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• Aims today:


• Talk about main advantages/disadvantages of LHCb compared 
to Belle-II.


• Discuss challenges that arise when doing semileptonics.


• Introduce techniques that can address those challenges.


• Discuss specifically how LHCb can contribute to the 
measurement of |Vcb|.

Aims
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• b-hadrons also produced in pairs at the LHC, via gluon-gluon 
fusion.

B-hadron production at a hadron collider
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• At the HL-LHC, 500M bb pairs produced every 10 seconds (!)
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Beauty quark production at LHCb 

2.2 Beauty production at LHCb

The pp interactions are mediated by strong interactions. There are long-distance and
short distance contributions to the cross section. The long distance interaction is a
non-perturbative interaction where the protons see each other as point like particles
without structure. The scattering is known as ”soft”, as the transferred momentum is
low, the outcoming particles are therefore produced at small polar angles with respect to
the beam axis. This process is not relevant for b-hadron production. In short distance
interactions the interacting particles are the partons of the incoming protons. In this
case interaction is described by the perturbative QCD followed by a non perturbative
hadronization to colourless hadrons. The transferred momentum is large, therefore the
outcoming particles are produced with relatively large transverse momentum with respect
to the beam axis. For leading-order (LO) contributions, the dominant processes are
quark-antiquark annihilation (qq ! bb) and gluon-gluon fusion (gg ! bb), commonly
referred to as pair creation. The corresponding Feynman diagrams are shown in Fig. 2.2.
In the next-to-leading order (NLO), gluon-splitting and flavour-excitation come into play,
see Fig. 2.3. The contribution of the leading-order processes with respect to the total
b-cross section decreases with increasing energy. At the CM energy of 7 TeV and 14 TeV,
in a pp collider, the dominating process is flavour-excitation. The di↵erent contribution as
implemented in the event generator Pythia 6.4 are shown in Fig. 2.4. The cross section
of bb̄ pairs production increase almost linearly from 7 to 14 TeV.

Figure 2.2: Feynman diagrams for leading order for bb̄ production in p-p collisions. (a) and (b)
show gluon-gluon fusion processes while (c) shows quark-antiquark annihilation processes.

Pairs of bb̄ quark are often created with large boost and therefore tend to fly along
the axis of one incoming proton. Furthermore there is a strong correlation between the b
and the b̄ which causes them both to end up in the forward or backward direction. This
played an important role in the design of the LHCb experiment.

The bb̄ cross section has been measured in the forward region at the LHCb experiment in
the pseudorapidity interval 2 < ⌘ < 5 to be (72.0±0.3±6.8)µb and (154.3 ± 1.5 ± 14.3) µb
[26] for 7 and 13 TeV, where ⌘ = �ln(tag( ✓
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Quarks do not exist as unconfined object and can only be observed as bound states
in the form of mesons or baryons. At some point the individual quarks must fragment
into colourless bound objects. These fractions are di�cult to predict theoretically as the
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• Beauty quarks mainly produced by gluon-
gluon fusion. 

• They almost always come in pairs. 

• At peak luminosity, around 30K pairs are 
produced each second.

• They are produced in the ‘forward’ 
region, i.e. along the beam line.
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• This is what defines the LHCb shape as a 
cone along the beam direction.

p

p • The cross-section for this 
process at 13TeV is 500µb.
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• b-hadron cocktail:

Peak luminosity at HL-LHC ~ 1035 cm2s-1.


Nbb = L x σ ~ 50M/s

B+

B0

Λ0
b

B0
s



The LHCb experiment
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LHCb
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The LHCb experiment
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LHCb

• LHCb covers 5% of the solid angle but has acceptance for 20% of b-
hadrons.
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Performance numbers
• 20 MeV mass resolution
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• 5% K-pi misID for 95% efficiency.

Figure 2: Invariant mass distribution for B→ h+h− decays [3] in the LHCb data before the use
of the RICH information (left), and after applying RICH particle identification (right). The
signal under study is the decay B0 → π+π−, represented by the turquoise dotted line. The
contributions from different b-hadron decay modes (B0 → Kπ red dashed-dotted line, B0 →3-
body orange dashed-dashed line, Bs → KK yellow line, Bs → Kπ brown line, Λb → pK purple
line, Λb → pπ green line), are eliminated by positive identification of pions, kaons and protons
and only the signal and two background contributions remain visible in the plot on the right.
The grey solid line is the combinatorial background

For a precise study of CP-violating effects, it is crucial to separate the various components.
This is achieved by exploiting the high efficiency of the RICH particle identification (Fig. 2
right).

Another application of charged hadron identification is for an efficient flavour tagging [4].
When studying CP asymmetries or particle-antiparticle oscillations, knowledge of the produc-
tion state of the heavy-flavoured particles is required. This can be achieved by tagging the
particle/antiparticle state of the accompanying hadron. Heavy-flavoured particles are predomi-
nantly produced in pairs. One of the most powerful means of tagging the production state is by
identifying charged kaons produced in the b → c → s cascade decay of the associated particle.
Such tagged kaons (as well as kaons from the b fragmentation when a B0

s is created), have a
soft momentum distribution, with a mean of about 10GeV/c. Particle identification down to
a few GeV/c can therefore significantly increase the tagging power of the experiment.

The typical momentum of the decay products in two-body b decays is about 50GeV/c.
The requirement of maintaining a high efficiency for the reconstruction of these decays leads
to the need for particle identification up to at least 100GeV/c. The lower momentum limit
of about 2GeV/c follows from the need to identify decay products from high multiplicity B
decays and also from the fact that particles below this momentum will not pass through the
dipole magnetic field (4 Tm) of the LHCb spectrometer.

A further example of the requirements for particle identification in LHCb is its use in the
trigger. LHCb has a high performance trigger system [5], that reduces the event rate from the
40MHz bunch crossing frequency down to about 2 kHz that can be written to storage. This is
achieved in two steps. The first trigger level is implemented in hardware and is based on high
transverse energy deposits in the calorimeter and high transverse momentum detected by the
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• 30-50fs timing

Eur. Phys. J. C 73 (2013) 2431
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• Trigger efficiencies:
Mode Trigger eff

Hadronic 30%
Electronic 40%

Muonic 60%
Dimuon 80%

https://doi.org/10.1088/1367-2630/15/5/053021


A typical  eventbb̄
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Figure 2. Belle (a) and LHCb (b) single event displays illustrating the reconstruction of semileptonic B meson decays: Trajectories
of charged particles are shown as colored solid lines, energy deposits in the calorimeters are depicted by red bars. The Belle display is
an end view perpendicular to the beam axis with the silicon detector in the center (small orange circle) and the device measuring the
particle velocity (dark purple polygon). This is a ° (4S) ! B

+
B
� event, with B

� ! D
0t�n̄t , D

0 ! K
�p+ and t� ! e

�nt n̄e, and the
B

+ decaying to five charged particles (white solid lines) and two photons. The trajectories of undetected neutrinos are marked as
dashed yellow lines. The LHCb display is a side view with the proton beams indicated as a white horizontal line with the interaction
point far to the left, followed by the dipole magnet (white trapezoid) and the Cherenkov detector (red lines). The area close to the
interaction point is enlarged above, showing the tracks of the charged particles produced in the pp interaction, the B

0 path (dotted
orange line), and its decay B̄0 ! D

⇤+t�n̄t with D
⇤+ ! D

0p+ and D
0 ! K

�p+, plus the µ� from the decay of a very short-lived t�.

typically produced at small angles to the beam and with high
momenta, features that determined the design of the LHCb detec-
tor [25, 26], a single arm forward spectrometer, covering the polar
angle range of 3�23 degrees. The high momentum and relatively
long B hadron lifetime result in decay distances of several cm.
Very precise measurements of the pp interaction point, combined
with the detection of charged particle trajectories from B decays
which do not intersect this point, are the very effective, primary
method to separate B decays from background.

All three experiments rely on several layers of finely seg-
mented silicon strip detectors to locate the beam-beam interaction
point and decay vertices of long-lived particles. A combination
of silicon strip detectors and multiple layers of gaseous detec-
tors measure the trajectories of charged particles, and determine
their momenta from the deflection in a magnetic field. Examples
of reconstructed signal events recorded by the LHCb and Belle
experiments are shown in Figure 2.

For a given momentum, charged particles of different masses,
primarily pions and kaons, are identified by their different ve-
locities. All three experiments make use of devices which sense
Cherenkov radiation, emitted by particles with velocities that ex-
ceed the speed of light in a chosen radiator material. For lower
velocity particles, Belle complements this with time-of-flight
measurements. BABAR and Belle also measure the velocity-
dependent energy loss due to ionization in the tracking detectors.
Arrays of cesium iodide crystals measure the energy of photons

and identify electrons in BABAR and Belle. Muons are identified
as particles penetrating a stack of steel absorbers interleaved with
large area gaseous detectors.

Measurements of B
� ! t�nt decays

The decays B
� ! t�nt with two or three neutrinos in the final

state have only been observed by BABAR and Belle. These
two experiments exploit the BB pair production at the ° (4S)
resonance via the process e

+
e
� !° (4S) ! BB. These BB pairs

can be tagged by the reconstruction of a hadronic or semileptonic
decay of one of the two B mesons, referred to as Btag. If this
decay is correctly reconstructed, all remaining particles in the
event originate from the other B decay.

BABAR and Belle have independently developed two sets of
algorithms to tag BB events. The hadronic tag algorithms [27, 28]
search for the best match between one of more than a thousand
possible decay chains and a subset of all detected particles in
the event. The efficiency for finding a correctly matched Btag is
unfortunately quite small, 0.3%. The benefit of reconstructing
all final state particles is that the total energy, Emiss, and vector
momentum, ~pmiss, of all undetected particles of the other B decay
can be inferred from energy and momentum conservation. The
invariant mass squared of all undetected particles, m

2
miss = E

2
miss�

~p2
miss, is used to distinguish events with one neutrino (m2

miss ⇡ 0)
from events with multiple neutrinos or other missing particles
(m2

miss > 0).
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possible decay chains and a subset of all detected particles in
the event. The efficiency for finding a correctly matched Btag is
unfortunately quite small, 0.3%. The benefit of reconstructing
all final state particles is that the total energy, Emiss, and vector
momentum, ~pmiss, of all undetected particles of the other B decay
can be inferred from energy and momentum conservation. The
invariant mass squared of all undetected particles, m

2
miss = E

2
miss�

~p2
miss, is used to distinguish events with one neutrino (m2

miss ⇡ 0)
from events with multiple neutrinos or other missing particles
(m2

miss > 0).

0 10 20 30 40
3−10

2−10

1−10

1

10

ds
/d

p T
[µ

b/
(G

eV
/c
)]

pT [GeV/c]

LHCb
p

s = 7TeV

2.0 < y < 4.5

Data
FONLL

1.5. B meson production 17

# tracks
20 40 60 80 100

0

200

400

600

800

1000 pp inelastic
-π+π → dB
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ric acceptance for B → π+π− events and inelastic interactions.

These distributions show that the particle multiplicities for B events are expected to be
higher than for minimum bias inelastic interactions.
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• Missing energy a complication for any experiment.


• Particularly challenging in a hadron collider because:


• No beam energy constraint.


• Busy events.


• Large background for neutrals.


• Additional complication due to lack of precise absolute production knowledge.


• Large branching fractions mandate precision (e.g. competitive |Vcb| 
measurement needs 1% uncertainty).

Semileptonic challenges 
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Figure 5: Distribution of (left) mcorr and (right) p?(D�
s ) for the inclusive sample of signal D�

s µ
+

candidates, with fit projections based on the CLN parametrization overlaid. The projections of
the two physics background components are merged together for displaying purposes.

Table 5: Fit results in the CLN parametrization. The uncertainty is split into two contributions,
statistical (stat) and that due to the external inputs (ext).

Parameter Value

|Vcb| [10�3] 41.4 ± 0.6 (stat)± 1.2 (ext)
G(0) 1.102± 0.034 (stat)± 0.004 (ext)
⇢
2(D�

s ) 1.27 ± 0.05 (stat)± 0.00 (ext)
⇢
2(D⇤�

s ) 1.23 ± 0.17 (stat)± 0.01 (ext)
R1(1) 1.34 ± 0.25 (stat)± 0.02 (ext)
R2(1) 0.83 ± 0.16 (stat)± 0.01 (ext)

7.2 Determination of |Vcb| with the BGL parametrization

The BGL form-factor functions are given by Eqs. (13)–(15), for B0
s ! D

⇤�
s µ

+
⌫µ decays,

and Eq. (30), for B0
s ! D

�
s µ

+
⌫µ decays. The fit parameters are the coe�cients of the

series of the z expansion. For B
0
s ! D

⇤�
s µ

+
⌫µ decays, the expansion of the f , g and

F1 form factors is truncated after the first order in z. The coe�cients b0 and c0 are
constrained through hA1(1) using Eqs. (25) and (26). The coe�cients b1, a0, a1, and c1

are free parameters. For B0
s ! D

�
s µ

+
⌫µ decays, the expansion of the f+(z) form factor is

truncated after the second order in z and the coe�cients d0, d1 and d2, are constrained
to the values obtained in Appendix A using Ref. [23], with d0 expressed in terms of the
parameter G(0) using Eq. (33). No constraints from the unitarity bounds of Eqs. (24) and
(32) are imposed, to avoid potential biases on the parameters or fit instabilities due to
convergence at the boundary of the parameter space.

The fit has minimum �
2/ndf of 276/284, corresponding to a p-value of 63%. Figure 6

shows a comparison of the p?(D�
s ) background-subtracted distributions obtained with

16

|Vcb| from Bs, Phys. Rev. D101 (2020) 072004

“With great power, comes great 
responsibility” - Uncle Ben

^

https://doi.org/10.1103/PhysRevD.101.072004
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Isolation
Fast simulation

The pointing

Corrected mass

Data driven mis-ID

Neutrino reco



• Large boost coupled with vertex precision allows for excellent primary-
secondary vertex direction.

The pointing
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Figure 2. Belle (a) and LHCb (b) single event displays illustrating the reconstruction of semileptonic B meson decays: Trajectories
of charged particles are shown as colored solid lines, energy deposits in the calorimeters are depicted by red bars. The Belle display is
an end view perpendicular to the beam axis with the silicon detector in the center (small orange circle) and the device measuring the
particle velocity (dark purple polygon). This is a ° (4S) ! B

+
B
� event, with B

� ! D
0t�n̄t , D

0 ! K
�p+ and t� ! e

�nt n̄e, and the
B

+ decaying to five charged particles (white solid lines) and two photons. The trajectories of undetected neutrinos are marked as
dashed yellow lines. The LHCb display is a side view with the proton beams indicated as a white horizontal line with the interaction
point far to the left, followed by the dipole magnet (white trapezoid) and the Cherenkov detector (red lines). The area close to the
interaction point is enlarged above, showing the tracks of the charged particles produced in the pp interaction, the B

0 path (dotted
orange line), and its decay B̄0 ! D

⇤+t�n̄t with D
⇤+ ! D

0p+ and D
0 ! K

�p+, plus the µ� from the decay of a very short-lived t�.

typically produced at small angles to the beam and with high
momenta, features that determined the design of the LHCb detec-
tor [25, 26], a single arm forward spectrometer, covering the polar
angle range of 3�23 degrees. The high momentum and relatively
long B hadron lifetime result in decay distances of several cm.
Very precise measurements of the pp interaction point, combined
with the detection of charged particle trajectories from B decays
which do not intersect this point, are the very effective, primary
method to separate B decays from background.

All three experiments rely on several layers of finely seg-
mented silicon strip detectors to locate the beam-beam interaction
point and decay vertices of long-lived particles. A combination
of silicon strip detectors and multiple layers of gaseous detec-
tors measure the trajectories of charged particles, and determine
their momenta from the deflection in a magnetic field. Examples
of reconstructed signal events recorded by the LHCb and Belle
experiments are shown in Figure 2.

For a given momentum, charged particles of different masses,
primarily pions and kaons, are identified by their different ve-
locities. All three experiments make use of devices which sense
Cherenkov radiation, emitted by particles with velocities that ex-
ceed the speed of light in a chosen radiator material. For lower
velocity particles, Belle complements this with time-of-flight
measurements. BABAR and Belle also measure the velocity-
dependent energy loss due to ionization in the tracking detectors.
Arrays of cesium iodide crystals measure the energy of photons

and identify electrons in BABAR and Belle. Muons are identified
as particles penetrating a stack of steel absorbers interleaved with
large area gaseous detectors.

Measurements of B
� ! t�nt decays

The decays B
� ! t�nt with two or three neutrinos in the final

state have only been observed by BABAR and Belle. These
two experiments exploit the BB pair production at the ° (4S)
resonance via the process e

+
e
� !° (4S) ! BB. These BB pairs

can be tagged by the reconstruction of a hadronic or semileptonic
decay of one of the two B mesons, referred to as Btag. If this
decay is correctly reconstructed, all remaining particles in the
event originate from the other B decay.

BABAR and Belle have independently developed two sets of
algorithms to tag BB events. The hadronic tag algorithms [27, 28]
search for the best match between one of more than a thousand
possible decay chains and a subset of all detected particles in
the event. The efficiency for finding a correctly matched Btag is
unfortunately quite small, 0.3%. The benefit of reconstructing
all final state particles is that the total energy, Emiss, and vector
momentum, ~pmiss, of all undetected particles of the other B decay
can be inferred from energy and momentum conservation. The
invariant mass squared of all undetected particles, m

2
miss = E

2
miss�

~p2
miss, is used to distinguish events with one neutrino (m2

miss ⇡ 0)
from events with multiple neutrinos or other missing particles
(m2

miss > 0).

• For fully reconstructed decays pointing the THE variable to reduce background.

17 4.1. Direction angle

Figure 4.1: Distribution of the direc-
tion angle ✓ in Run II.

Figure 4.2: Distribution of the direc-
tion angle ✓ in Run III.

Figure 4.3: Resolution of the direction angle ✓ for Run II and Run III.
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FIG. 1. Distribution of �E for the (top) kaon- and (bot-
tom) pion-enriched samples of B0 ! h+ ! ! candidates with
fit results overlaid. Points with error bars are data, the to-
tal fit is shown as a solid black curve, the signal as a black
dashed curve, the feed-across as a purple shaded area, and
background as a yellow shaded area. Di↵erences between ob-
served data and total fit results normalized by fit uncertainties
(pulls) are also shown.

measurements reported here and those of Ref. [10] are
consistent; hence we combine them, using a linear unbi-
ased estimator [41]. The results are reported in the last
row of Table I. The result for the direct CP asymmetry
supersedes the measurement reported in Ref. [10] and is
the most precise determination by a single experiment to
date.

7. SYSTEMATIC UNCERTAINTIES

The main sources of systematic uncertainty are listed
in Table II for the branching fractions and Table III for
the direct CP asymmetries.

We assign an uncertainty on the branching fractions
of 0.24% for each track in the final state, to take into
account tracking e! ciency uncertainties, which are ob-
tained from e+ e! ! ! + ! ! events, where one ! decays

FIG. 2. Distribution of �E for the (top) kaon- and (bot-
tom) pion-enriched samples of B0 ! h+ ! 0 candidates with
fit results overlaid. Points with error bars are data, the to-
tal fit is shown as a solid black curve, the signal as a black
dashed curve, the feed-across as a purple shaded area, the
BB background as a green shaded area, and the continuum
background as a yellow shaded area. Fit pulls are also shown.

leptonically as ! + ! "+ #! #" with " = e, µ and the other
hadronically as ! ! ! $! $± $" (N $0)#" , where N " 0. A
1.5% systematic uncertainty is assigned to each branch-
ing fraction due to the uncertainty on the number N of
B B pairs. In addition, the uncertainty on f + ! / 00, 2.4%
for B +B ! and 2.5% for B 0B 0 [32], is included as a sys-
tematic uncertainty.

For all corrections to the reconstruction e! ciency de-
scribed in Sec. 5, except for the PID correction, we assign
the uncertainty of the correction as a systematic uncer-
tainty on the branching fraction. The largest systematic
uncertainty comes from the $0 correction, which is dom-
inated by the uncertainty of the branching fraction ratio
between D 0 ! K ! $+ $0 and D 0 ! K ! $+ (3.6%) [4].
To estimate uncertainties associated with the PID correc-
tions, we propagate the uncertainties using experiments
simulated by drawing events from the PDF, with nominal
and alternative corrections obtained by varying the PID
corrections within their uncertainties. We calculate the

arXiv:2310.06381
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FIG. 1. Distribution of ! E for the (top) kaon- and (bot-
tom) pion-enriched samples of B 0 ! h+ ! ! candidates with
Þt results overlaid. Points with error bars are data, the to-
tal Þt is shown as a solid black curve, the signal as a black
dashed curve, the feed-across as a purple shaded area, and
background as a yellow shaded area. Di" erences between ob-
served data and total Þt results normalized by Þt uncertainties
(pulls) are also shown.

measurements reported here and those of Ref. [10] are
consistent; hence we combine them, using a linear unbi-
ased estimator [41]. The results are reported in the last
row of Table I. The result for the direct CP asymmetry
supersedes the measurement reported in Ref. [10] and is
the most precise determination by a single experiment to
date.

7. SYSTEMATIC UNCERTAINTIES

The main sources of systematic uncertainty are listed
in Table II for the branching fractions and Table III for
the direct CP asymmetries.

We assign an uncertainty on the branching fractions
of 0.24% for each track in the Þnal state, to take into
account tracking e! ciency uncertainties, which are ob-
tained from e+ e! ! ! + ! ! events, where one! decays

FIG. 2. Distribution of ! E for the (top) kaon- and (bot-
tom) pion-enriched samples of B 0 ! h+ ! 0 candidates with
Þt results overlaid. Points with error bars are data, the to-
tal Þt is shown as a solid black curve, the signal as a black
dashed curve, the feed-across as a purple shaded area, the
B B background as a green shaded area, and the continuum
background as a yellow shaded area. Fit pulls are also shown.

leptonically as ! + ! "+ #! #" with " = e, µ and the other
hadronically as! ! ! $! $± $" (N $0)#" , whereN " 0. A
1.5% systematic uncertainty is assigned to each branch-
ing fraction due to the uncertainty on the number N of
B B pairs. In addition, the uncertainty on f + ! / 00, 2.4%
for B +B ! and 2.5% for B 0B 0 [32], is included as a sys-
tematic uncertainty.

For all corrections to the reconstruction e! ciency de-
scribed in Sec. 5, except for the PID correction, we assign
the uncertainty of the correction as a systematic uncer-
tainty on the branching fraction. The largest systematic
uncertainty comes from the $0 correction, which is dom-
inated by the uncertainty of the branching fraction ratio
between D 0 ! K ! $+ $0 and D 0 ! K ! $+ (3.6%) [4].
To estimate uncertainties associated with the PID correc-
tions, we propagate the uncertainties using experiments
simulated by drawing events from the PDF, with nominal
and alternative corrections obtained by varying the PID
corrections within their uncertainties. We calculate the
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• The corrected mass combines the visible mass with the component 
of momentum transverse to the B flight direction.

Corrected mass
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3. Selection 7/17

The corrected mass

Fit the corrected mass:

Mcorr =
!

p2
! + M 2

pµ + p!

Determine its uncertainty.

Reject candidates if:
! Mcorr > 100MeV/ c2

" b
PV SV

pµ

p

µ

#

p!

p!

Compare simulatedsignaland
backgroundshapes forlow and
high ! Mcorr

All curves normalised to unit
area.
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• For decays with a single missing 

neutrino, mcorr will peak at the true mass.


• Event-by-event vertex uncertainties 
allows to select candidates with good 
mcorr resolution. 

mcorr = p2
⊥ + m2

vis + p⊥

 LHCB-PAPER-2015-013  

https://cds.cern.ch/record/2007377


• Example from the |Vcb| measurement from  decaysB0
s → D(*)+

s ! −"!

Corrected mass fit
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Table 3: External inputs based on experimental measurements.

Parameter Value Reference

f s/f d ! B(D !
s " K ! K + ! ! ) ! " [ps] 0.0191± 0.0008 [24,50]

B(D ! " K ! K + ! ! ) 0.00993± 0.00024 [39]
B(D "! " D ! X ) 0.323± 0.006 [39]
B(B 0 " D ! µ+ #µ) 0.0231± 0.0010 [39]
B(B 0 " D "! µ+ #µ) 0.0505± 0.0014 [39]
B 0

s mass [GeV/c2] 5.36688± 0.00017 [39]
D !

s mass [GeV/c2] 1.96834± 0.00007 [39]
D "!

s mass [GeV/c2] 2.1122± 0.0004 [39]

similar shapes in themcorr vs. p#(D !
s ) plane and cannot be discriminated by the Þt when

considered as separate components. They are therefore merged according to the expected
approximate fractions.

The yields of the Þve components are free parameters in the Þt, with the signal
yields expressed in terms of the parameters of interest according to Eq.(34), when
determining |Vcb|, or Eq. (38), when determiningR (" ). The measurement relies on the
external inputs reported in Tables 3 and 4. Correlations between external inputs,e.g.,
betweenNref and N "

ref or between the LQCD inputs, are accounted for in the Þt. The
value of f s/f d is derived from the measurement of Ref. [24], which is the most precise
available. It is obtained using an independent sample of semileptonicB 0

(s) decays collected
with the LHCb detector in pp collisions at the center-of-mass energy of 13TeV. This
measurement uses the branching fraction of theD !

s " K + K ! ! ! decay and theB 0
s

lifetime as external inputs [39]. To properly account for all correlations, the value of the
product f s/f d ! B(D !

s " K ! K + ! ! ) ! " is derived directly from Ref. [24]. The measured
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Figure 4: Distribution of (left) mcorr and (right) p#(D ! ) for the inclusive sample of reference
D ! µ+ candidates, with Þt projections overlaid.
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• In addition to mcorr, fit for  which can be interpreted once the 
resolution has been taken into account.

p⊥

• Alternative to neutrino reconstruction.



• Three unknowns with a single missing neutrino.


• Pointing constraint gives us back two of them.


• Final unknown determined using the mass constraint of the b-hadron. 


• Unfortunately left with ambiguity as mass constraint fixes  not  itself.


• This ambiguity is the main source of resolution for q2.

p2 p

Neutrino reconstruction

14
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The corrected mass

Fit the corrected mass:

Mcorr =
!

p2
! + M 2

pµ + p!

Determine its uncertainty.

Reject candidates if:
! Mcorr > 100MeV/ c2
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• Easiest choice is to randomly choose between the two solutions.


• Other methods involve comparing the solved b-hadron kinematics to what 
one expects on average.

Choosing the neutrino solution

15
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Figure 10 . A comparison of the q2 resolution achieved with the regression based method versus a
random choice of quadratic solutions.
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Figure 11 . The bin purity, as deÞned in the text, as a function of the true q2. The open markers
correspond to a random choice of the two quadratic solutions whereas the closed markers correspond
to the regression based analysis. Left: seven bins in both cases. Right: twelve bins in the regression
case.

In Fig. 11 (left) seven equal width bins are used over the fullq2 range, and it can be seen
that our method achieves a 10-20% increase in purity. Fig.11 (right) shows that twelve
appropriately deÞned bins could yield the same purity as for seven bins with the random
approach. Particularly narrow bins can be used in the highq2 region.

5.2 Discrimination between di ! erent classes of semileptonic decays

In this section we consider the use ofPinf to deÞne an optimal variable for discriminating
between decays with di! ering quantities of missing mass. We take as an example the
separation of B 0

s ! K ! µ+ ! µ from B 0
s ! K "! µ+ ! µ , with K

!
! K ! " 0, where the " 0

isnÕt reconstructed. The corrected mass variable is deÞned with respect to the ßight vector
as [12],

M corr =
!

(M vis)2 +
"
P#

miss

#2 + P#
miss. (5.8)

It is heavily used in the LHCb trigger [13] to inclusively select b-hadron decays, and was
the main discriminating variable that was used to extract the yield of ! 0

b ! pµ! ø! µ decays
in the LHCb analysis of that mode [4]. The upper row of Fig. 12 shows theM corr and M vis

Ð 10 Ð

• Other ideas include using Gaussian processes.


• Interesting feature: For b—>c decays the solution that gives the smaller 
neutrino momentum is more often correct (60/40). Choosing randomly 50/50 
less than ideal!

arXiv:1611.08522

Mika Vesterinen

Features

3

https://arxiv.org/pdf/1611.08522.pdf


• Particularly important for semitauonic decays and still useful for .b → c! "

Isolation
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• Many backgrounds from feed-down (e.g. D**), isolation can be used to reduce and 
then control these backgrounds.

1. Introduction 12/44

Isolation

¥ Reject physics backgrounds with additional charged tracks
¥ MVA output distribution for B ! D!! µ+ ! background

(hatched) and signal (solid)
¥ Inverting the cut gives a sample hugely enriched in

background! control samples
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• Particularly important for semitauonic decays and still useful for .b → c! "

Isolation
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• Many backgrounds from feed-down (e.g. D**), isolation can be used to reduce and 
then control these backgrounds.
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Isolation

¥ Reject physics backgrounds with additional charged tracks
¥ MVA output distribution for B ! D!! µ+ ! background

(hatched) and signal (solid)
¥ Inverting the cut gives a sample hugely enriched in

background! control samples
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• Particularly complicated background arises from  decays, followed by 
.

B → XchX
h → !

Data driven mis-id background

18
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Figure 1: Distributions of (top) m2
miss, (middle) decay time, and (bottom) Z of the signal data,

overlaid with projections of the Þt model with all normalization and shape parameters at their
best-Þt values. Below each panel di! erences between the data and Þt are shown, normalized by
the Poisson uncertainty in the data; the dashed lines are at the values± 2.

of Refs. [37,38]. In the nominal Þt, theB +
c ! J/ ! form factor parameters, except for

the scalar form factor that primarily a! ects the semitauonic mode, are Þxed to the values
obtained from a Þt to a subset of the data enriched in the normalization mode. To assess
the e! ect on R(J/ ! ) due to this procedure, an alternative Þt is performed with the form
factor parameters allowed to vary, and the di! erence in quadrature of the uncertainties is
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of Refs. [37,38]. In the nominal Þt, theB +
c ! J/ ! form factor parameters, except for

the scalar form factor that primarily a! ects the semitauonic mode, are Þxed to the values
obtained from a Þt to a subset of the data enriched in the normalization mode. To assess
the e! ect on R(J/ ! ) due to this procedure, an alternative Þt is performed with the form
factor parameters allowed to vary, and the di! erence in quadrature of the uncertainties is
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• The decay  
particularly sensitive as the 
signal is suppressed by 
~200 compared to the mis-
ID background.

B+
c → J/#$+"$

• As it originates from a large cocktail of  decays, very difficult to model 
with simulation - derive it from data.

B → XchX

https://cds.cern.ch/record/2293066


• Mis-ID data cleanly selected by 
reversing the lepton-ID.

Data driven method

19

• Number mis-IDed,  is then given byN(h → ! )

µh
µ ID

Selection
Nĥ N ̂!

N(h → ! ) ≈ NĥP(h → ̂! ) − N ̂! P(! → ĥ)



• Mis-ID data cleanly selected by 
reversing the lepton-ID.

The problem

20

• Problem: mis-ID background consists of different hadron species which have 
different mis-ID probabilities.
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• Equation becomes more complicated: 

µπ,K,p,e,g
µ ID

Selection
Nĥ N ̂!

N(h → ! ) = N%P(%→ ̂! ) + NKP(K → ̂! ) + NpP(p → ̂! ) + NeP(e → ̂! ) + NgP(g → ̂! )

 LHCB-DP-2013-001  

https://cds.cern.ch/record/1553139
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Figure 3: Result of a Þt in the (DLL p/ ! , DLL K/ ! ) plane to determine the fractions of hadron
species in theJ/ ! -track sample. The colour of each bin is built as a combination of red, green
and blue proportional to the Þtted fractions of pions, kaons and protons, respectively.
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Figure 4: Probability for pions, kaons and protons to be misidentiÞed as muons, as a function
of the particle momentum.

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

8

Solution
• Split the hadron sample into different regions depending on the PID 

response.

21

• Cross feed turns the equation into a matrix equation

JACK WIMBERLEY       SLWG         27 APRIL 2016

UNFOLDING

! Any conceivable method requires unfolding 

! Different hadron species have different muon fake rates 

! In our data sample, we donÕt real the real hadron identities of tracks 

! Unfolding in published R(D*) analysis done using matrix inversion: !
!
!
!
!

! In R(J/! ), this is replaced with more robust Bayesian unfolding via the 
RooUnfold library

4

• Can unfold using the usual approaches or fold in using a likelihood fit (preferred).

LHCb-PAPER-2013-063



Patrick Owen

A word on simulation

22

• At the LHC, it takes 25ns to produce an event. 


• It takes about a minute for fully simulate an event.


• Roughly 1 in 100 collisions has a bb pair.


• The branching fractions of the decays involved are O(%) level, multiplied by 
O(10%) for the D decay.


• That still leaves 4 orders of magnitude difference in the production rate 
between simulation and data.


• Producing enough simulation is difficult, and usually requires lots of tricks.



Patrick Owen

Fast simulation

23

Two main methods to make simulation faster, both used in semileptonic analyses

Redecay
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Reuse underlying event for 
different decays. arXiv:1810.10362

Speed up 10-100, same disk space.

Tracker only simulation

Turn off parts of the detector 
response (shower development, 
photon propagation in RICH).

Speed up by factor 8, disk space 
down by 40%

https://arxiv.org/abs/1810.10362


Patrick Owen

Flight distance
• One other useful aspect for  decays is to utilise the 

flight distance.
$→ 3%(%)"
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• In principle could use it for  decays, but tends to increase 
combinatorial background.

$→ !

Signal Background



How can LHCb contribute to |Vcb|?
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|Vcb| measurement from Bs decays
• Exploit diversity of b-hadrons to measure |Vcb| with Bs decays.
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Figure 5: Distribution of (left) mcorr and (right) p?(D�
s ) for the inclusive sample of signal D�

s µ
+

candidates, with fit projections based on the CLN parametrization overlaid. The projections of
the two physics background components are merged together for displaying purposes.

Table 5: Fit results in the CLN parametrization. The uncertainty is split into two contributions,
statistical (stat) and that due to the external inputs (ext).

Parameter Value

|Vcb| [10�3] 41.4 ± 0.6 (stat)± 1.2 (ext)
G(0) 1.102± 0.034 (stat)± 0.004 (ext)
⇢
2(D�

s ) 1.27 ± 0.05 (stat)± 0.00 (ext)
⇢
2(D⇤�

s ) 1.23 ± 0.17 (stat)± 0.01 (ext)
R1(1) 1.34 ± 0.25 (stat)± 0.02 (ext)
R2(1) 0.83 ± 0.16 (stat)± 0.01 (ext)

7.2 Determination of |Vcb| with the BGL parametrization

The BGL form-factor functions are given by Eqs. (13)–(15), for B0
s ! D

⇤�
s µ

+
⌫µ decays,

and Eq. (30), for B0
s ! D

�
s µ

+
⌫µ decays. The fit parameters are the coe�cients of the

series of the z expansion. For B
0
s ! D

⇤�
s µ

+
⌫µ decays, the expansion of the f , g and

F1 form factors is truncated after the first order in z. The coe�cients b0 and c0 are
constrained through hA1(1) using Eqs. (25) and (26). The coe�cients b1, a0, a1, and c1

are free parameters. For B0
s ! D

�
s µ

+
⌫µ decays, the expansion of the f+(z) form factor is

truncated after the second order in z and the coe�cients d0, d1 and d2, are constrained
to the values obtained in Appendix A using Ref. [23], with d0 expressed in terms of the
parameter G(0) using Eq. (33). No constraints from the unitarity bounds of Eqs. (24) and
(32) are imposed, to avoid potential biases on the parameters or fit instabilities due to
convergence at the boundary of the parameter space.

The fit has minimum �
2/ndf of 276/284, corresponding to a p-value of 63%. Figure 6

shows a comparison of the p?(D�
s ) background-subtracted distributions obtained with
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is required to have invariant mass in the vicinity of the! (1020) resonance. The photon
or the neutral pion emitted along with the D !

s in the D "!
s decay is not reconstructed.

The value of |Vcb| is determined from the observed yields ofB 0
s decays normalized to

those ofreferenceB 0 decays after correcting for the relative reconstruction and selection
e! ciencies. The reference decays are chosen to beB 0 ! D ! µ+ " µ and B 0 ! D "! µ+ " µ,
where theD ! meson is reconstructed in the Cabibbo-suppressed modeD ! ! [K + K ! ]! #! .
Hereafter the symbolD "! refers to theD " (2010)! meson. Signal and reference decays
thus have identical Þnal states and similar kinematic properties. This choice results in a
reference sample of smaller size than that of the signal, but allows suppressing systematic
uncertainties that a" ect the calculation of the e! ciencies. Using theB 0 decays as a
reference, the determination of|Vcb| needs in input the measured branching fractions
of these decays and the ratio ofB 0

s - to B 0-meson production fractions. The latter is
measured by LHCb using an independent sample of semileptonic decays with respect to
that exploited in this analysis [24], and it assumes universality of the semileptonic decay
width of b hadrons [25]. The ratios of the branching fractions of signal and reference
decays,

R "
B(B 0

s ! D !
s µ+ " µ)

B(B 0 ! D ! µ+ " µ)
, (1)

R " "
B(B 0

s ! D "!
s µ+ " µ)

B(B 0 ! D "! µ+ " µ)
(2)

are also determined from the same analysis. From the measured branching fractions of the
reference decays, the branching fractions ofB 0

s ! D !
s µ+ " µ and B 0

s ! D "!
s µ+ " µ decays

are determined for the Þrst time.
This analysis uses either the CLN or the BGL parametrization to model the form factors,

with parameters determined by analyzing the decay rates using a novel method: instead
of approximating q2, which cannot be determined precisely because of the undetected
neutrino, a variable that can be reconstructed fully from the Þnal-state particles and that
preserves information on the form factors is used. This variable is the component of the
D !

s momentum perpendicular to theB 0
s ßight direction, denoted asp#(D !

s ). The p#(D !
s )

variable is highly correlated with theq2 value of theB 0
s ! D !

s µ+ " µ and B 0
s ! D "!

s µ+ " µ

decays, and, to a minor extent, with the helicity angles of theB 0
s ! D "!

s µ+ " µ decay.
When used together with the corrected mass,mcorr , it also helps in determining the
sample composition. The corrected mass is calculated from the mass of the reconstructed
particles, m(D !

s µ+ ), and from the momentum of theD !
s µ+ system transverse to theB 0

s
ßight direction, p#(D !

s µ+ ), as

mcorr "
!

m2(D !
s µ+ ) + p2

#(D !
s µ+ ) + p#(D !

s µ+ ). (3)

Signal and background decays accumulate in well-separated regions of the two-dimensional
space spanned bymcorr and p#(D !

s ). A Þt to the data distribution in the mcorr vs. p#(D !
s )

plane identiÞes theB 0
s ! D !

s µ+ " µ and B 0
s ! D "!

s µ+ " µ signal decays and simultaneously
provides a measurement of|Vcb| and of the form factors.

The paper is structured as follows. The formalism describing the semileptonicB 0
(s)

decays and the parametrization of their form factors is outlined in Sec. 2. Section 3 gives
a brief description of the LHCb detector and of the simulation software. The selection

2

• Normalise Bs0 signal to corresponding B0 decays.

• Fit to determine form factors and signal yield.

• Use B0->D(*)µν branching fractions to determine normalisation with 
4(3)% uncertainty from PDG.


• Measurement of fs/fd used for production fractions.


• Also limited by knowledge on D(s) branching fractions.

LHCb, Phys. Rev. D101 (2020) 072004

• Also measured Bs->Ds(*) form factors: arXiv:2003.08453


Table 5: Results from di! erent Þt conÞgurations, where the Þrst uncertainty is statistical and
the second systematic.

CLN Þt

Unfolded Þt ! 2 = 1.16± 0.05± 0.07

Unfolded Þt with massless leptons ! 2 = 1.17± 0.05± 0.07

Folded Þt ! 2 = 1.14± 0.04± 0.07

BGL Þt

Unfolded Þt
af

1 = ! 0.005± 0.034± 0.046

af
2 = 1.00+ 0 .00

! 0.19
+ 0 .00
! 0.38

Folded Þt
af

1 = 0.039± 0.029± 0.046

af
2 = 1.00+ 0 .00

! 0.13
+ 0 .00
! 0.34

normalised event yields taking into account the e! ciency and resolution, which then is
Þt to the experimental spectrum. Both procedures provide similar results with small
di" erences induced by slightly di" erent bin-by-bin correlations shown in Tab. 5.
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Figure 6: Unfolded normalised di! erential decay rate with the Þt superimposed for the CLN
parametrisation (green), and BGL (red). The band in the Þt results includes both the statistical
and systematic uncertainty on the data yields.
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https://doi.org/10.1103/PhysRevD.101.072004
http://arxiv.org/abs/2003.08453
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|Vcb| results
• Performed analysis with CLN and BGL parameterisations.

• Both results compatible with each 
other and existing measurements.

shift in the R (! ) central values when Þtting the data with the BGL parametrization.
The experimental systematic uncertainties are combined together, accounting for their

correlations, in the middle section of Table 7. The correlations are reported in Appendix B.
As a consistency test, the Þt is repeated by expressing the signal yields of the

B 0
s ! D "

s µ+ ! µ and B 0
s ! D !"

s µ+ ! µ decays in terms of two di! erent |Vcb| parameters.
The Þt returns values of the two parameters in agreement with each other within one
standard deviation.

Finally, a data-based null test of the analysis method is performed using a control
sample ofB 0 ! D (! )" µ+ ! µ decays where theD " decays to the Cabibbo-favoredK + " " " "

Þnal state. These decays are normalized to the sameB 0 ! D (! )" µ+ ! µ decays, with
D " ! [K + K " ]! " " , used in the default analysis to measure ratios of branching fractions
between control and reference decays consistent with unity. The control sample is selected
with criteria very similar to those of the reference sample, but the di! erent D " Þnal state
introduces di! erences between the e" ciencies of the control and reference decays that are
40% larger than those between signal and reference decays. The control sample features
the same Þt components as described in Sec. 6 for the reference sample, with signal
and background decays modeled with simulation and combinatorial background with
same-sign data. External inputs are changed to reßect the replacement of the signal with
the control decays. Fits are performed using both the CLN and the BGL parametrizations.
In both cases, the ratios of branching fractions between control and reference decays are
all measured to be compatible with unity with 5 to 6% relative precision.

9 Final results and conclusions

A study of the B 0
s ! D "

s µ+ ! µ and B 0
s ! D !"

s µ+ ! µ decays is performed using proton-
proton collision data collected with the LHCb detector at center-of-mass energies of 7
and 8TeV, corresponding to an integrated luminosity of 3fb" 1. A novel analysis method
is used to identify the two exclusive decay modes from the inclusive sample of selected
D "

s µ+ candidates, and measure the CKM matrix element|Vcb| using B 0 ! D " µ+ ! µ and
B 0 ! D !" µ+ ! µ decays as normalization. The analysis is performed with both the CLN [2]
and BGL [3Ð5] parametrizations to determine

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

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

where the Þrst uncertainties are statistical (including contributions from both data and
simulation), the second systematic, and the third due to the limited knowledge of the
external inputs. The two results are compatible, when accounting for their correlation.
These are the Þrst determinations of|Vcb| from exclusive decays at a hadron collider and
the Þrst usingB 0

s decays. The results are in agreement with the exclusive measurements
based onB 0 and B + decays, and as well with the inclusive determination [1].

The ratios of the branching fractions of the exclusiveB 0
s ! D (! )"

s µ+ ! µ decays relative

21

! First measurement of Vcb on a hadronic environment and Þrst measurement 
using Bs mesons.

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)

Results on Vcb

! Vcb!CLN = (41.4± 0.6(stat) ± 0.9(syst) ± 1.2(ext)) ! 10" 3

! Vcb!BGL = (42.3± 0.8(stat) ± 0.9(syst) ± 1.2(ext)) ! 10" 3

! ConÞrm the trend that the 
parametrisation is not responsible  for 
inclusive vs exclusive disagreements."

! Both results are in agreement  with 
the exclusive and inclusive 
determinations.
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• Parameters have constraints from e.g. HPQCD [1]. 

[1] McLean, Davies, Koponen, Lytle [HPQCD]: Phys. Rev. D 101, 074513 (2020), see also Judd, Davies https://arxiv.org/abs/2105.11433 


CENSORED CENSORED

LHCb, Phys. Rev. D101 (2020) 072004

https://arxiv.org/abs/2105.11433
https://doi.org/10.1103/PhysRevD.101.072004
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Yes, it really is a |Vcb| measurement 
• If both numerator and denominator depend on |Vcb|, how can one be sensitive 

to |Vcb|?

• The point is that the denominator is measured, we do not use a prediction 
which depends on |Vcb|.


• The B0—>D(*) branching fraction measurements could be correlated to the 
exclusive |Vcb| B-factory measurements, but I understand this is a small 
effect(?).


• We do, however, rely on the equally of semileptonic widths. 


• We are heavily dependent on this in LHCb, so might be useful to provide 
precise validations in data. More lifetime measurements? 

Bigi, Mannel, Uraltsev, JHEP09(2011)012

https://arxiv.org/ct?url=https://dx.doi.org/10.1007/JHEP09(2011)012&v=78a8fb85
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Planned measurements
• Plan to perform a similar measurement with Λb0 decays.


• Here the normalisation is a bit different, we instead normalise to inclusive 
Λb0 semileptonic decays and employ equally of partial widths. 
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• Plan is to use the differential measurement as a function of q2 to control form 
factor uncertainties a la LHCb-PAPER-2017-016

• Also discussions on performing a measurement with B0—>D*µν decays 
using a similar method:
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• Finally, working on  angular analysis, which will help constrain 
form factors.

B → D*! "
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Summary
LHCb good at the y-axis, Belle (II) good at the x-axis.
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98.7% of B ! X c ! ø" ! decays, deÞned with respect to
all events after the Btag selection. To test the modeling
of B ! X c ! ø" ! and other backgrounds in the extraction
variables, q2 and N" ± , we also utilize the events failing
the BDT selection and Þnd good agreement [36]. We
further separate events by the reconstructedM X , cat-
egorizing M X < 1.7 GeV into Þve q2 bins ranging in
[0, 26.4] GeV2 as a function of the N" ± multiplicity for
the interval of [0, 1, 2, " 3]. Events with M X " 1.7 GeV
are analyzed only in bins ofN" ± as they are dominated
by background. To enhance theB ! # ! ø" ! purity in
the low-M X N" ± = 0 and N" ± = 1 events, we apply a
selection on the thrust of 0.92 and 0.85, respectively. It
is deÞned by max|n |=1 (

!
i |pi án|/

!
i |pi |), when sum-

ming over the neutral and charged constituents of the
reconstructedX system in the center of mass frame. For
B ! # ! ø" ! events, we expect a more collimatedX u sys-
tem than for B ! X c ! ø" ! and other B ! X u ! ø" ! pro-
cesses, resulting in a higher thrust value.

The q2 : N" ± bins and the M X " 1.7 GeV N" ± dis-
tribution are analyzed using a simultaneous likelihood
Þt, which incorporates ßoating parameters for the mod-
eling of the B ! # ! ø" ! form factor, the binned tem-
plates, and systematic uncertainties as nuisance param-
eters. SpeciÞcally, the shape ofB ! # ! ø" ! template is
linked to the form factors by correcting the e! ciency and
acceptance e" ects. The Þt components we probe are the
normalizations of B ! # ! ø" ! decays, otherB ! X u ! ø" !

signal decays, and of background events dominated by
B ! X c ! ø" ! decays. Thef + and f 0 form factors describ-
ing the B ! # ! ø" ! decay dynamics are parameterized
with expansion coe! cients a+

n and a0
n using the BCL ex-

pansion,

f + (q2) =
1

1 # q2/m 2
B !

N + ! 1"

n =0

a+
n

#
zn # (# 1)n ! N + n

N + zN +
$

,

f 0(q2) =
N 0 ! 1"

n =0

a0
n zn , (3)

at expansion orderN + = N 0 = 3 in the conformal vari-
able z = z(q2) [20, 37], and a0

2 is expressed by the re-
maining coe! cients to keep the kinematical constraint
f + (0) = f 0(0). We constrain the expansion coe! cients
to the lattice QCD (LQCD) values of Ref. [37], com-
bining LQCD calculations from several groups [38, 39].
Note that the measured distributions have no sensitivity
for f 0 and we thus neglect its e" ects in the decay rate.
The inclusion of the f 0 expansion coe! cients, however,
reduces uncertainties on theB ! # ! ø" ! rate through the
correlation to the f + shape. In order to utilize the full ex-
perimental knowledge of theB ! # form factors to date,
we constrain its shape to the combined lattice QCD and
experimental information of Refs. [40Ð43]. The Þt sce-
nario with only lattice QCD constraints is studied for a
standalone comparison with other experimental results.

FIG. 1. The q2 : N! ± spectrum after the 2D Þt is shown for
the scenario that only uses LQCD information. The uncer-
tainties incorporate all postÞt uncertainties discussed in the
text.

We consider additive and multiplicative systematic un-
certainties in the likelihood Þt by adding bin-wise nui-
sance parameters for each template. The parameters are
constrained to a multinormal Gaussian distribution with
a covariance reßecting the sum of all considered system-
atic e" ects, and the correlation structure between tem-
plates from common sources is taken into account. This
includes detector and reconstruction related uncertain-
ties, such as the tracking e! ciency for low and high
momentum tracks, particle identiÞcation e! ciency un-
certainties, and the calibration of the Btag reconstruc-
tion e! ciency. We further consider uncertainties on the
B ! X u ! ø" ! and B ! X c ! ø" ! shapes from the form
factors, non-perturbative parameters, and their compo-
sitions. The u ! X u fragmentation uncertainties are
evaluated by changing the default Belle tune of fragmen-
tation parameters to the values used in Ref. [44]. We fur-
ther vary the søs-production rate $s = 0 .30± 0.09, span-
ning the range of Refs. [45, 46]. The largest uncertain-
ties on the exclusive branching fraction measurements are
from the calibration of the tagging e! ciency (± 4.1%) and
the B ! X u ! ø" ! modeling (± 3.5%). The largest uncer-
tainties on the inclusive branching fraction measurement
are from the B ! X u ! ø" ! (± 10.9%) modeling and the
u ! X u fragmentation (± 5.3%). The uncertainties of
the modeling of the B ! X c ! ø" ! background are± 1.2%
and ± 2.8% for the B ! # ! ø" ! and B ! X u ! ø" ! branching
fractions, respectively.

Figure 1 shows theq2 : N" ± distribution of the signal
region after the Þt and with only using LQCD informa-
tion: B + ! #0 ! + " ! and B 0 ! #! ! + " ! events are ag-
gregated in theN" + = 0 and N" + = 1 bins, respectively,
whereas contributions from other B ! X u ! ø" ! processes
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