGpGOJ1WAqNohskYD2nPosAJVWE+X3yKTq0zQHEq7RMazd3fEzlOlJokke1MsB6p5drM/K/WMzq+DnMmMqOpIIuPYsORPXSWAhowSYnmEwuYSGZ3RWSEJSbaZlWxIfjLJ69C+7zuW76/rDVuijjKcAwncAY+XEED7qAJLSBg4Ble4c15cl6cd+dj0Vpyipkj+CPn8wduNZLt</latexit><latexit sha1_base64="sgBYRcoS7zxMzduKyRtW4zp4SYM=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWwVVJVNBl0Y3LCvYCTSiT6aQdOpmEuQg19EncuFDErY/izrdx2mahrT8MfPznHOacP8o4U9rzvp3S2vrG5lZ5u7Kzu7dfdQ8O2yo1ktAWSXkquxFWlDNBW5ppTruZpDiJOO1E49tZvfNIpWKpeNCTjIYJHgoWM4K1tfpuNdDYBDpFF0HGAmH6bs2re3OhVfALqEGhZt/9CgYpMQkVmnCsVM/3Mh3mWGpGOJ1WAqNohskYD2nPosAJVWE+X3yKTq0zQHEq7RMazd3fEzlOlJokke1MsB6p5drM/K/WMzq+DnMmMqOpIIuPYsORPXSWAhowSYnmEwuYSGZ3RWSEJSbaZlWxIfjLJ69C+7zuW76/rDVuijjKcAwncAY+XEED7qAJLSBg4Ble4c15cl6cd+dj0Vpyipkj+CPn8wduNZLt</latexit><latexit sha1_base64="sgBYRcoS7zxMzduKyRtW4zp4SYM=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWwVVJVNBl0Y3LCvYCTSiT6aQdOpmEuQg19EncuFDErY/izrdx2mahrT8MfPznHOacP8o4U9rzvp3S2vrG5lZ5u7Kzu7dfdQ8O2yo1ktAWSXkquxFWlDNBW5ppTruZpDiJOO1E49tZvfNIpWKpeNCTjIYJHgoWM4K1tfpuNdDYBDpFF0HGAmH6bs2re3OhVfALqEGhZt/9CgYpMQkVmnCsVM/3Mh3mWGpGOJ1WAqNohskYD2nPosAJVWE+X3yKTq0zQHEq7RMazd3fEzlOlJokke1MsB6p5drM/K/WMzq+DnMmMqOpIIuPYsORPXSWAhowSYnmEwuYSGZ3RWSEJSbaZlWxIfjLJ69C+7zuW76/rDVuijjKcAwncAY+XEED7qAJLSBg4Ble4c15cl6cd+dj0Vpyipkj+CPn8wduNZLt</latexit><latexit sha1_base64="sgBYRcoS7zxMzduKyRtW4zp4SYM=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWwVVJVNBl0Y3LCvYCTSiT6aQdOpmEuQg19EncuFDErY/izrdx2mahrT8MfPznHOacP8o4U9rzvp3S2vrG5lZ5u7Kzu7dfdQ8O2yo1ktAWSXkquxFWlDNBW5ppTruZpDiJOO1E49tZvfNIpWKpeNCTjIYJHgoWM4K1tfpuNdDYBDpFF0HGAmH6bs2re3OhVfALqEGhZt/9CgYpMQkVmnCsVM/3Mh3mWGpGOJ1WAqNohskYD2nPosAJVWE+X3yKTq0zQHEq7RMazd3fEzlOlJokke1MsB6p5drM/K/WMzq+DnMmMqOpIIuPYsORPXSWAhowSYnmEwuYSGZ3RWSEJSbaZlWxIfjLJ69C+7zuW76/rDVuijjKcAwncAY+XEED7qAJLSBg4Ble4c15cl6cd+dj0Vpyipkj+CPn8wduNZLt</latexit>

⌧ ! 3⇡⇡0⌫
<latexit sha1_base64="/Sv1I4h28yWRK9u+UNDrVPR2q9Q=">AAACAHicbVC7SgNBFL3rM8bXqoWFzWAQrMKuCloGbSwjmAdk1zA7mSRDZmeXeQhh2cZfsbFQxNbPsPNvnCRbaOKBC4dz7mXmnCjlTGnP+3aWlldW19ZLG+XNre2dXXdvv6kSIwltkIQnsh1hRTkTtKGZ5rSdSorjiNNWNLqZ+K1HKhVLxL0epzSM8UCwPiNYW6nrHgYam0An6DxIGbLzkHl5IEzXrXhVbwq0SPyCVKBAvet+Bb2EmJgKTThWquN7qQ4zLDUjnOblwCiaYjLCA9qxVOCYqjCbBsjRiVV6qJ9IO0Kjqfr7IsOxUuM4spsx1kM1703E/7yO0f2rMGMiNZoKMnuobziygSdtoB6TlGg+tgQTyexfERliiYm2nZVtCf585EXSPKv6lt9dVGrXRR0lOIJjOAUfLqEGt1CHBhDI4Rle4c15cl6cd+djtrrkFDcH8AfO5w8gwJYY</latexit><latexit sha1_base64="/Sv1I4h28yWRK9u+UNDrVPR2q9Q=">AAACAHicbVC7SgNBFL3rM8bXqoWFzWAQrMKuCloGbSwjmAdk1zA7mSRDZmeXeQhh2cZfsbFQxNbPsPNvnCRbaOKBC4dz7mXmnCjlTGnP+3aWlldW19ZLG+XNre2dXXdvv6kSIwltkIQnsh1hRTkTtKGZ5rSdSorjiNNWNLqZ+K1HKhVLxL0epzSM8UCwPiNYW6nrHgYam0An6DxIGbLzkHl5IEzXrXhVbwq0SPyCVKBAvet+Bb2EmJgKTThWquN7qQ4zLDUjnOblwCiaYjLCA9qxVOCYqjCbBsjRiVV6qJ9IO0Kjqfr7IsOxUuM4spsx1kM1703E/7yO0f2rMGMiNZoKMnuobziygSdtoB6TlGg+tgQTyexfERliiYm2nZVtCf585EXSPKv6lt9dVGrXRR0lOIJjOAUfLqEGt1CHBhDI4Rle4c15cl6cd+djtrrkFDcH8AfO5w8gwJYY</latexit><latexit sha1_base64="/Sv1I4h28yWRK9u+UNDrVPR2q9Q=">AAACAHicbVC7SgNBFL3rM8bXqoWFzWAQrMKuCloGbSwjmAdk1zA7mSRDZmeXeQhh2cZfsbFQxNbPsPNvnCRbaOKBC4dz7mXmnCjlTGnP+3aWlldW19ZLG+XNre2dXXdvv6kSIwltkIQnsh1hRTkTtKGZ5rSdSorjiNNWNLqZ+K1HKhVLxL0epzSM8UCwPiNYW6nrHgYam0An6DxIGbLzkHl5IEzXrXhVbwq0SPyCVKBAvet+Bb2EmJgKTThWquN7qQ4zLDUjnOblwCiaYjLCA9qxVOCYqjCbBsjRiVV6qJ9IO0Kjqfr7IsOxUuM4spsx1kM1703E/7yO0f2rMGMiNZoKMnuobziygSdtoB6TlGg+tgQTyexfERliiYm2nZVtCf585EXSPKv6lt9dVGrXRR0lOIJjOAUfLqEGt1CHBhDI4Rle4c15cl6cd+djtrrkFDcH8AfO5w8gwJYY</latexit><latexit sha1_base64="/Sv1I4h28yWRK9u+UNDrVPR2q9Q=">AAACAHicbVC7SgNBFL3rM8bXqoWFzWAQrMKuCloGbSwjmAdk1zA7mSRDZmeXeQhh2cZfsbFQxNbPsPNvnCRbaOKBC4dz7mXmnCjlTGnP+3aWlldW19ZLG+XNre2dXXdvv6kSIwltkIQnsh1hRTkTtKGZ5rSdSorjiNNWNLqZ+K1HKhVLxL0epzSM8UCwPiNYW6nrHgYam0An6DxIGbLzkHl5IEzXrXhVbwq0SPyCVKBAvet+Bb2EmJgKTThWquN7qQ4zLDUjnOblwCiaYjLCA9qxVOCYqjCbBsjRiVV6qJ9IO0Kjqfr7IsOxUuM4spsx1kM1703E/7yO0f2rMGMiNZoKMnuobziygSdtoB6TlGg+tgQTyexfERliiYm2nZVtCf585EXSPKv6lt9dVGrXRR0lOIJjOAUfLqEGt1CHBhDI4Rle4c15cl6cd+djtrrkFDcH8AfO5w8gwJYY</latexit>

⌧ ! ⇡⌫
<latexit sha1_base64="IFrX8McibM+yaVsbfxZrJQJSiJk=">AAAB+HicbZDLSgMxFIbPeK310lGXboJFcFVmRNBl0Y3LCvYCnVIyaaYNzWSG5ESopU/ixoUibn0Ud76N6WWhrT8EPv5zDjnnj3MpDAbBt7e2vrG5tV3YKe7u7R+U/MOjhsmsZrzOMpnpVkwNl0LxOgqUvJVrTtNY8mY8vJ3Wm49cG5GpBxzlvJPSvhKJYBSd1fVLEVIbYUaiXJBI2a5fDirBTGQVwgWUYaFa1/+KehmzKVfIJDWmHQY5dsZUo2CST4qRNTynbEj7vO1Q0ZSbzni2+IScOadHkky7p5DM3N8TY5oaM0pj15lSHJjl2tT8r9a2mFx3xkLlFrli848SK4k7dJoC6QnNGcqRA8q0cLsSNqCaMnRZFV0I4fLJq9C4qISO7y/L1ZtFHAU4gVM4hxCuoAp3UIM6MLDwDK/w5j15L9679zFvXfMWM8fwR97nD1HMkto=</latexit><latexit sha1_base64="IFrX8McibM+yaVsbfxZrJQJSiJk=">AAAB+HicbZDLSgMxFIbPeK310lGXboJFcFVmRNBl0Y3LCvYCnVIyaaYNzWSG5ESopU/ixoUibn0Ud76N6WWhrT8EPv5zDjnnj3MpDAbBt7e2vrG5tV3YKe7u7R+U/MOjhsmsZrzOMpnpVkwNl0LxOgqUvJVrTtNY8mY8vJ3Wm49cG5GpBxzlvJPSvhKJYBSd1fVLEVIbYUaiXJBI2a5fDirBTGQVwgWUYaFa1/+KehmzKVfIJDWmHQY5dsZUo2CST4qRNTynbEj7vO1Q0ZSbzni2+IScOadHkky7p5DM3N8TY5oaM0pj15lSHJjl2tT8r9a2mFx3xkLlFrli848SK4k7dJoC6QnNGcqRA8q0cLsSNqCaMnRZFV0I4fLJq9C4qISO7y/L1ZtFHAU4gVM4hxCuoAp3UIM6MLDwDK/w5j15L9679zFvXfMWM8fwR97nD1HMkto=</latexit><latexit sha1_base64="IFrX8McibM+yaVsbfxZrJQJSiJk=">AAAB+HicbZDLSgMxFIbPeK310lGXboJFcFVmRNBl0Y3LCvYCnVIyaaYNzWSG5ESopU/ixoUibn0Ud76N6WWhrT8EPv5zDjnnj3MpDAbBt7e2vrG5tV3YKe7u7R+U/MOjhsmsZrzOMpnpVkwNl0LxOgqUvJVrTtNY8mY8vJ3Wm49cG5GpBxzlvJPSvhKJYBSd1fVLEVIbYUaiXJBI2a5fDirBTGQVwgWUYaFa1/+KehmzKVfIJDWmHQY5dsZUo2CST4qRNTynbEj7vO1Q0ZSbzni2+IScOadHkky7p5DM3N8TY5oaM0pj15lSHJjl2tT8r9a2mFx3xkLlFrli848SK4k7dJoC6QnNGcqRA8q0cLsSNqCaMnRZFV0I4fLJq9C4qISO7y/L1ZtFHAU4gVM4hxCuoAp3UIM6MLDwDK/w5j15L9679zFvXfMWM8fwR97nD1HMkto=</latexit><latexit sha1_base64="IFrX8McibM+yaVsbfxZrJQJSiJk=">AAAB+HicbZDLSgMxFIbPeK310lGXboJFcFVmRNBl0Y3LCvYCnVIyaaYNzWSG5ESopU/ixoUibn0Ud76N6WWhrT8EPv5zDjnnj3MpDAbBt7e2vrG5tV3YKe7u7R+U/MOjhsmsZrzOMpnpVkwNl0LxOgqUvJVrTtNY8mY8vJ3Wm49cG5GpBxzlvJPSvhKJYBSd1fVLEVIbYUaiXJBI2a5fDirBTGQVwgWUYaFa1/+KehmzKVfIJDWmHQY5dsZUo2CST4qRNTynbEj7vO1Q0ZSbzni2+IScOadHkky7p5DM3N8TY5oaM0pj15lSHJjl2tT8r9a2mFx3xkLlFrli848SK4k7dJoC6QnNGcqRA8q0cLsSNqCaMnRZFV0I4fLJq9C4qISO7y/L1ZtFHAU4gVM4hxCuoAp3UIM6MLDwDK/w5j15L9679zFvXfMWM8fwR97nD1HMkto=</latexit>

⌧ ! ⇢⌫
<latexit sha1_base64="z5uUgd+23/udV4uabK2kFQiXsng=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQi6LHoxWMF+wFNKJvttl262YTd2UIJ/SdePCji1X/izX/jts1BWx/s8nhvhpl5cSa4Rt//dkobm1vbO+Xdyt7+weGRe3zS0qlRlDVpKlLViYlmgkvWRI6CdTLFSBIL1o7H93O/PWFK81Q+4TRjUUKGkg84JWilnuuGSEyIqReqkf2k6blVv+Yv4K2ToCBVKNDouV9hP6UmYRKpIFp3Az/DKCcKORVsVgmNZhmhYzJkXUslSZiO8sXmM+/CKn1vkCr7JHoL9XdHThKtp0lsKxOCI73qzcX/vK7BwW2Uc5kZZJIuBw2M8Oyl8xi8PleMophaQqjidlePjogiFG1YFRtCsHryOmld1QLLH6+r9bsijjKcwTlcQgA3UIcHaEATKEzgGV7hzcmdF+fd+ViWlpyi5xT+wPn8ASa3k1Q=</latexit><latexit sha1_base64="z5uUgd+23/udV4uabK2kFQiXsng=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQi6LHoxWMF+wFNKJvttl262YTd2UIJ/SdePCji1X/izX/jts1BWx/s8nhvhpl5cSa4Rt//dkobm1vbO+Xdyt7+weGRe3zS0qlRlDVpKlLViYlmgkvWRI6CdTLFSBIL1o7H93O/PWFK81Q+4TRjUUKGkg84JWilnuuGSEyIqReqkf2k6blVv+Yv4K2ToCBVKNDouV9hP6UmYRKpIFp3Az/DKCcKORVsVgmNZhmhYzJkXUslSZiO8sXmM+/CKn1vkCr7JHoL9XdHThKtp0lsKxOCI73qzcX/vK7BwW2Uc5kZZJIuBw2M8Oyl8xi8PleMophaQqjidlePjogiFG1YFRtCsHryOmld1QLLH6+r9bsijjKcwTlcQgA3UIcHaEATKEzgGV7hzcmdF+fd+ViWlpyi5xT+wPn8ASa3k1Q=</latexit><latexit sha1_base64="z5uUgd+23/udV4uabK2kFQiXsng=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQi6LHoxWMF+wFNKJvttl262YTd2UIJ/SdePCji1X/izX/jts1BWx/s8nhvhpl5cSa4Rt//dkobm1vbO+Xdyt7+weGRe3zS0qlRlDVpKlLViYlmgkvWRI6CdTLFSBIL1o7H93O/PWFK81Q+4TRjUUKGkg84JWilnuuGSEyIqReqkf2k6blVv+Yv4K2ToCBVKNDouV9hP6UmYRKpIFp3Az/DKCcKORVsVgmNZhmhYzJkXUslSZiO8sXmM+/CKn1vkCr7JHoL9XdHThKtp0lsKxOCI73qzcX/vK7BwW2Uc5kZZJIuBw2M8Oyl8xi8PleMophaQqjidlePjogiFG1YFRtCsHryOmld1QLLH6+r9bsijjKcwTlcQgA3UIcHaEATKEzgGV7hzcmdF+fd+ViWlpyi5xT+wPn8ASa3k1Q=</latexit><latexit sha1_base64="z5uUgd+23/udV4uabK2kFQiXsng=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQi6LHoxWMF+wFNKJvttl262YTd2UIJ/SdePCji1X/izX/jts1BWx/s8nhvhpl5cSa4Rt//dkobm1vbO+Xdyt7+weGRe3zS0qlRlDVpKlLViYlmgkvWRI6CdTLFSBIL1o7H93O/PWFK81Q+4TRjUUKGkg84JWilnuuGSEyIqReqkf2k6blVv+Yv4K2ToCBVKNDouV9hP6UmYRKpIFp3Az/DKCcKORVsVgmNZhmhYzJkXUslSZiO8sXmM+/CKn1vkCr7JHoL9XdHThKtp0lsKxOCI73qzcX/vK7BwW2Uc5kZZJIuBw2M8Oyl8xi8PleMophaQqjidlePjogiFG1YFRtCsHryOmld1QLLH6+r9bsijjKcwTlcQgA3UIcHaEATKEzgGV7hzcmdF+fd+ViWlpyi5xT+wPn8ASa3k1Q=</latexit>

<latexit sha1_base64="qaxZ5Bafo14IMLG5FAKQH5Zq+W8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklE0WPRi+ClgmkLbS2b7aRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFySCa+O6387S8srq2npho7i5tb2zW9rbr+s4VQx9FotYNQOqUXCJvuFGYDNRSKNAYCMY3kz8xhMqzWP5YEYJdiLalzzkjBor+XeP2em4Wyq7FXcKski8nJQhR61b+mr3YpZGKA0TVOuW5yamk1FlOBM4LrZTjQllQ9rHlqWSRqg72fTYMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6UmvOpkXCapQclmi8JUEBOTyeekxxUyI0aWUKa4vZWwAVWUGZtP0Ybgzb+8SOpnFe+i4t6fl6vXeRwFOIQjOAEPLqEKt1ADHxhweIZXeHOk8+K8Ox+z1iUnnzmAP3A+fwCCC458</latexit>

K+

<latexit sha1_base64="PEt5sBPJhmp+zGlzf4nQ8nmosUI=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBi2VXRD0WvXisYD+gXUs2zbah2SQkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLR7dRvPVFtmBQPdqxomOCBYDEj2Dqp1VXsMTub9MoVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJudO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q4+swY0KllgoyXxSnHFmJpr+jPtOUWD52BBPN3K2IDLHGxLqESi6EYPHlZdI8rwaX1eD+olK7yeMowhEcwykEcAU1uIM6NIDACJ7hFd485b14797HvLXg5TOH8Afe5w83K49+</latexit>

⇡�

<latexit sha1_base64="PEt5sBPJhmp+zGlzf4nQ8nmosUI=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBi2VXRD0WvXisYD+gXUs2zbah2SQkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLR7dRvPVFtmBQPdqxomOCBYDEj2Dqp1VXsMTub9MoVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJudO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q4+swY0KllgoyXxSnHFmJpr+jPtOUWD52BBPN3K2IDLHGxLqESi6EYPHlZdI8rwaX1eD+olK7yeMowhEcwykEcAU1uIM6NIDACJ7hFd485b14797HvLXg5TOH8Afe5w83K49+</latexit>

⇡�

▸ Electrons @LHCb: fewer electrons than muons (lower selection efficiency) and with worse 
resolution (Bremsstrahlung) - but  less noticeable once you have already unconstrained 
kinematics

▸ Taus @LHCb: muonic decay (direct comparison with Hb→Hcµν) or hadronic (3-
prong) decay: better constrained kinematics using the tau decay vertex

▸ Partial reconstruction → unconstrained kinematics

▸ Partial reconstruction → large backgrounds when missing more than one neutrino: need to 
fully exploit vertex topology information, track isolation, available kinematic information



Lepton Universality 49

▸ In the SM the only difference between  
and   is the mass of the charged lepton

B̄ → D(*)+τ−ν̄τ
B̄ → D(*)+μ−ν̄μ

▸ The ratio    is sensitive to e.g. 

charged Higgs, leptoquarks

R(D(*)) =
ℬ(B̄ → D(*)τ−ν)
ℬ(B̄ → D(*)μ−νμ)

▸ Hadronic form factors mostly cancel (except 
helicity suppressed amplitude)

▸  and  different spin mesons: different physics sensitivitiesD D*

▸ Two recent LHCb results:  with  and update of  with R(D(*)) τ → μνν R(D*) τ → πππν
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▸ Separate (partially reconstructed) signal, normalisation and background decays

R(D(⇤)) =
B(B0 ! D(⇤)⌧⌫)

B(B0 ! D(⇤)l⌫)
<latexit sha1_base64="aSeOeBIyqDVeEsnxabavIcsNahg="></latexit>

⌧(! µ⌫⌫)
<latexit sha1_base64="bbvuQi14V/gFsPlAnp84pGi+qDE=">AAAB/3icbVDLSsNAFJ34rPVVFdy4GSxC3YSkBm13RTcuK9gHNKFMppN26GQSZiZCiV34K25cKOLW33Dn3zhpo/g6cOFwzr3ce48fMyqVZb0bC4tLyyurhbXi+sbm1nZpZ7cto0Rg0sIRi0TXR5IwyklLUcVINxYEhT4jHX98kfmdGyIkjfi1msTEC9GQ04BipLTUL+27CiWw4qoIumECXT6r436pbJvWDNAyq07Nceqa5MqnVQY5mv3SmzuIcBISrjBDUvZsK1ZeioSimJFp0U0kiREeoyHpacpRSKSXzu6fwiOtDGAQCV1cwZn6fSJFoZST0NedIVIj+dvLxP+8XqKCmpdSHieKcDxfFCQM6m+zMOCACoIVm2iCsKD6VohHSCCsdGRFHYJl1jOcfr38l7Srpn1iOldOuXGex1EAB+AQVIANzkADXIImaAEMbsE9eARPxp3xYDwbL/PWBSOf2QM/YLx+AJFxlVE=</latexit>

µ
<latexit sha1_base64="ZMwJMNEhQB6JoIwA7Kxz+AfG85U=">AAAB6nicbVDLSgMxFM3UV62vqks3wSK4GpI6Tuuu6MZlRfuAdiiZNNOGZh4kGaGUfoIbF4q49Yvc+TdmpkV8HbhwOOde7r3HTwRXGqEPq7Cyura+UdwsbW3v7O6V9w/aKk4lZS0ai1h2faKY4BFraa4F6yaSkdAXrONPrjK/c8+k4nF0p6cJ80IyinjAKdFGuu2H6aBcQTZ2HLdah8h2EaqdY0NwzcUuhthGOSpgieag/N4fxjQNWaSpIEr1MEq0NyNScyrYvNRPFUsInZAR6xkakZApb5afOocnRhnCIJamIg1z9fvEjIRKTUPfdIZEj9VvLxP/83qpDurejEdJqllEF4uCVEAdw+xvOOSSUS2mhhAqubkV0jGRhGqTTikP4SKD+/XyX9Ku2vjMdm6cSuNyGUcRHIFjcAowqIEGuAZN0AIUjMADeALPlrAerRfrddFasJYzh+AHrLdP1g6OUA==</latexit>

Background 

m2
miss = (pB � pD⇤ � pµ)

2
<latexit sha1_base64="GFfNq+ZjFVapaVrBAZ15yLJ9f5I=">AAACGHicbVC7TsMwFHXKq5RXgJHFokIqAyWpkGBBqgoDY5HoQ2rSyHHd1qqdRLaDVEX5DBZ+hYUBhFi78Te4aQYoHMnW8Tn36voeP2JUKsv6Mgorq2vrG8XN0tb2zu6euX/QlmEsMGnhkIWi6yNJGA1IS1HFSDcSBHGfkY4/uZn7nUciJA2DBzWNiMvRKKBDipHSkmeecy9xBIecSpn2k1p6XYm8pJGe6fu2nzhIqjR7ODxOT/s1zyxbVSsD/EvsnJRBjqZnzpxBiGNOAoUZkrJnW5FyEyQUxYykJSeWJEJ4gkakp2mAOJFuki2WwhOtDOAwFPoECmbqz44EcSmn3NeVHKmxXPbm4n9eL1bDKzehQRQrEuDFoGHMoArhPCU4oIJgxaaaICyo/ivEYyQQVjrLkg7BXl75L2nXqrbm9xfleiOPowiOwDGoABtcgjq4A03QAhg8gRfwBt6NZ+PV+DA+F6UFI+85BL9gzL4BJEygbw==</latexit><latexit sha1_base64="GFfNq+ZjFVapaVrBAZ15yLJ9f5I=">AAACGHicbVC7TsMwFHXKq5RXgJHFokIqAyWpkGBBqgoDY5HoQ2rSyHHd1qqdRLaDVEX5DBZ+hYUBhFi78Te4aQYoHMnW8Tn36voeP2JUKsv6Mgorq2vrG8XN0tb2zu6euX/QlmEsMGnhkIWi6yNJGA1IS1HFSDcSBHGfkY4/uZn7nUciJA2DBzWNiMvRKKBDipHSkmeecy9xBIecSpn2k1p6XYm8pJGe6fu2nzhIqjR7ODxOT/s1zyxbVSsD/EvsnJRBjqZnzpxBiGNOAoUZkrJnW5FyEyQUxYykJSeWJEJ4gkakp2mAOJFuki2WwhOtDOAwFPoECmbqz44EcSmn3NeVHKmxXPbm4n9eL1bDKzehQRQrEuDFoGHMoArhPCU4oIJgxaaaICyo/ivEYyQQVjrLkg7BXl75L2nXqrbm9xfleiOPowiOwDGoABtcgjq4A03QAhg8gRfwBt6NZ+PV+DA+F6UFI+85BL9gzL4BJEygbw==</latexit><latexit sha1_base64="GFfNq+ZjFVapaVrBAZ15yLJ9f5I=">AAACGHicbVC7TsMwFHXKq5RXgJHFokIqAyWpkGBBqgoDY5HoQ2rSyHHd1qqdRLaDVEX5DBZ+hYUBhFi78Te4aQYoHMnW8Tn36voeP2JUKsv6Mgorq2vrG8XN0tb2zu6euX/QlmEsMGnhkIWi6yNJGA1IS1HFSDcSBHGfkY4/uZn7nUciJA2DBzWNiMvRKKBDipHSkmeecy9xBIecSpn2k1p6XYm8pJGe6fu2nzhIqjR7ODxOT/s1zyxbVSsD/EvsnJRBjqZnzpxBiGNOAoUZkrJnW5FyEyQUxYykJSeWJEJ4gkakp2mAOJFuki2WwhOtDOAwFPoECmbqz44EcSmn3NeVHKmxXPbm4n9eL1bDKzehQRQrEuDFoGHMoArhPCU4oIJgxaaaICyo/ivEYyQQVjrLkg7BXl75L2nXqrbm9xfleiOPowiOwDGoABtcgjq4A03QAhg8gRfwBt6NZ+PV+DA+F6UFI+85BL9gzL4BJEygbw==</latexit><latexit sha1_base64="GFfNq+ZjFVapaVrBAZ15yLJ9f5I=">AAACGHicbVC7TsMwFHXKq5RXgJHFokIqAyWpkGBBqgoDY5HoQ2rSyHHd1qqdRLaDVEX5DBZ+hYUBhFi78Te4aQYoHMnW8Tn36voeP2JUKsv6Mgorq2vrG8XN0tb2zu6euX/QlmEsMGnhkIWi6yNJGA1IS1HFSDcSBHGfkY4/uZn7nUciJA2DBzWNiMvRKKBDipHSkmeecy9xBIecSpn2k1p6XYm8pJGe6fu2nzhIqjR7ODxOT/s1zyxbVSsD/EvsnJRBjqZnzpxBiGNOAoUZkrJnW5FyEyQUxYykJSeWJEJ4gkakp2mAOJFuki2WwhOtDOAwFPoECmbqz44EcSmn3NeVHKmxXPbm4n9eL1bDKzehQRQrEuDFoGHMoArhPCU4oIJgxaaaICyo/ivEYyQQVjrLkg7BXl75L2nXqrbm9xfleiOPowiOwDGoABtcgjq4A03QAhg8gRfwBt6NZ+PV+DA+F6UFI+85BL9gzL4BJEygbw==</latexit>

E⇤
µ

<latexit sha1_base64="g98veCm+c49kyCtQfoCzIGwn7is=">AAAB9XicbZDLSgMxFIYzXmu9VV26CRbBVZkRQZdFEVxWsBfoTEsmzbShSWZIzihlmPdw40IRt76LO9/GtJ2Ftv4Q+PjPOZyTP0wEN+C6387K6tr6xmZpq7y9s7u3Xzk4bJk41ZQ1aSxi3QmJYYIr1gQOgnUSzYgMBWuH45tpvf3ItOGxeoBJwgJJhopHnBKwVu+2n/kyzXuZTwzk/UrVrbkz4WXwCqiiQo1+5csfxDSVTAEVxJiu5yYQZEQDp4LlZT81LCF0TIasa1ERyUyQza7O8al1BjiKtX0K8Mz9PZERacxEhrZTEhiZxdrU/K/WTSG6CjKukhSYovNFUSowxHgaAR5wzSiIiQVCNbe3YjoimlCwQZVtCN7il5ehdV7zLN9fVOvXRRwldIxO0Bny0CWqozvUQE1EkUbP6BW9OU/Oi/PufMxbV5xi5gj9kfP5AwrGkto=</latexit><latexit sha1_base64="g98veCm+c49kyCtQfoCzIGwn7is=">AAAB9XicbZDLSgMxFIYzXmu9VV26CRbBVZkRQZdFEVxWsBfoTEsmzbShSWZIzihlmPdw40IRt76LO9/GtJ2Ftv4Q+PjPOZyTP0wEN+C6387K6tr6xmZpq7y9s7u3Xzk4bJk41ZQ1aSxi3QmJYYIr1gQOgnUSzYgMBWuH45tpvf3ItOGxeoBJwgJJhopHnBKwVu+2n/kyzXuZTwzk/UrVrbkz4WXwCqiiQo1+5csfxDSVTAEVxJiu5yYQZEQDp4LlZT81LCF0TIasa1ERyUyQza7O8al1BjiKtX0K8Mz9PZERacxEhrZTEhiZxdrU/K/WTSG6CjKukhSYovNFUSowxHgaAR5wzSiIiQVCNbe3YjoimlCwQZVtCN7il5ehdV7zLN9fVOvXRRwldIxO0Bny0CWqozvUQE1EkUbP6BW9OU/Oi/PufMxbV5xi5gj9kfP5AwrGkto=</latexit><latexit sha1_base64="g98veCm+c49kyCtQfoCzIGwn7is=">AAAB9XicbZDLSgMxFIYzXmu9VV26CRbBVZkRQZdFEVxWsBfoTEsmzbShSWZIzihlmPdw40IRt76LO9/GtJ2Ftv4Q+PjPOZyTP0wEN+C6387K6tr6xmZpq7y9s7u3Xzk4bJk41ZQ1aSxi3QmJYYIr1gQOgnUSzYgMBWuH45tpvf3ItOGxeoBJwgJJhopHnBKwVu+2n/kyzXuZTwzk/UrVrbkz4WXwCqiiQo1+5csfxDSVTAEVxJiu5yYQZEQDp4LlZT81LCF0TIasa1ERyUyQza7O8al1BjiKtX0K8Mz9PZERacxEhrZTEhiZxdrU/K/WTSG6CjKukhSYovNFUSowxHgaAR5wzSiIiQVCNbe3YjoimlCwQZVtCN7il5ehdV7zLN9fVOvXRRwldIxO0Bny0CWqozvUQE1EkUbP6BW9OU/Oi/PufMxbV5xi5gj9kfP5AwrGkto=</latexit><latexit sha1_base64="g98veCm+c49kyCtQfoCzIGwn7is=">AAAB9XicbZDLSgMxFIYzXmu9VV26CRbBVZkRQZdFEVxWsBfoTEsmzbShSWZIzihlmPdw40IRt76LO9/GtJ2Ftv4Q+PjPOZyTP0wEN+C6387K6tr6xmZpq7y9s7u3Xzk4bJk41ZQ1aSxi3QmJYYIr1gQOgnUSzYgMBWuH45tpvf3ItOGxeoBJwgJJhopHnBKwVu+2n/kyzXuZTwzk/UrVrbkz4WXwCqiiQo1+5csfxDSVTAEVxJiu5yYQZEQDp4LlZT81LCF0TIasa1ERyUyQza7O8al1BjiKtX0K8Mz9PZERacxEhrZTEhiZxdrU/K/WTSG6CjKukhSYovNFUSowxHgaAR5wzSiIiQVCNbe3YjoimlCwQZVtCN7il5ehdV7zLN9fVOvXRRwldIxO0Bny0CWqozvUQE1EkUbP6BW9OU/Oi/PufMxbV5xi5gj9kfP5AwrGkto=</latexit>

µ+
<latexit sha1_base64="AWOPxXHMjLrwf3g2ULHPwSiVTjw=">AAAB7nicbVDLSgNBEOyNrxhfqx69DAZBEMKu+LwFvXiMYB6QrGF2MpsMmZldZmaFsOQjvHhQxKvf482/cZIsotGChqKqm+6uMOFMG8/7dAoLi0vLK8XV0tr6xuaWu73T0HGqCK2TmMeqFWJNOZO0bpjhtJUoikXIaTMcXk/85gNVmsXyzowSGgjclyxiBBsrNTsivc+Oxl237FW8KZBXOfX8yzMffSt+TsqQo9Z1Pzq9mKSCSkM41rrte4kJMqwMI5yOS51U0wSTIe7TtqUSC6qDbHruGB1YpYeiWNmSBk3VnxMZFlqPRGg7BTYDPe9NxP+8dmqiiyBjMkkNlWS2KEo5MjGa/I56TFFi+MgSTBSztyIywAoTYxMq2RD8+Zf/ksZxxbf89qRcvcrjKMIe7MMh+HAOVbiBGtSBwBAe4RlenMR5cl6dt1lrwclnduEXnPcvX8SPlQ==</latexit><latexit sha1_base64="AWOPxXHMjLrwf3g2ULHPwSiVTjw=">AAAB7nicbVDLSgNBEOyNrxhfqx69DAZBEMKu+LwFvXiMYB6QrGF2MpsMmZldZmaFsOQjvHhQxKvf482/cZIsotGChqKqm+6uMOFMG8/7dAoLi0vLK8XV0tr6xuaWu73T0HGqCK2TmMeqFWJNOZO0bpjhtJUoikXIaTMcXk/85gNVmsXyzowSGgjclyxiBBsrNTsivc+Oxl237FW8KZBXOfX8yzMffSt+TsqQo9Z1Pzq9mKSCSkM41rrte4kJMqwMI5yOS51U0wSTIe7TtqUSC6qDbHruGB1YpYeiWNmSBk3VnxMZFlqPRGg7BTYDPe9NxP+8dmqiiyBjMkkNlWS2KEo5MjGa/I56TFFi+MgSTBSztyIywAoTYxMq2RD8+Zf/ksZxxbf89qRcvcrjKMIe7MMh+HAOVbiBGtSBwBAe4RlenMR5cl6dt1lrwclnduEXnPcvX8SPlQ==</latexit><latexit sha1_base64="AWOPxXHMjLrwf3g2ULHPwSiVTjw=">AAAB7nicbVDLSgNBEOyNrxhfqx69DAZBEMKu+LwFvXiMYB6QrGF2MpsMmZldZmaFsOQjvHhQxKvf482/cZIsotGChqKqm+6uMOFMG8/7dAoLi0vLK8XV0tr6xuaWu73T0HGqCK2TmMeqFWJNOZO0bpjhtJUoikXIaTMcXk/85gNVmsXyzowSGgjclyxiBBsrNTsivc+Oxl237FW8KZBXOfX8yzMffSt+TsqQo9Z1Pzq9mKSCSkM41rrte4kJMqwMI5yOS51U0wSTIe7TtqUSC6qDbHruGB1YpYeiWNmSBk3VnxMZFlqPRGg7BTYDPe9NxP+8dmqiiyBjMkkNlWS2KEo5MjGa/I56TFFi+MgSTBSztyIywAoTYxMq2RD8+Zf/ksZxxbf89qRcvcrjKMIe7MMh+HAOVbiBGtSBwBAe4RlenMR5cl6dt1lrwclnduEXnPcvX8SPlQ==</latexit><latexit sha1_base64="AWOPxXHMjLrwf3g2ULHPwSiVTjw=">AAAB7nicbVDLSgNBEOyNrxhfqx69DAZBEMKu+LwFvXiMYB6QrGF2MpsMmZldZmaFsOQjvHhQxKvf482/cZIsotGChqKqm+6uMOFMG8/7dAoLi0vLK8XV0tr6xuaWu73T0HGqCK2TmMeqFWJNOZO0bpjhtJUoikXIaTMcXk/85gNVmsXyzowSGgjclyxiBBsrNTsivc+Oxl237FW8KZBXOfX8yzMffSt+TsqQo9Z1Pzq9mKSCSkM41rrte4kJMqwMI5yOS51U0wSTIe7TtqUSC6qDbHruGB1YpYeiWNmSBk3VnxMZFlqPRGg7BTYDPe9NxP+8dmqiiyBjMkkNlWS2KEo5MjGa/I56TFFi+MgSTBSztyIywAoTYxMq2RD8+Zf/ksZxxbf89qRcvcrjKMIe7MMh+HAOVbiBGtSBwBAe4RlenMR5cl6dt1lrwclnduEXnPcvX8SPlQ==</latexit>

B0
<latexit sha1_base64="hg26S75h98q0yq6BDDEs6ndK1RU=">AAAB7HicbZBNS8NAEIYnftb6VfXoZbEInkoigh5LvXisYNpCG8tmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPWFhYd3ZtiZN0ylMOi6387a+sbm1nZpp7y7t39wWDk6bpkk04z7LJGJ7oTUcCkU91Gg5J1UcxqHkrfD8e2s3n7i2ohEPeAk5UFMh0pEglG0lt94zN1pv1J1a+5cZBW8AqpQqNmvfPUGCctirpBJakzXc1MMcqpRMMmn5V5meErZmA5516KiMTdBPl92Ss6tMyBRou1TSObu74mcxsZM4tB2xhRHZrk2M/+rdTOMboJcqDRDrtjioyiTBBMyu5wMhOYM5cQCZVrYXQkbUU0Z2nzKNgRv+eRVaF3WPMv3V9V6o4ijBKdwBhfgwTXU4Q6a4AMDAc/wCm+Ocl6cd+dj0brmFDMn8EfO5w96jI50</latexit><latexit sha1_base64="hg26S75h98q0yq6BDDEs6ndK1RU=">AAAB7HicbZBNS8NAEIYnftb6VfXoZbEInkoigh5LvXisYNpCG8tmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPWFhYd3ZtiZN0ylMOi6387a+sbm1nZpp7y7t39wWDk6bpkk04z7LJGJ7oTUcCkU91Gg5J1UcxqHkrfD8e2s3n7i2ohEPeAk5UFMh0pEglG0lt94zN1pv1J1a+5cZBW8AqpQqNmvfPUGCctirpBJakzXc1MMcqpRMMmn5V5meErZmA5516KiMTdBPl92Ss6tMyBRou1TSObu74mcxsZM4tB2xhRHZrk2M/+rdTOMboJcqDRDrtjioyiTBBMyu5wMhOYM5cQCZVrYXQkbUU0Z2nzKNgRv+eRVaF3WPMv3V9V6o4ijBKdwBhfgwTXU4Q6a4AMDAc/wCm+Ocl6cd+dj0brmFDMn8EfO5w96jI50</latexit><latexit sha1_base64="hg26S75h98q0yq6BDDEs6ndK1RU=">AAAB7HicbZBNS8NAEIYnftb6VfXoZbEInkoigh5LvXisYNpCG8tmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPWFhYd3ZtiZN0ylMOi6387a+sbm1nZpp7y7t39wWDk6bpkk04z7LJGJ7oTUcCkU91Gg5J1UcxqHkrfD8e2s3n7i2ohEPeAk5UFMh0pEglG0lt94zN1pv1J1a+5cZBW8AqpQqNmvfPUGCctirpBJakzXc1MMcqpRMMmn5V5meErZmA5516KiMTdBPl92Ss6tMyBRou1TSObu74mcxsZM4tB2xhRHZrk2M/+rdTOMboJcqDRDrtjioyiTBBMyu5wMhOYM5cQCZVrYXQkbUU0Z2nzKNgRv+eRVaF3WPMv3V9V6o4ijBKdwBhfgwTXU4Q6a4AMDAc/wCm+Ocl6cd+dj0brmFDMn8EfO5w96jI50</latexit><latexit sha1_base64="hg26S75h98q0yq6BDDEs6ndK1RU=">AAAB7HicbZBNS8NAEIYnftb6VfXoZbEInkoigh5LvXisYNpCG8tmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPWFhYd3ZtiZN0ylMOi6387a+sbm1nZpp7y7t39wWDk6bpkk04z7LJGJ7oTUcCkU91Gg5J1UcxqHkrfD8e2s3n7i2ohEPeAk5UFMh0pEglG0lt94zN1pv1J1a+5cZBW8AqpQqNmvfPUGCctirpBJakzXc1MMcqpRMMmn5V5meErZmA5516KiMTdBPl92Ss6tMyBRou1TSObu74mcxsZM4tB2xhRHZrk2M/+rdTOMboJcqDRDrtjioyiTBBMyu5wMhOYM5cQCZVrYXQkbUU0Z2nzKNgRv+eRVaF3WPMv3V9V6o4ijBKdwBhfgwTXU4Q6a4AMDAc/wCm+Ocl6cd+dj0brmFDMn8EfO5w96jI50</latexit>

<latexit sha1_base64="gkUIupMvFkPtooHztRBkXEaY6Hc=">AAACH3icbVDLSgMxFM3UVx1foy7dBItQEctMkeqmUKoLlxXsAzptyaRpG5rJjElGKMP8iRt/xY0LRcRd/8ZM24VWDyT3cM69JPd4IaNS2fbUyKysrq1vZDfNre2d3T1r/6Ahg0hgUscBC0TLQ5IwykldUcVIKxQE+R4jTW98nfrNRyIkDfi9moSk46MhpwOKkdJSzyo9dONiUob5sBe7LDlLC4+S024Rll3XnBvV5FzfN93YRVIlqdmzcnbBngH+Jc6C5MACtZ715fYDHPmEK8yQlG3HDlUnRkJRzEhiupEkIcJjNCRtTTnyiezEs/0SeKKVPhwEQh+u4Ez9OREjX8qJ7+lOH6mRXPZS8T+vHanBVSemPIwU4Xj+0CBiUAUwDQv2qSBYsYkmCAuq/wrxCAmElY7U1CE4yyv/JY1iwSkVnLuLXKW6iCMLjsAxyAMHXIIKuAU1UAcYPIEX8AbejWfj1fgwPuetGWMxcwh+wZh+A2lroVw=</latexit>

q2 = (pl + p⌫)
2 =

= (pB � pD⇤)2

<latexit sha1_base64="u1fiuqtI2ou3LB6zrvXzAAqxxvY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSQi6rGoB48VTFtoa9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O0vLK6tr64WN4ubW9s5uaW+/buJUM+6zWMa6GVDDpVDcR4GSNxPNaRRI3giGNxO/8cS1EbF6wFHCOxHtKxEKRtFK/u1jdjrulspuxZ2CLBIvJ2XIUeuWvtq9mKURV8gkNabluQl2MqpRMMnHxXZqeELZkPZ5y1JFI2462fTYMTm2So+EsbalkEzV3xMZjYwZRYHtjCgOzLw3Ef/zWimGV51MqCRFrthsUZhKgjGZfE56QnOGcmQJZVrYWwkbUE0Z2nyKNgRv/uVFUj+reBcV7/68XL3O4yjAIRzBCXhwCVW4gxr4wEDAM7zCm6OcF+fd+Zi1Ljn5zAH8gfP5A3sDjnk=</latexit>

D�

▸ Can use B flight direction to measure transverse component of missing 
momentum (no way to measure longitudinal component)

▸ Use approximation to access rest frame kinematics

▸ Collinear approximation pz,B =
mB

mvis
⋅ pz,vis

▸ 20% (asymmetric) resolution on B momentum

▸ Large MC (and data) samples needed to model and 
incorporate in the fit uncertainty on template shapes



51

B → D*τν
B → Dτν

B → D*μν
B → Dμν

B → D(*)DX

Combinatorial and particles mis − identified as μ

Background B → D**μν(4 subtypes) (15 subtypes)

LHCb-PAPER-2022-039
▸ Three dimensional templated fit in m2

miss, E*μ , q2

 with   Measurement strategyR(D(*)) τ → μνν

▸ Projections show signal enriched (isolated) region, Run 1 (2011-2012)

▸ Shape variations of all major backgrounds controlled using data samples

https://arxiv.org/abs/2302.02886


B decay

<latexit sha1_base64="8aTKGtgbKlIWZoZpGXh6SodDjXc=">AAAB8HicdVDLSsNAFJ3UV62vqks3g63gKiQlJe2u1I3LCvYhbSiTyaQdOpmEmYkQQr/CjQtF3Po57vwbpw9BRQ9cOJxzL/fe4yeMSmVZH0ZhY3Nre6e4W9rbPzg8Kh+f9GScCky6OGaxGPhIEkY56SqqGBkkgqDIZ6Tvz64Wfv+eCEljfquyhHgRmnAaUoyUlu6q7SoMCEbZuFyxTMexnGYDalKvu669IpbbhLZpLVEBa3TG5fdREOM0IlxhhqQc2laivBwJRTEj89IolSRBeIYmZKgpRxGRXr48eA4vtBLAMBa6uIJL9ftEjiIps8jXnRFSU/nbW4h/ecNUhQ0vpzxJFeF4tShMGVQxXHwPAyoIVizTBGFB9a0QT5FAWOmMSjqEr0/h/6RXM23HdG5qlVZ7HUcRnIFzcAls4IIWuAYd0AUYROABPIFnQxiPxovxumotGOuZU/ADxtsn8+SP4Q==</latexit>

D decay

<latexit sha1_base64="AdU1psnxBN73dTc7N+Ovjvbf8BQ=">AAAB8HicdVDLSsNAFJ3UV62vqks3g63gKiQlJe2uqAuXFexD2lAmk0k7dCYJMxMhhH6FGxeKuPVz3Pk3Th+Cih64cDjnXu69x08YlcqyPozC2vrG5lZxu7Szu7d/UD486so4FZh0cMxi0feRJIxGpKOoYqSfCIK4z0jPn17O/d49EZLG0a3KEuJxNI5oSDFSWrqrXlVhQDDKRuWKZTqO5TQbUJN63XXtJbHcJrRNa4EKWKE9Kr8PgxinnEQKMyTlwLYS5eVIKIoZmZWGqSQJwlM0JgNNI8SJ9PLFwTN4ppUAhrHQFSm4UL9P5IhLmXFfd3KkJvK3Nxf/8gapChteTqMkVSTCy0VhyqCK4fx7GFBBsGKZJggLqm+FeIIEwkpnVNIhfH0K/yfdmmk7pnNTq7QuVnEUwQk4BefABi5ogWvQBh2AAQcP4Ak8G8J4NF6M12VrwVjNHIMfMN4+Afb6j+M=</latexit>

pp collision

<latexit sha1_base64="DLOTZcxt41pOJvNHNWYUUgp7G1E=">AAAB9XicdVDLSgMxFM3UV62vqks3wVZwNcyUKdPuim5cVrAPaMeSSTNtaCYTkoxShv6HGxeKuPVf3Pk3pg9BRQ8ETs65N/fmhIJRpR3nw8qtrW9sbuW3Czu7e/sHxcOjtkpSiUkLJyyR3RApwignLU01I10hCYpDRjrh5HLud+6IVDThN3oqSBCjEacRxUgb6bYsRBmaV8wkcx0US47teY5Xr0FDqlXfd5fE8evQtZ0FSmCF5qD43h8mOI0J15ghpXquI3SQIakpZmRW6KeKCIQnaER6hnIUExVki61n8MwoQxgl0hyu4UL93pGhWKlpHJrKGOmx+u3Nxb+8XqqjWpBRLlJNOF4OilIGdQLnEcAhlQRrNjUEYUnNrhCPkURYm6AKJoSvn8L/Sbtiu57tXVdKjYtVHHlwAk7BOXCBDxrgCjRBC2AgwQN4As/WvfVovVivy9Kcteo5Bj9gvX0CYbqSdw==</latexit>

Underlying event

K

<latexit sha1_base64="LNAYr9nxOYREDCeTkz5jsd6TRE0=">AAAB6nicdVDLSgMxFM3UV62vqks3wVZwNWTaqa27ohvBTUX7gHYomTTThmYyQ5IRSuknuHGhiFu/yJ1/Y6atoKIHLhzOuZd77/FjzpRG6MPKrKyurW9kN3Nb2zu7e/n9g5aKEklok0Q8kh0fK8qZoE3NNKedWFIc+py2/fFl6rfvqVQsEnd6ElMvxEPBAkawNtJt8brYzxeQXT6rVJALDakhVKukpHrulqvQsdEcBbBEo59/7w0ikoRUaMKxUl0HxdqbYqkZ4XSW6yWKxpiM8ZB2DRU4pMqbzk+dwROjDGAQSVNCw7n6fWKKQ6UmoW86Q6xH6reXin953UQHNW/KRJxoKshiUZBwqCOY/g0HTFKi+cQQTCQzt0IywhITbdLJmRC+PoX/k1bJdlzbvSkV6hfLOLLgCByDU+CAKqiDK9AATUDAEDyAJ/BscevRerFeF60ZazlzCH7AevsEzqWNgA==</latexit>

⇡

<latexit sha1_base64="nov164fG/8CYuM2fqjY+saV7yXQ=">AAAB7HicdVBNTwIxEO3iF+IX6tFLI5h42nRhEbwRvXjExAUS2JBu6UJDt7tpuyaE8Bu8eNAYr/4gb/4bu4CJGn3JJC/vzWRmXpBwpjRCH1ZubX1jcyu/XdjZ3ds/KB4etVWcSkI9EvNYdgOsKGeCepppTruJpDgKOO0Ek+vM79xTqVgs7vQ0oX6ER4KFjGBtJK/cT1h5UCwhu3pRqyEXGtJAqFHLSP3SrdahY6MFSmCF1qD43h/GJI2o0IRjpXoOSrQ/w1Izwum80E8VTTCZ4BHtGSpwRJU/Wxw7h2dGGcIwlqaEhgv1+8QMR0pNo8B0RliP1W8vE//yeqkOG/6MiSTVVJDlojDlUMcw+xwOmaRE86khmEhmboVkjCUm2uRTMCF8fQr/J+2K7bi2e1spNa9WceTBCTgF58ABddAEN6AFPEAAAw/gCTxbwnq0XqzXZWvOWs0cgx+w3j4BfZeOfg==</latexit>

<latexit sha1_base64="9iZ4x9ZpnrD00DyYE0raxWiFVRQ=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgacnWSuut6MVjBWsL7VKy6Wwbms0uSVYopX/BiwdFvPqHvPlvzG4rqOiDgcd7M8zMCxLBtSHkwymsrK6tbxQ3S1vbO7t75f2DOx2nikGbxSJW3YBqEFxC23AjoJsooFEgoBNMrjK/cw9K81jemmkCfkRHkoecUZNJfRBiUK4Qt3pR8xpVTNwz0iDEy0m9Rgj2XJKjgpZoDcrv/WHM0gikYYJq3fNIYvwZVYYzAfNSP9WQUDahI+hZKmkE2p/lt87xiVWGOIyVLWlwrn6fmNFI62kU2M6ImrH+7WXiX14vNWHDn3GZpAYkWywKU4FNjLPH8ZArYEZMLaFMcXsrZmOqKDM2npIN4etT/D+5q7reuUtuapXm5TKOIjpCx+gUeaiOmugatVAbMTRGD+gJPTuR8+i8OK+L1oKznDlEP+C8fQJae45z</latexit>

`

Charged track
Consistent with B 
decay vertex or not?

Highest BDT output
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B → D*μν

B → D**μν

D*μ− + 1 extra pion
consistent with B vertex

Track isolation and control regions



Track isolation and control regions

B decay

<latexit sha1_base64="8aTKGtgbKlIWZoZpGXh6SodDjXc=">AAAB8HicdVDLSsNAFJ3UV62vqks3g63gKiQlJe2u1I3LCvYhbSiTyaQdOpmEmYkQQr/CjQtF3Po57vwbpw9BRQ9cOJxzL/fe4yeMSmVZH0ZhY3Nre6e4W9rbPzg8Kh+f9GScCky6OGaxGPhIEkY56SqqGBkkgqDIZ6Tvz64Wfv+eCEljfquyhHgRmnAaUoyUlu6q7SoMCEbZuFyxTMexnGYDalKvu669IpbbhLZpLVEBa3TG5fdREOM0IlxhhqQc2laivBwJRTEj89IolSRBeIYmZKgpRxGRXr48eA4vtBLAMBa6uIJL9ftEjiIps8jXnRFSU/nbW4h/ecNUhQ0vpzxJFeF4tShMGVQxXHwPAyoIVizTBGFB9a0QT5FAWOmMSjqEr0/h/6RXM23HdG5qlVZ7HUcRnIFzcAls4IIWuAYd0AUYROABPIFnQxiPxovxumotGOuZU/ADxtsn8+SP4Q==</latexit>

D decay

<latexit sha1_base64="AdU1psnxBN73dTc7N+Ovjvbf8BQ=">AAAB8HicdVDLSsNAFJ3UV62vqks3g63gKiQlJe2uqAuXFexD2lAmk0k7dCYJMxMhhH6FGxeKuPVz3Pk3Th+Cih64cDjnXu69x08YlcqyPozC2vrG5lZxu7Szu7d/UD486so4FZh0cMxi0feRJIxGpKOoYqSfCIK4z0jPn17O/d49EZLG0a3KEuJxNI5oSDFSWrqrXlVhQDDKRuWKZTqO5TQbUJN63XXtJbHcJrRNa4EKWKE9Kr8PgxinnEQKMyTlwLYS5eVIKIoZmZWGqSQJwlM0JgNNI8SJ9PLFwTN4ppUAhrHQFSm4UL9P5IhLmXFfd3KkJvK3Nxf/8gapChteTqMkVSTCy0VhyqCK4fx7GFBBsGKZJggLqm+FeIIEwkpnVNIhfH0K/yfdmmk7pnNTq7QuVnEUwQk4BefABi5ogWvQBh2AAQcP4Ak8G8J4NF6M12VrwVjNHIMfMN4+Afb6j+M=</latexit>

pp collision

<latexit sha1_base64="DLOTZcxt41pOJvNHNWYUUgp7G1E=">AAAB9XicdVDLSgMxFM3UV62vqks3wVZwNcyUKdPuim5cVrAPaMeSSTNtaCYTkoxShv6HGxeKuPVf3Pk3pg9BRQ8ETs65N/fmhIJRpR3nw8qtrW9sbuW3Czu7e/sHxcOjtkpSiUkLJyyR3RApwignLU01I10hCYpDRjrh5HLud+6IVDThN3oqSBCjEacRxUgb6bYsRBmaV8wkcx0US47teY5Xr0FDqlXfd5fE8evQtZ0FSmCF5qD43h8mOI0J15ghpXquI3SQIakpZmRW6KeKCIQnaER6hnIUExVki61n8MwoQxgl0hyu4UL93pGhWKlpHJrKGOmx+u3Nxb+8XqqjWpBRLlJNOF4OilIGdQLnEcAhlQRrNjUEYUnNrhCPkURYm6AKJoSvn8L/Sbtiu57tXVdKjYtVHHlwAk7BOXCBDxrgCjRBC2AgwQN4As/WvfVovVivy9Kcteo5Bj9gvX0CYbqSdw==</latexit>

Underlying event

K

<latexit sha1_base64="LNAYr9nxOYREDCeTkz5jsd6TRE0=">AAAB6nicdVDLSgMxFM3UV62vqks3wVZwNWTaqa27ohvBTUX7gHYomTTThmYyQ5IRSuknuHGhiFu/yJ1/Y6atoKIHLhzOuZd77/FjzpRG6MPKrKyurW9kN3Nb2zu7e/n9g5aKEklok0Q8kh0fK8qZoE3NNKedWFIc+py2/fFl6rfvqVQsEnd6ElMvxEPBAkawNtJt8brYzxeQXT6rVJALDakhVKukpHrulqvQsdEcBbBEo59/7w0ikoRUaMKxUl0HxdqbYqkZ4XSW6yWKxpiM8ZB2DRU4pMqbzk+dwROjDGAQSVNCw7n6fWKKQ6UmoW86Q6xH6reXin953UQHNW/KRJxoKshiUZBwqCOY/g0HTFKi+cQQTCQzt0IywhITbdLJmRC+PoX/k1bJdlzbvSkV6hfLOLLgCByDU+CAKqiDK9AATUDAEDyAJ/BscevRerFeF60ZazlzCH7AevsEzqWNgA==</latexit>

⇡

<latexit sha1_base64="nov164fG/8CYuM2fqjY+saV7yXQ=">AAAB7HicdVBNTwIxEO3iF+IX6tFLI5h42nRhEbwRvXjExAUS2JBu6UJDt7tpuyaE8Bu8eNAYr/4gb/4bu4CJGn3JJC/vzWRmXpBwpjRCH1ZubX1jcyu/XdjZ3ds/KB4etVWcSkI9EvNYdgOsKGeCepppTruJpDgKOO0Ek+vM79xTqVgs7vQ0oX6ER4KFjGBtJK/cT1h5UCwhu3pRqyEXGtJAqFHLSP3SrdahY6MFSmCF1qD43h/GJI2o0IRjpXoOSrQ/w1Izwum80E8VTTCZ4BHtGSpwRJU/Wxw7h2dGGcIwlqaEhgv1+8QMR0pNo8B0RliP1W8vE//yeqkOG/6MiSTVVJDlojDlUMcw+xwOmaRE86khmEhmboVkjCUm2uRTMCF8fQr/J+2K7bi2e1spNa9WceTBCTgF58ABddAEN6AFPEAAAw/gCTxbwnq0XqzXZWvOWs0cgx+w3j4BfZeOfg==</latexit>

<latexit sha1_base64="9iZ4x9ZpnrD00DyYE0raxWiFVRQ=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgacnWSuut6MVjBWsL7VKy6Wwbms0uSVYopX/BiwdFvPqHvPlvzG4rqOiDgcd7M8zMCxLBtSHkwymsrK6tbxQ3S1vbO7t75f2DOx2nikGbxSJW3YBqEFxC23AjoJsooFEgoBNMrjK/cw9K81jemmkCfkRHkoecUZNJfRBiUK4Qt3pR8xpVTNwz0iDEy0m9Rgj2XJKjgpZoDcrv/WHM0gikYYJq3fNIYvwZVYYzAfNSP9WQUDahI+hZKmkE2p/lt87xiVWGOIyVLWlwrn6fmNFI62kU2M6ImrH+7WXiX14vNWHDn3GZpAYkWywKU4FNjLPH8ZArYEZMLaFMcXsrZmOqKDM2npIN4etT/D+5q7reuUtuapXm5TKOIjpCx+gUeaiOmugatVAbMTRGD+gJPTuR8+i8OK+L1oKznDlEP+C8fQJae45z</latexit>

`

Charged track(s)

D0μ− + 1 extra pionD0μ− signal region D0μ− + at least 1 extra K
LHCb-PAPER-2022-039

https://arxiv.org/abs/2302.02886


 backgroundsB → D**

D0μ− + 1 extra pion

▸ D** backgrounds: include the four known resonances, 
individually floating yields

▸ Updated model from Bernlochner and Ligeti all 
parameters unconstrained

▸ Signal region + 3 control region for D0 and D* - simultaneous fit in 8 regions

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.014022


▸ Signal region + 3 control region for D0 and D* - simultaneous fit in 8 regions

D0μ− + 2 extra pions

▸ Heavier D** backgrounds: (including non-resonant)

▸ No theory model: cocktail sample, variation in  slopeq2

 backgroundsB → D**



 backgroundsB → DD
▸ Signal region + 3 control region for D0 and D* - simultaneous fit in 8 regions

D0μ− + 2 extra pions

▸ Heavier D** backgrounds: (including non-resonant)

▸ No theory model: cocktail sample, variation in  slopeq2

D0μ− + at least 1 extra K

▸ Third largest 
uncertainty after 
statistical and 
systematic due to 
simulation statistics

▸  backgroundsB → D0DX
▸ Spread from an ensemble of alternative models taken as 

systematic uncertainty



Muon (mis)identification
▸ Background from particles mis-identified as muons 

▸ Low momenta of muons from tau leptons: easy to mis-ID other particles as muon 

▸ Data-driven methods needed to describe these backgrounds: reconstruct  decays 
(selection identical to the signal but the muon-ID), understand the composition of the 

  sample and estimate the background shape using PID efficiencies (from data too)

B → Dh

B → Dh

▸ Define a sample region to validate the model obtained

▸ Worry about details (e.g. how about  decays? )π → μν



Systematics

Internal fit uncertainties �R(D⇤)(⇥10�2) �R(D0)(⇥10�2) Correlation
Statistical uncertainty 1.8 6.0 �0.49
Simulated sample size 1.5 4.5
B! D(⇤)DX template shape 0.8 3.2
B! D(⇤)`�⌫` form-factors 0.7 2.1
B! D⇤⇤µ�⌫µ form-factors 0.8 1.2
B ( B! D⇤D�

s (! ⌧�⌫⌧ )X ) 0.3 1.2
MisID template 0.1 0.8
B ( B! D⇤⇤⌧�⌫⌧ ) 0.5 0.5
Combinatorial < 0.1 0.1
Resolution < 0.1 0.1
Additional model uncertainty �R(D⇤)(⇥10�2) �R(D0)(⇥10�2)

B! D(⇤)DX model uncertainty 0.6 0.7
B0

s! D⇤⇤
s µ�⌫µ model uncertainty 0.6 2.4

Data/simulation corrections 0.4 0.8
Coulomb correction to R(D⇤+)/R(D⇤0) 0.2 0.3
MisID template unfolding 0.7 1.2
Baryonic backgrounds 0.7 1.2
Normalization uncertainties �R(D⇤)(⇥10�2) �R(D0)(⇥10�2)

Data/simulation corrections 0.4⇥R(D⇤) 0.6⇥R(D0)
⌧� ! µ�⌫⌫ branching fraction 0.2⇥R(D⇤) 0.2⇥R(D0)
Total systematic uncertainty 2.4 6.6 �0.39
Total uncertainty 3.0 8.9 �0.43



59 with   Measurement strategyR(D*) τ → πππν
▸ Compared to measurements using   τ → μνν

▸ Different background composition:

▸ Need external input: measure rate relative to B → D*πππ

▸ Update including LHCb 2015+2015 dataset

▸ No  (large) componentsB → D*(*)μν
▸ Additional  backgroundsB → D*πππX
▸  with B → D*DX D* → πππX

B0 →D*−τ +ντ

π −

π +

π +

ντ

D0

B0

π −

p

PV

p

B0 →D*−τ +ντ
π −K +

τ +

Δz > 4σ Δz

ντ

B0 →D*−τ +ντ

π − K +

π −

π −
π +

π +

D0

B0

π 0...

PV

pp

B0 →D*−π +π −π +X

▸ Topology (e.g. flight distance of tau) suppresses “prompt” background

Suppress 99% of this bkg 
(originally x100 the signal)



60 with   Background modellingR(D*) τ → πππν
▸   backgroundsB → D*−(D0, D+, D+

s )X

▸   the largest contributionB → D*−D+
s X

▸ Use BDT classifier based on dynamics and the  resonant (sub) structure 
to separate signal from 

πππ
B → D*−D+

s X

B0 →D*−τ +ντ

π −

π +

π +

ντ

D0

B0

π −

p

PV

p

B0 →D*−τ +ντ
π −K +

τ +

Δz > 4σ Δz

ντ

▸ Use data control region to model backgrounds



61 with   Background modellingR(D*) τ → πππν
▸   backgroundsB → D*−(D0, D+, D+

s )X

▸   the largest contributionB → D*−D+
s X

▸ Use BDT classifier based on dynamics and the  resonant (sub) structure 
to separate signal from 

πππ
B → D*−D+

s X

B0 →D*−τ +ντ

π −

π +

π +

ντ

D0

B0

π −

p

PV

p

B0 →D*−τ +ντ
π −K +

τ +

Δz > 4σ Δz

ντ

▸ Use data control region to model backgrounds

Can use  mass peak to select a pure  sample D(s) → πππ B → D*DX
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▸   backgroundsB → D*−(D0, D+, D+
s )X

▸   the largest contributionB → D*−D+
s X

▸ Use BDT classifier based on dynamics and the  resonant (sub) structure 
to separate signal from 

πππ
B → D*−D+

s X

▸ Use data control region to model backgrounds
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Use low anti-Ds BDT region to control  structure Ds → πππX
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▸ Three dimensional templated fit in 
 decay time, Anti-  BDT outputq2, τ D+

s

N(B0 → D*−τ+ν) = 2469 ± 154



0.2 0.3
R(D*)

BaBar 2012, had. tag
 0.018± 0.024 ±0.332 

Belle 2015, had. tag
 0.015± 0.038 ±0.293 

Belle 2017, (hadronic tau)
 0.027± 0.035 ±0.270 

Belle 2019, sl.tag
 0.014± 0.018 ±0.283 

LHCb 2022 
 0.024± 0.018 ±0.281 

LHCb 2023, (hadronic tau)
 0.018± 0.012 ±0.257 

BelleII 2023, had.tag
 0.031± 0.040 ±0.267 

Average 
 0.012±0.284 

HFLAV SM Average 
 0.005±0.254 

PRD 95 (2017) 115008 
 0.003±0.257 

JHEP 1712 (2017) 060 
 0.005±0.257 

PLB 795 (2019) 386 
 0.007±0.254 

PRL 123 (2019) 9,091801 
 0.005±0.253 

EPJC 80 (2020) 2, 74 
 0.006±0.247 

EPJC 82(2022) 12,1141 
 0.013±0.265 

EPJC 82(2022) 12,1083 
 0.008±0.275 

arXiv:2304.03137[hep-lat] 
 0.013±0.279 

arXiv:2306.05657[hep-lat] 
 0.022±0.252 

arXiv:2305.11855[hep-ph] 
 0.012±0.258 HFLAV

Summer 2023

64Latest LFU experimental results

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
R(D)

0.2

0.25

0.3

0.35

0.4

R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 
 0.005±R(D*) = 0.254 

 = 1.0 contours2χΔ

World Average
total 0.029±R(D) = 0.357 

total 0.012±R(D*) = 0.284 
 = -0.37ρ

) = 33%2χP(

HFLAV

PRELIMINARY

σ3

aLHCb

bLHCb

bBelle

cBelle

aBelle
BaBar

BelleII

Average

HFLAV

Summer 2023

HFLAV
Summer 2023

R(D*) = 0.281 ± 0.018 ± 0.024
R(D) = 0.441 ± 0.060 ± 0.066

ρ = − 0.43

R(D*) = 0.257 ± 0.012(stat) ± 0.014(syst) ± 0.012(ext) [Run1 + 15 + 16]

R(D(⇤)) =
B(B0 ! D(⇤)⌧⌫)

B(B0 ! D(⇤)l⌫)
<latexit sha1_base64="aSeOeBIyqDVeEsnxabavIcsNahg="></latexit>

New Belle II result at Lepton Photon

https://indico.cern.ch/event/1114856/contributions/5423684/attachments/2685890/4660084/2023-07-04_LP2023_KojimaFinalVer_main.pdf


65Conclusions

▸ Semileptonic decays are a great tool to probe the fundamental structure and parameters of 
the SM, with controlled theoretical uncertainties.  

▸ Main experimental challenge with semileptonic decays (@LHCb) is the missing neutrino. Have 
developed ways to mitigate this in the last  ~10 years.  

▸ Many exciting results (and challenges) to come
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67 with   SystematicsR(D*) τ → πππν
Source systematic uncertainty (%)
PDF shapes uncertainty (size of simulation sample) 2.0
Fixing B ! D⇤�D+

s (X) bkg model parameters 1.1
Fixing B ! D⇤�D0(X) bkg model parameters 1.5
Fractions of signal ⌧+ decays 0.3
Fixing the D

⇤⇤
⌧+⌫⌧ and D⇤⇤+

s ⌧+⌫⌧ fractions +1.8
�1.9

Knowledge of the D+
s ! 3⇡X decay model 1.0

Specifically the D+
s ! a1X fraction 1.5

Empty bins in templates 1.3
Signal decay template shape 1.8
Signal decay e�ciency 0.9
Possible contributions from other ⌧+ decays 1.0
B ! D⇤�D+(X) template shapes +2.2

�0.8

B ! D⇤�D0(X) template shapes 1.2
B ! D⇤�D+

s (X) template shapes 0.3
B ! D⇤�3⇡X template shapes 1.2
Combinatorial background normalisation +0.5

�0.6

Preselection e�ciency 2.0
Kinematic reweighting 0.7
Vertex error correction 0.9
PID e�ciency 0.5
Signal e�ciency (size of simulation sample) 1.1
Normalisation mode e�ciency (modelling of m(3⇡)) 1.0
Normalisation e�ciency (size of simulation sample) 1.1
Normalisation mode PDF choice 1.0
Total systematic uncertainty +6.2

�5.9

Total statistical uncertainty 5.9
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`
▸ Fully differential decay rate

dΓ(B → D*ℓν)
dwdcosθℓdcosθddχ

=
3m3

Bm2
D*G2

F

16(4π)4
ηEW |Vcb |2

6

∑
i

ℋi(w)ki(θℓ, θD, χ)

▸ Helicity angles (and derived observables) are 
sensitive to New Physics contributions and 
hadronic interactions (Form Factors)

Expanding differential measurements

▸ Hadronic Form Factor parametrisation

▸ Boyd, Grinstein, Lebed (BGL) 
 [Phys. Rev. D56, 6895 (1997)]:

▸ Caprini, Lellouch, Neubert (CLN) 
 [Nucl. Phys. B530, 153 (1998)]: 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.56.6895
https://arxiv.org/abs/hep-ph/9712417
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quark, e.g. b charged lepton

neutrino

⌧ , µ
<latexit sha1_base64="mD9jefNXepPkgZq4DKd0gcZSZrE="></latexit>

lighter quark, e.g. c

<latexit sha1_base64="d/yfdSXGzvIgoLW7CvRe7dTVjgw="></latexit>

Heff =
GFp
2
Vcb

X

i

CiOi

▸ HAMMER tool (F. Bernlochner, S. Duell, Z. Ligeti, M. 
Papucci, D. Robinson, Eur. Phys. J. C 80, 883 (2020) ) 
to re-weight MC events and obtain “dynamic” 
templates, (for-)folding in the experimental resolution 

▸ Extract Wilson Coefficients and hadronic Form Factor 
parameters from a fit to data (JINST 17 T04006)

4− 2− 0 2 4
 pull1 RΔ
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 / ndf 2χ  28.78 / 27

Constant  3.26± 83.16 

Mean      0.03017±0.06944 − 

Sigma     0.0211± 0.9282 
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Ci = CSM
i + CNP

i

Wilson coefficients

Effective operators

▸ What if we want to tell apart all possible NP contributions(s)

EFT: modelling New Physics (and hadronic) effects

https://gitlab.com/mpapucci/Hammer
https://link.springer.com/article/10.1140/epjc/s10052-020-8304-0
https://arxiv.org/abs/2007.12605
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Heff =
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=
GFp
2
Vcb

h
(1 + gV )c̄�µb+ (�1 + gA)c̄�µ�5b

+gSi@µ(c̄b) + gP i@µ(c̄�5b)

+gT i@
⌫(c̄i�µ⌫b) + gT5i@

⌫(c̄i�µ⌫�5b)
i

¯̀�µ(1� �5)⌫` + h.c.

SM
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Re(VqRlL) = {�0.5,�0.2,�0.1, 0.0, 0.1, 0.2, 0.5}

LHCb Simulation LHCb Simulation

LHCb SimulationLHCb Simulation

EFT: modelling New Physics (and hadronic) effects

https://hammer.physics.lbl.gov/HammerManual.pdf


More semileptonic  LFU ratiosμ/τ

*)D(R
0.1 0.2 0.3 0.4

BaBar hadronic tag
PRL 109 (2012) 101802

 0.018± 0.024 ±0.332 

Belle hadronic tag
PRD 92 (2015) 072014

 0.015± 0.038 ±0.293 

Belle SL tag
PRL 124 (2020) 161803

 0.014± 0.018 ±0.283 

Belle 1-prong
PRL 118 (2017) 211801

 0.027± 0.035 ±0.270 

LHCb muonic
PRL 115 (2015) 111803

 0.030± 0.027 ±0.336 

LHCb 3-prong
PRL 120 (2018) 171802

 0.029± 0.019 ±0.283 

LHCb average
 0.022± 0.016 ±0.305 

SM prediction by HFLAV
with inputs from
PRD 95 (2017) 115008
JHEP 12 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 74

 0.005±0.254 

)ψJ/(R
-0.5 0 0.5 1

)ψLHCb R(J/
PRL 120 (2018) 121801

 0.18± 0.17 ±0.71 

SM prediction
PRL 125 (2020) 222003

 0.0038±0.2582 

)c+Λ(R
0.2 0.3 0.4 0.5

)c
+ΛLHCb R(

LHCb-PAPER-2021-044
 0.059± 0.040 ± 0.026 ±0.242 

SM prediction
PRD 99 (2019) 055008
with input from
PRD 92 (2015) 034503

 0.004±0.324 

arXiv:2101.08326
LHCB-PUB-2018-009, 
arXiv:1808.08865

https://arxiv.org/pdf/2101.08326.pdf
https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.08865


72Untagged Belle II B̄ → D*+ℓ−ν̄

▸ The neutrino direction is reconstructed 
inclusively using the known angle cos  
between the B and the  direction 
 

θBY
Y = D* + ℓ

▸   + charged leptonD* → D0[ → Kπ]π

▸ The yield in 10 (8) bins of w, cos θl, cos θV 
and χ is extracted by fitting cos  and 
ΔM = M(Kππ) − M(Kπ)  
 

θBY

▸ Partial decay rates are determined from the 
unfolded (SVD arXiv:hep-ph/9509307) yields 
 

▸ Main challenges: accurate background 
model, slow pion tracking and 
statistical correlations between bins 

C. Schwanda FFK’23
|Vcb |BGL = (40.9 ± 0.3(stat) ± 1.0(syst) ± 0.6(theo)) × 10−3

https://docs.belle2.org/record/3607/files/BELLE2-TALK-CONF-2023-057.pdf
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▸ The neutrino direction is reconstructed 
inclusively using the known angle cos  
between the B and the  direction 
 

θBY
Y = D* + ℓ

▸   + charged leptonD* → D0[ → Kπ]π

▸ The yield in 10 (8) bins of w, cos θl, cos θV 
and χ is extracted by fitting cos  and 
ΔM = M(Kππ) − M(Kπ)  
 

θBY

▸ Partial decay rates are determined from the 
unfolded (SVD arXiv:hep-ph/9509307) yields 
 

▸ Main challenges: accurate background 
model, slow pion tracking and 
statistical correlations between bins 

C. Schwanda FFK’23
|Vcb |BGL = (40.9 ± 0.3(stat) ± 1.0(syst) ± 0.6(theo)) × 10−3

P. Horak FPCP’23

https://docs.belle2.org/record/3607/files/BELLE2-TALK-CONF-2023-057.pdf
https://indico.cern.ch/event/1166059/contributions/5407740/attachments/2655635/4599713/fpcp_vcb_vub.pdf
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Forward Backward

✓D
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AFB =
∫ 1

0
cosθℓdΓ/dcosθℓ − ∫ 0

−1
cosθℓdΓ/dcosθℓ

∫ 1
0

cosθℓdΓ/dcosθℓ + ∫ 0
−1

cosθℓdΓ/dcosθℓ

ΔAFB = Aμ
FB − Ae

FB

ΣAFB = Aμ
FB + Ae

FB

ℓ

θℓ

C. Lyu ALPS ‘23

1
Γ

dΓ
dcosθV

=
3
2 (FLcos2θV +

1 − FL

2
sin2θV)

Untagged Belle II B̄ → D*+ℓ−ν̄

Re/μ = 1.001 ± 0.009(stat) ± 0.021(syst)

https://docs.belle2.org/record/3502/files/BELLE2-TALK-CONF-2023-034.pdf


75Angular asymmetries 

AFB =
∫ 1

0
cosθℓdΓ/dcosθℓ − ∫ 0

−1
cosθℓdΓ/dcosθℓ

∫ 1
0

cosθℓdΓ/dcosθℓ + ∫ 0
−1

cosθℓdΓ/dcosθℓ

▸ Aim: measure the full set of angular 
asymmetries as function of  (or )q2 w

𝒜x(w) = ( dΓ
dw )−1[∫

+1

0
− ∫

0

−1
]dx

d2Γ
dwdx



76Angular asymmetries @ Belle II

▸ First experimental measurement of complete 
set of angular asymmetries 

▸ Signal extraction in 𝛎 invariant mass-squared 
( ) in two w-bins plus w-inclusive range M2

miss

▸ No evidence of lepton universality violation 
with at least 𝑝-values of 0.12  

[arXiv:2301.07529] 
[arXiv:2301.04716] 
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https://arxiv.org/abs/2301.07529
https://arxiv.org/abs/2301.04716
https://indico.cern.ch/event/1166059/contributions/5407658/attachments/2655436/4598758/plewis%20FPCP%202023%20(1).pdf


Systematics and Branching Fraction

Uncertainty All q2 low q2 high q2

Tracking 2.0 2.0 2.0
Trigger 1.4 1.2 1.6
Particle identification 1.0 1.0 1.0
�(mcorr) 0.5 0.5 0.5
Isolation 0.2 0.2 0.2
Charged BDT 0.6 0.6 0.6
Neutral BDT 1.1 1.1 1.1
q2 migration – 2.0 2.0
E�ciency 1.2 1.6 1.6
Fit template +2.3

�2.9
+1.8
�2.4

+3.0
�3.4

Total +4.0
�4.3

+4.3
�4.5

+5.0
�5.3
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B(B0
s ! Kµ⌫)

B(B0
s ! Dsµ⌫)

[%]
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B(Ds ! KK⇡) 2.8 2.8 2.8

▸ Systematic can be reduced with larger 
data (and MC) samples
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B(B0
s ! K�µ+⌫µ) =

⌧B0
s
⇥ |Vcb|2 ⇥ FFDs⇥
B(B0

s ! K�µ+⌫µ)

B(B0
s ! D�

s µ+⌫µ)
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B(B0
s ! K�µ+⌫µ) = (1.06± 0.05(stat)± 0.04(syst)± 0.06(ext)± 0.04(FF))⇥ 10�4

External inputs

Measured yields and 
efficiencies from simulation
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