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Why measure |Vcb|? 

�  Large part of  uncertainty in εK 

�  Normalisation for UT sides 
�  “Δmd, Δms side” 

�  “Vub side” 

�  Theoretical side:  
�  FF parametrization 

�  Understanding of  R(D(*)). 

�  Ultimate test of  CKM unitarity 
�   In particular comparing with sin2β.  

�  Whole picture a bit confused… 
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Unitarity triangle 2014 



Inclusive vs exclusive 

�  Unitarity test is disturbed by inclusive – exclusive 
discrepancy (both for Vub and Vcb): 

�  PDG scales uncertainty by 2.6. Inclusive dominates 
the average. 

�  Latest FNAL/MILC calculation further increases the 
tension: 
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|Vcb|excl. = (39.04± 0.75)⇥ 10�3 [Phys. Rev. D 89, 114504 (2014)] 

PDG: 



What can the LHC 
contribute? 
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Designed to study b and c 
decays 
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�(pp ! bb̄X) = (284± 20± 49)µb @
p
s = 7TeV

Phys. Lett. B 694 (2010) 209 (obtained from semileptonic decays). 

Large production of  beauty quarks: 
All b-hadrons produced 
B0, B+, Bs, Bc, Λb, … 



Excellent performance 

�  Collected 3/fb in run 1 at 7-8 TeV. 

�  Expect to collect another 5/fb in run 2.  
�  Note that at 13 TeV bb cross-section roughly doubles. 
�  i.e. 4 times larger data sample than current.   
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Large and clean samples 
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Figure 1: Mass distributions after weighting of (top) D� candidates in the D�µ+ sample and of
(bottom) D⇤� candidates in the D⇤�µ+ sample, with fit results overlaid.

and true momenta of the B0 meson, k ⌘ prec/ptrue. The value of hki depends on the
D(⇤)�µ+ mass and is empirically parameterised by a second-order polynomial. This
parameterisation is used to correct the B0 decay time. After this mass correction, the
k/hki distribution has an RMS of 0.14. The decay time distribution in the fit is described
as a convolution of the decay rates with the k/hki distribution.

The e�ciency as a function of the estimated decay time varies due to the IP requirements
and track reconstruction e↵ects. This is accounted for by multiplying the convoluted decay
rates with an empirical acceptance function of the form (1� e�(t�t0)/↵)(1� �t), where t0
and ↵ describe the e↵ect of the IP requirements, and � describes the track reconstruction
e↵ect. Since � is fully correlated with the B0 lifetime, the latter is fixed to the known
value [11], while � is allowed to vary in the fit.

The decay-time model for the B+ background is similar to that of the signal, except
that B+ mesons do not mix. As the momentum spectra of the B0 and B+ decay products
are nearly identical, the detection asymmetry is the same as that of the signal. The
B+ production asymmetry is taken as (�0.6 ± 0.6)% from the observed asymmetry in
B+ ! J/ K+ decays [17] after correcting for the kaon detection and measured CP
asymmetries [11].

The combinatorial background in the D meson mass is dominated by other decays of
charm hadrons produced in b-hadron decays. Hence, the decay-time model is the same as
for the signal, but setting adsl to zero. The corresponding values for AP and AD are allowed
to vary in the fit.
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Millions of  B candidates available. 



Allow precision 
measurements 

à  Semileptonic asymmetries 
asl

d and asl
s. 
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[LHCb: PLB 728 (2014) 607-615] 

[LHCb: PRL 114, 041601 (2015)] 

Δmd,s [EPJC 73 (2013) 12, 2655] 

between the two subsamples in n, which are fitted simultaneously. The goodness of the fit
is verified with a local density method [25], which finds a p-value of 19.6%.

6 Fit results and systematic uncertainties

Table 1 gives the fitted values for some important quantities. In principle the signal
lifetimes are also measured, but these have very large systematic uncertainties and so no
results are quoted. The systematic uncertainties on �m

s

and �m
d

are first discussed
before the final results are given.

Several sources of systematic uncertainty on the main measured quantities, �m
s

and �m
d

, are considered, as summarized in Table 2. The majority of the systematic
uncertainties are obtained from the data.

• The k-factor: the k-factor correction is a simulation-based method, and so di↵erences
between the simulation and reality that modify the visible and invisible momenta
potentially invalidate the correction. Such di↵erences could for example be in D⇤⇤

branching fractions or form factors. Large-scale pseudo-experiment studies are
combined with full simulations to vary these underlying distributions within their
uncertainties and examine biases produced on the fitted �m values. Small relative
uncertainties are found, 0.3% for �m

s

and 1.0% for �m
d

, representing the ultimate
limit of this technique without further knowledge of the various sub-decays.

• Detector alignment: momentum scale, decay-length scale, and track position un-
certainties arise from known alignment uncertainties and result in variations in
reconstructed masses and lifetimes as functions of decay opening angle. These un-
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Figure 7: Tagged (mixing) asymmetry, (N+ �N�)/(N+ +N�), as a function of B decay time.
The left plot shows the asymmetry for events for a region of ±20MeVc�2 around the D+

s

mass
peak, and the right plot shows the corresponding asymmetry around the D+ mass peak. The
black points show the data and the curves are projections of the fitted PDF. On the left plot the
fast oscillations of B0

s

are gradually washed out by the increasingly poor decay-time resolution.
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à  B oscillation frequencies 
(esp. Δmd). 



But… 
dirty hadronic enviroment 

�  Many other particles produced in the pp collision. 
�  No possibility to use beam energy constraints. 

�  No kinematic constraints from other (tagging) B. 
�  Also b-hadron production fractions poorly known. 
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What is possible at LHCb? 

�  Exclusive measurements already challenging 
�  Fully inclusive measurements impossible? 

�  First exclusive |Vub| using Λb → p µ ν 
�  See talk by Ulrik on Thursday! 
�  Well-identified proton gives clean signature  

�  … but combinatoric background is relatively low. 

�  Paves the way for other semileptonic decays 
�  Λb → Λc µ ν 
�  Bs → Kµν and Bs → Dsµν 
�  B → ρ(ππ)µν 
�  Other options: Bc? 

21/04/2015 Semileptonic B decays, Exclusive Vcb, experimental issues @ LHCb, Jeroen van Tilburg 10 



Exclusive Vcb at LHCb? 

�  Problem: cannot normalize to CF decay (as in Vub). 

�  Normalization uncertainties: 
�  bb cross-section à 19% 

�  Need normalization channel, or 

�  use (almost) fully reconstructed OS tag. 

�  b-hadron production fractions  
�  Branching fractions for Bs and Λb not well known. 

�  Precision on rest-frame observables (q2). 
�  Neutrino reconstruction 

�  Same-side tagging 
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LHCb: [PRD 85 (2012) 032008] 

LHCb: [PLB 694 (2010) 209] 



Neutrino reconstruction 

�  Use pointing constraint to solve q2 up to 2-fold ambiguity.  

�  Need to pick one solution. 

�  Need to worry about resolution effects (unfolding, bin-to-bin 
migration). 
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Urquijo 
[arXiv:1102.1160] 



Same-side tagging (Σb) 

�  Use Σb → Λb π.  Stone & Zhang: [Adv.High Energy Phys. 2014 (2014) 931257] 

�  Narrow width gives additional kinematic constraint. 

�  Challenge from the 4 overlapping states: Σb
± and Σb

*± . 

�  Possible usage: 

�  Study backgrounds in Λb → pµν. 

�  Branching fraction of  Λb → Λcτ ν. 
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Advances in High Energy Physics 3
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Figure 2: The ! = "(Λ0!$±) − "(Λ0!) − &" spectrum for candidates with the projection of the corresponding unbinned likelihood fit
superimposed, (a) for $+Λ0! and (b) for $−Λ0! candidates (from [7]).

Table 1: Summary of the results of the fits to the ! = "(Λ0!$±) −"(Λ0!) − &" spectra from CDF [7].

State ! value, MeV Natural width, Γ0, MeV Yield∑−! 56.2+0.6−0.5 4.9+3.1−2.1 340+90−70∑∗−! 75.8 ± 0.6 7.5+2.2−1.8 540+90−80∑+! 52.1+0.9−0.8 9.7+3.8−2.8 470+110−90∑∗+! 72.8 ± 0.7 11.5+2.7−2.2 800+110−100
production ratio would be close to unity.The pions from the∑(∗)±! decays have relatively low momenta, so their detection
efficiencies could be small. Although CDF does not report
a value for the production ratio, the number of seen signal
events gives an observed value of )ΣΛ equal to 13%. This
is certainly a useful sample. Backgrounds will be an issue,
however, as the CDF data do show a substantial amount of
nonresonant combinations under the signal peaks, but this
will not prevent searches, but just limit their sensitivities with
a given data sample.

Measurement of |*'!| determined using Λ0! → Λ+'ℓ−]
decays with Λ+' → -.−$+ would provide an important
cross-check on this important fundamental parameter, espe-
cially when updated lattice gauge calculations become avail-
able [12].This measurement is not subject to the uncertainty
on B(Λ+' → -.−$+) provided that the total number ofΛ0! events in the event sample is determined using the same
branching fraction [13].The LHCb determination of the ratio
of Λ0! to /0 production, for example, uses the Λ+' → -.−$+
decay mode [14], and then the absolute number of Λ0! events
produced is found by measuring the /0 rate in a channel
with a known branching fraction.The branching ratio for the
channel Λ0! → Λ+'ℓ−] can be determined using (1) using the

measured value for the Λ0! energy determined by using (4);
a signal would appear near &2( equal to zero. To determine
the four-momentum transfer squared from the Λ0! to the Λ+',
a similar procedure as used in the decay sequence 0∗+ →00$+, 00 → .∗−ℓ+] can be implemented [2, 3]. In this
procedure, the neutrino mass is set to zero,(2Λ0! − 2))2 − (-⃗Λ0! − -⃗))2 = &2( = 0, (5)

where 5 represents the sum of Λ+' and ℓ− energies and
momenta. Equations (3) and (5) can be used as two constraint
equations with one unknown variable |-Λ0! |.

Measurement of |**!| usingΛ0! → -ℓ−] decays is subject
to the uncertainty onB(Λ+' → -.−$+), but here the current
precision of 5% on this branching fraction is sufficient.
Theoretical calculations of the decay width from the lattice
gauge calculations done in a limited four-momentum transfer
range [15], light cone sum rules [16–19], and QCD sum rules
[20, 21] can be used to extract |**!|. The -ℓ−] final state is
subject to backgrounds from6∗ℓ−], where6∗ → -$0, that
are difficult to eliminate and thus the use of the ∑(∗)±! →$±Λ0! decay sequence may be crucial. The decay sequence
constraint can also possibly help measure the branching
fraction forΛ0! → Λ(∗)+' 7−] decays asmeasurements in the/
meson system of analogous decays are somewhat larger than
Standard Model predictions [22, 23].

Particles characteristic of scalar fields such as inflatons
or dilatons can be searched for in Λ0! decays. It is also
possible to search for Majorana neutrinos through a process
similar to that used for searches in /− → 8−8−$+ decays
[5, 24, 25], where the Majorana neutrino, ]+, decays into
a 8−$+ pair. The initial quark content of the Λ0! is 9:;.
The 9-quark can annihilate with a :-quark from a :: pair
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production ratio would be close to unity.The pions from the∑(∗)±! decays have relatively low momenta, so their detection
efficiencies could be small. Although CDF does not report
a value for the production ratio, the number of seen signal
events gives an observed value of )ΣΛ equal to 13%. This
is certainly a useful sample. Backgrounds will be an issue,
however, as the CDF data do show a substantial amount of
nonresonant combinations under the signal peaks, but this
will not prevent searches, but just limit their sensitivities with
a given data sample.

Measurement of |*'!| determined using Λ0! → Λ+'ℓ−]
decays with Λ+' → -.−$+ would provide an important
cross-check on this important fundamental parameter, espe-
cially when updated lattice gauge calculations become avail-
able [12].This measurement is not subject to the uncertainty
on B(Λ+' → -.−$+) provided that the total number ofΛ0! events in the event sample is determined using the same
branching fraction [13].The LHCb determination of the ratio
of Λ0! to /0 production, for example, uses the Λ+' → -.−$+
decay mode [14], and then the absolute number of Λ0! events
produced is found by measuring the /0 rate in a channel
with a known branching fraction.The branching ratio for the
channel Λ0! → Λ+'ℓ−] can be determined using (1) using the

measured value for the Λ0! energy determined by using (4);
a signal would appear near &2( equal to zero. To determine
the four-momentum transfer squared from the Λ0! to the Λ+',
a similar procedure as used in the decay sequence 0∗+ →00$+, 00 → .∗−ℓ+] can be implemented [2, 3]. In this
procedure, the neutrino mass is set to zero,(2Λ0! − 2))2 − (-⃗Λ0! − -⃗))2 = &2( = 0, (5)

where 5 represents the sum of Λ+' and ℓ− energies and
momenta. Equations (3) and (5) can be used as two constraint
equations with one unknown variable |-Λ0! |.

Measurement of |**!| usingΛ0! → -ℓ−] decays is subject
to the uncertainty onB(Λ+' → -.−$+), but here the current
precision of 5% on this branching fraction is sufficient.
Theoretical calculations of the decay width from the lattice
gauge calculations done in a limited four-momentum transfer
range [15], light cone sum rules [16–19], and QCD sum rules
[20, 21] can be used to extract |**!|. The -ℓ−] final state is
subject to backgrounds from6∗ℓ−], where6∗ → -$0, that
are difficult to eliminate and thus the use of the ∑(∗)±! →$±Λ0! decay sequence may be crucial. The decay sequence
constraint can also possibly help measure the branching
fraction forΛ0! → Λ(∗)+' 7−] decays asmeasurements in the/
meson system of analogous decays are somewhat larger than
Standard Model predictions [22, 23].

Particles characteristic of scalar fields such as inflatons
or dilatons can be searched for in Λ0! decays. It is also
possible to search for Majorana neutrinos through a process
similar to that used for searches in /− → 8−8−$+ decays
[5, 24, 25], where the Majorana neutrino, ]+, decays into
a 8−$+ pair. The initial quark content of the Λ0! is 9:;.
The 9-quark can annihilate with a :-quark from a :: pair

From CDF: [Phys. Rev. D 85, 092011 (2012)] 



Same-side tagging (Bs2
*) 

�  Also narrow width: Bs2
*→ B+ K− 

 

�  Possible use for: 
�  B+ → ρ(ππ) µ ν:  Angular analysis to extract FFs and Vub 
�  B+ → D µ ν:    Study of  D** states and in D0τν. 
�  B+ → KK µ ν:  ss-popping in b→u. First measurement of  B+ → φ µ ν 

�  Extend to neutral B mesons: Bs2
*→ B0 K0 
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[Phys. Rev. Lett. 110 (2013) 151803] 

~3000 candidates/fb 



b-hadron production 
fractions 

�  Use charm tag to determine b-hadron species 

�  B0+→D+0 µ ν X,   Bs→Ds µ ν X,   Λb→Λc µ ν X  

�  Subtract prompt bkg and cross-feed, e.g. 

 
�  Do not separate B+ and B0 to avoid D0 −D+ cross-feed. 

�  Assume semileptonic widths are universal 
�  Small chromomagnetic correction for Λb. 
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[PRD 85 (2012) 032008] 

where D represents a generic charmed hadron, and extract the ⇤0

b

fraction using

f
⇤b

f
u

+ f
d

=
n
corr

(⇤0

b

! Dµ)

n
corr

(B ! D0µ) + n
corr

(B ! D+µ)

⌧
B

� + ⌧
B

0

2⌧
⇤

0
b

(1� ⇠). (7)

Again, we assume near equality of the semileptonic widths of di↵erent b hadrons, but
we apply a small adjustment ⇠ = 4±2%, to account for the chromomagnetic correction,
a↵ecting b-flavoured mesons but not b baryons [11, 12, 13]. The uncertainty is evaluated
with very conservative assumptions for all the parameters of the heavy quark expansion.

2 Analysis method

To isolate a sample of b flavoured hadrons with low backgrounds, we match charmed
hadron candidates with tracks identified as muons. Right-sign (RS) combinations have
the sign of the charge of the muon being the same as the charge of the kaon in D0,
D+, or ⇤+

c

decays, or the opposite charge of the pion in D+

s

decays, while wrong-sign
(WS) combinations comprise combinations with opposite charge correlations. WS events
are useful to estimate certain backgrounds. This analysis follows our previous inves-
tigation of b ! D0Xµ�⌫ [14]. We consider events where a well-identified muon with
momentum greater than 3 GeV and transverse momentum greater than 1.2 GeV is found.
Charmed hadron candidates are formed from hadrons with momenta greater than 2 GeV
and transverse momenta greater than 0.3 GeV, and we require that the average transverse
momentum of the hadrons forming the candidate be greater than 0.7 GeV. Kaons, pions,
and protons are identified using the RICH system. The impact parameter (IP), defined
as the minimum distance of approach of the track with respect to the primary vertex,
is used to select tracks coming from charm decays. We require that the �2, formed by
using the hypothesis that each track’s IP is equal to 0, is greater than 9. Moreover, the
selected tracks must be consistent with coming from a common vertex: the �2 per number
of degrees of freedom of the vertex fit must be smaller than 6. In order to ensure that the
charm vertex is distinct from the primary pp interaction vertex, we require that the �2,
based on the hypothesis that the decay flight distance from the primary vertex is zero, is
greater than 100.

Charmed hadrons and muons are combined to form a partially reconstructed b hadron
by requiring that they come from a common vertex, and that the cosine of the angle
between the momentum of the charmed hadron and muon pair and the line from the Dµ
vertex to the primary vertex be greater than 0.999. As the charmed hadron is a decay
product of the b hadron, we require that the di↵erence in z component of the decay vertex
of the charmed hadron candidate and that of the beauty candidate be greater than 0. We
explicitly require that the ⌘ of the b hadron candidate be between 2 and 5. We measure
⌘ using the line defined by connecting the primary event vertex and the vertex formed by
the D and the µ. Finally, the invariant mass of the charmed hadron and muon system
must be between 3 and 5 GeV for D0µ� and D+µ� candidates, between 3.1 and 5.1 GeV
for D+

s

µ� candidates, and between 3.3 and 5.3 GeV for ⇤+

c

µ� candidates.
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Bs production fraction  
(from SL decays) 
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Flat in pT 

Compare with: 

LHCb, 3 pb−1 

[PRD 85 (2012) 032008] 

Table 5: Summary of the systematic and theoretical uncertainties in the three LHCb
measurements of f

s

/f
d

.

Source Error (%)
(f

s

/f
d

)
sl

(f
s

/f
d

)
h1

(f
s

/f
d

)
h2

Bin dependent error 1.0 - - Uncorrelated
Semileptonic decay modelling 3.0 - - Uncorrelated
Backgrounds 2.0 - - Uncorrelated
Fit model - 2.8 2.8 Uncorrelated
Trigger simulation - 2.0 2.0 Uncorrelated
Tracking e�ciency 2.0 - - Uncorrelated
B(B0

s

! D0K+Xµ�⌫) +4.1

�1.1

- - Uncorrelated
B(B0/B� ! D+

s

KXµ�⌫) 2.0 - - Uncorrelated
Particle identification calibration 1.5 1.0 2.5 Correlated
B lifetimes 1.5 1.5 1.5 Correlated
B(D+

s

! K+K�⇡+) 4.9 4.9 4.9 Correlated
B(D+ ! K�⇡+⇡�) 1.5 1.5 1.5 Correlated
SU(3) and form factors - 6.1 6.1 Correlated
W -exchange - - 7.8 Uncorrelated

between 0 and 1. The optimal weights determined with this procedure are ↵
1

= 0.73, and
↵
2

= 0.14, corresponding to the most probable value

f
s

/f
d

= 0.267+0.021

�0.020

.

The most probable value di↵ers slightly from a simple weighted average of the three
measurements because of the asymmetry of the error distribution in the semileptonic
determination. By switching o↵ di↵erent components we can assess the contribution of
each source of uncertainty. Table 6 summarizes the results.

5 Conclusions

We measure the ratio of the B0

s

production fraction to the sum of those for B� and B0

mesons f
s

/(f
u

+f
d

) = 0.134±0.004+0.011

�0.010

, and find it consistent with being independent of ⌘
and p

T

. Our results are more precise than, and in agreement with, previous measurements
in di↵erent kinematic regions. We combine the LHCb measurements of the ratio of B0

s

to
B0 production fractions obtained using b hadron semileptonic decays, and two di↵erent
ratios of branching fraction of exclusive hadronic decays to derive f

s

/f
d

= 0.267+0.021

�0.020

.
The ratio of the ⇤0

b

baryon production fraction to the sum of those for B� and B0 mesons
varies with the p

T

of the charmed hadron muon pair. Assuming a linear dependence up
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2

cays [9, 10]. Here the relation

BR(⌥(5S) ! DsX,�X) = 2fsBR(B
0
s ! DsX,�X)

+(1� fs)BR(⌥(4S) ! DsX,�X) (3)

is assumed with BR(B0
s ! DsX) = (92 ± 11)%, which

relies on a variety of assumptions and yields the model-
dependent result fs = 0.194±0.011(stat)±0.027(sys) [8].

It is evident that the fragmentation functions depend
on the environment, which becomes apparent when an
attempt is made to compare the numerical values for fs.
At the B factories fd + fu + fs = 1, whereas at hadron
colliders the available energy allows the b-quark to frag-
ment into baryons as well. In addition beam-remnant
e↵ects at hadron colliders might a↵ect the b-hadron frac-
tions depending on pT and/or pseudo-rapidity. Conse-
quently, each experiment – and in particular LHCb –
should calibrate its own value for this quantity. As a
result LHCb cannot directly use the value measured at
Tevatron or at LEP. The fragmentation function is not
only the major limiting parameter for the determination
of BR(B0

s ! µ+µ�) at LHCb, but in fact for all Bs-decay
branching ratio measurements at the LHC, the Tevatron,
and an e+e� B factory running at ⌥(5S). As a result,
the usage of Bs modes as normalization channels, ob-
tained from the KEKB runs at ⌥(5S), also su↵er from
an imprecise value of fs, in addition to a large statistical
uncertainty [11].

By normalizing the B0
s ! µ+µ� decay directly to

another Bs decay, the ratio of the fragmentation func-
tions in Eq. (2) would trivially disappear. However, at
present the best directly measured Bs branching ratio is
BR(B0

s ! Ds⇡) = 3.67+0.35
�0.33(stat)

+0.43
�0.42 ± 0.49(fs) [11],

determined with 23.6 fb�1 of data at ⌥(5S). Methods
are being considered to improve the present knowledge
of fs at the B factories [12]. However even considering
these possible improvements it is unlikely that they will
be su�cient to match the required precision of LHCb.
A total uncertainty of about 12% could be expected for
a sample of 120 fb�1 (corresponding to the total avail-
able statistics) and assuming these additional improve-
ments in the determination of fs [13]. Moreover the decay
B̄0

s ! D+
s ⇡

� poses experimental di�culties when used as
normalization channel for B0

s ! µ+µ�, due to the very
di↵erent decay topology (hadronic final state, number of
tracks, flight distance of theDs, etc.). A sizable contribu-
tion to the uncertainty in the branching ratio estimation
due to the ratio of the e�ciencies in Eq. (2) must thus
be considered. An alternative Bs decay channel for the
direct normalization would be Bs ! J/ �, which is how-
ever a↵ected by a statistical error twice as large compared
to B̄0

s ! D+
s ⇡

�. Assuming the full statistics presently
available at the B factories of 120 fb�1, in combination
with the possible improvements in the determination of
fs, at best a total relative error of 15% could be expected
for this decay.

III. A NEW STRATEGY FOR LHCB

In view of the unsatisfactory situation described in the
previous section, we propose a new method for extracting
fd/fs at LHCb. The starting point is the following simple
expression:

Ns

Nd
=

fs
fd

⇥ ✏(Bs ! X1)

✏(Bd ! X2)
⇥ BR(Bs ! X1)

BR(Bd ! X2)
; (4)

knowing the ratio of the branching ratios, we could ob-
viously extract fd/fs experimentally. In order to imple-
ment this feature in practice, the Bs ! X1 and Bs ! X2

decays have to satisfy the following three requirements:

(1) the ratio of their branching ratios must be easy to
measure at LHCb;

(2) the decays must be robust with respect to the im-
pact of NP contributions;

(3) the ratio of their branching ratios must be theoret-
ically well understood within the SM.

At first sight, an obvious choice seems to use semileptonic
decays such as B̄ ! D+µ�⌫. However, the measure-
ment of such channels at hadron colliders is experimen-
tally challenging since the fully reconstructed B-mass is
not available and various sources of muons in the back-
ground have to be controlled. Therefore, we have to fo-
cus at non-leptonic decays, where requirement (1) implies
to look at decays into charged particles and requirement
(2) narrows down the search to channels without penguin
contributions, which are flavor-changing neutral-current
processes which might well be a↵ected by NP contribu-
tions. The third requirement finally guides us to the
decays B̄0

s ! D+
s ⇡

� and B̄0
d ! D+K�.

As can be seen in Fig. 1, these channels receive
only contributions from color-allowed tree-diagram-like
topologies and are related to each other through the in-
terchange of all down and strange quarks, i.e. through the
U -spin subgroup of the SU(3) flavor symmetry. More-
over, the concept of “factorization” [14] is expected to
work well in these transitions. This was expected from
“color transparency” already two decades ago [15, 16],
while this feature could actually be put on a rigorous
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FIG. 1: The B̄0
d ! D+K� and B̄0

s ! D+
s ⇡

� decay topologies.

3

theoretical basis in the heavy-quark limit [17, 18]. Con-
sequently, using these decays, we can calculate the corre-
sponding ratio of their branching ratios entering Eq. (4)
up to small, nonfactorizable, U -spin-breaking correc-
tions. This feature will be discussed in more detail in
Section V.

Let us note that in contrast to the B̄0 ! D+⇡� mode
usually considered in the literature in the context with
factorization, the decays in Fig. 1 have the advantage of
not receiving additional contributions from “exchange”
topologies, which are expected to be small but are not
factorizable. Moreover, thanks to the absence of “pen-
guin” topologies, the situation concerning factorization is
also much more favourable than in B ! ⇡⇡,⇡K decays.

Applying a notation similar to that of Ref. [17], we
write the branching ratios of the decays at hand as

BR(B̄0
q ! D+

q P
�) =

G2
F(m

2
Bq

�m2
Dq

)2|~q|⌧Bq

16⇡m2
Bq

⇥|V ⇤
q Vcb|2

h
fPF

(q)
0 (m2

P )
i2

|a1(DqP )|2 (5)

with P = K and ⇡ for q = d and s, respectively. Here GF

is Fermi’s constant, the m factors denote meson masses,
~q is the momentum of the final-state Dq and P mesons
in the rest frame of the B̄0

q meson, ⌧Bq is the lifetime
of the B̄0

q , V ⇤
q Vcb with Vq = Vus and Vud for q = d

and s, respectively, contains the relevant elements of the
Cabibbo–Kobayashi–Maskawa (CKM) matrix, fP is P -

meson decay constant, and the form factor F (q)
0 enters

the parametrization of the hD+
q |c̄�µb|B̄0

q imatrix element.
The quantity a1(DqP ) describes the deviation from naive
factorization. As discussed in detail in Ref. [17], this
parameter is found in “QCD factorization” (QCDF) as
a quasi-universal quantity |a1| ' 1.05 with very small
process-dependent nonfactorizable corrections.

We would like to propose to measure the ratio of the
B̄0

s ! D+
s ⇡

� and B̄0
d ! D+K� branching ratios to de-

termine fd/fs. Neglecting, for simplicity, kinematical
mass factors, we have

BR(B̄0
s ! D+

s ⇡
�)

BR(B̄0
d ! D+K�)

⇠ ⌧Bs

⌧Bd

����
Vud

Vus

����
2

⇥
✓
f⇡
fK

◆2
"
F (s)
0 (m2

⇡)

F (d)
0 (m2

K)

#2 ����
a1(Ds⇡)

a1(DdK)

����
2

. (6)

On the other hand, the ratio of the corresponding number
of signal events observed in the experiment is given by

NDs⇡

NDdK
=

fs
fd

✏Ds⇡

✏DdK

BR(B̄0
s ! D+

s ⇡
�)

BR(B̄0
d ! D+K�)

, (7)

where the ✏ are again total detector e�ciencies. Using
(5), we hence obtain

fd
fs

= 12.88⇥ ⌧Bs

⌧Bd

⇥

NaNF

✏Ds⇡

✏DdK

NDdK

NDs⇡

�
, (8)

with

Na ⌘
����
a1(Ds⇡)

a1(DdK)

����
2

, NF ⌘
"
F (s)
0 (m2

⇡)

F (d)
0 (m2

K)

#2

. (9)

Let us next first explore the experimental feasibility at
LHCb before having a closer look at the theoretical lim-
itations of our new strategy for extracting fd/fs.

IV. EXPERIMENTAL PROSPECTS AT LHCB

At LHCb, both the B̄0
s ! D+

s ⇡
� and B̄0

d ! D+K�

decay channels can be exclusively reconstructed using the
D+ ! K�⇡+⇡+ and D+

s ! K+K�⇡+ final states. An
expected B-mass resolution of 18 MeV and excellent par-
ticle identification capabilities will allow LHCb to select
and reconstruct a clean sample of these decays. Since
both channels are selected with an identical flavor final
state containing the four charged hadrons KK⇡⇡, the
uncertainty on ✏Ds⇡/✏DdK is expected to be small.
We estimated the corresponding statistical uncertainty

on r ⌘ ✏Ds⇡NDdK/(✏DdKNDs⇡) with a toy Monte Carlo,
generating a sample equivalent to 0.2 fb�1. This is the
expected integrated luminosity at the end of 2010, tak-
ing a lower bb̄ cross section of 250 µb due to the reduced
LHC beam energy of 3.5 TeV into account. Following
the estimates from full simulation [19], and assuming a
total trigger e�ciency of 30% [20], we expect to select
5500 B̄0

s ! D+
s ⇡

� and 1100 B̄0
d ! D+K� events, with a

background of approximately 6600 B̄0
d ! D+⇡� events,

where one of the three pions is misidentified as a kaon (as-
suming a 5% probability to mis-identify a pion as a kaon).
Combinatorial background from inclusive bb̄ events is
expected to yield 6000 events inside a mass window
5220 < m < 5420 MeV around the B-mass. We expect a
precision of 7.5% on r, where the dominant uncertainty
originates from BR(Ds ! K+K�⇡) = (5.50 ± 0.28)%.
With an integrated luminosity of 1 fb�1 as expected at
the end of 2011, the statistical uncertainty becomes neg-
ligible, thereby reducing the total uncertainty to ⇠ 5.6%.

The ratio fd/fs is not only crucial for the precise de-
termination of BR(B0

s ! µ+µ�) but actually for the
measurement of any Bs branching ratio. Similarly, the
general purpose LHC experiments ATLAS and CMS rely
on a precise value of fd/fs for the determination of
BR(B0

s ! µ+µ�). Unfortunately our proposed hadronic
decays are not ideal for these experiments due to trig-
ger and particle identification requirements. However,
we advocate to apply the value of fd/fs as determined
by LHCb also at ATLAS and CMS, once the dependence
of fd/fs on pT and/or rapidity is measured to be small.

V. THEORETICAL LIMITATIONS

In the extraction of fd/fs through (8), we have theo-
retical uncertainties related to U -spin-breaking e↵ects in

1 Introduction

The ratio of fragmentation fractions f
s

/f
d

quantifies the relative production rate of
B0

s

mesons with respect to B0 mesons. Knowledge of this quantity is essential when
determining any B0

s

branching fraction at the LHC. The measurement of the branching
fraction of the rare decay B0

s

! µ+µ� [1] is the prime example where a precise measurement
of f

s

/f
d

is crucial for reaching the highest sensitivity in the search for physics beyond the
Standard Model. The branching fractions of a large number of B0 and B+ decays have
been measured to high precision at the B factories [2], but no B0

s

branching fraction is yet
known with su�ciently high precision to be used as a normalisation channel.

The relative production rates of b hadrons are determined by the fragmentation fractions
f
u

, f
d

, f
s

, f
c

and f
⇤

, which describe the probability that a b quark will hadronize into a
B

q

meson (where q = u, d, s, c), or a b baryon, respectively1. The ratio of fragmentation
fractions f

s

/f
d

has been previously measured at LHCb with hadronic [3] and semileptonic
decays [4], and the resulting values were combined [4].

In this paper, the ratio of fragmentation fractions f
s

/f
d

is determined using B0
s

! D�
s

⇡+

and B0! D�K+ decays collected in pp collisions at a centre-of-mass energy of
p
s = 7 TeV,

with data corresponding to an integrated luminosity of 1.0 fb�1 recorded with the LHCb
detector. Since the ratio of branching fractions of the two decay channels is theoretically
well understood [5], their relative decay rates can be used to determine the ratio of
fragmentation fractions for B0

s

and B0 mesons through

f
s

f
d

=
B(B0! D�K+)

B(B0
s

! D�
s

⇡+)

✏
DK

✏
Ds⇡

N
Ds⇡

N
DK

= �PS

����
V
us

V
ud

����
2 ✓f

K

f
⇡

◆2 ⌧
B

0

⌧
B

0
s

1

N
a

N
F

B(D� ! K+⇡�⇡�)

B(D�
s

! K+K�⇡�)

✏
DK

✏
Ds⇡

N
Ds⇡

N
DK

, (1)

where N corresponds to a signal yield, ✏ corresponds to a total e�ciency, ⌧
B

0
s
/⌧

B

0 =
0.984± 0.011 [6] corresponds to the ratio of lifetimes and B(D� ! K+⇡�⇡�) = (9.14±
0.20)% [7] and B(D�

s

! K+K�⇡�) = (5.50 ± 0.27)% [8] correspond to the D�
(s) meson

branching fractions. The factor N
a

= 1.00± 0.02 accounts for the ratio of non-factorizable
corrections [9], N

F

= 1.092 ± 0.093 for the ratio of B0
(s) ! D�

(s) form factors [10], and
�PS = 0.971 for the di↵erence in phase space due to the mass di↵erences of the initial
and final state particles. The numerical values used for the CKM matrix elements are
|V

us

| = 0.2252, |V
ud

| = 0.97425, and for the decay constants are f
⇡

= 130.41MeV,
f
K

= 156.1MeV, with negligible uncertainties, below 1% [2]. The measurement is not
statistically limited by the size of the B0! D�K+ sample , and therefore the theoretically
less clean B0! D�⇡+ decays, where exchange diagrams contribute to the total amplitude,
do not contribute to the knowledge of f

s

/f
d

.
The ratio of fragmentation fractions can depend on the centre-of-mass energy, as well

as on the kinematics of the B0
(s) meson, as was studied previously at LHCb with partially

reconstructed B decays [4]. The dependence of the ratio of fragmentation fractions on

1Charge conjugation is implied throughout this paper.

1
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theoretical basis in the heavy-quark limit [17, 18]. Con-
sequently, using these decays, we can calculate the corre-
sponding ratio of their branching ratios entering Eq. (4)
up to small, nonfactorizable, U -spin-breaking correc-
tions. This feature will be discussed in more detail in
Section V.

Let us note that in contrast to the B̄0 ! D+⇡� mode
usually considered in the literature in the context with
factorization, the decays in Fig. 1 have the advantage of
not receiving additional contributions from “exchange”
topologies, which are expected to be small but are not
factorizable. Moreover, thanks to the absence of “pen-
guin” topologies, the situation concerning factorization is
also much more favourable than in B ! ⇡⇡,⇡K decays.

Applying a notation similar to that of Ref. [17], we
write the branching ratios of the decays at hand as

BR(B̄0
q ! D+

q P
�) =

G2
F(m

2
Bq

�m2
Dq

)2|~q|⌧Bq

16⇡m2
Bq

⇥|V ⇤
q Vcb|2

h
fPF

(q)
0 (m2

P )
i2

|a1(DqP )|2 (5)

with P = K and ⇡ for q = d and s, respectively. Here GF

is Fermi’s constant, the m factors denote meson masses,
~q is the momentum of the final-state Dq and P mesons
in the rest frame of the B̄0

q meson, ⌧Bq is the lifetime
of the B̄0

q , V ⇤
q Vcb with Vq = Vus and Vud for q = d

and s, respectively, contains the relevant elements of the
Cabibbo–Kobayashi–Maskawa (CKM) matrix, fP is P -

meson decay constant, and the form factor F (q)
0 enters

the parametrization of the hD+
q |c̄�µb|B̄0

q imatrix element.
The quantity a1(DqP ) describes the deviation from naive
factorization. As discussed in detail in Ref. [17], this
parameter is found in “QCD factorization” (QCDF) as
a quasi-universal quantity |a1| ' 1.05 with very small
process-dependent nonfactorizable corrections.

We would like to propose to measure the ratio of the
B̄0

s ! D+
s ⇡

� and B̄0
d ! D+K� branching ratios to de-

termine fd/fs. Neglecting, for simplicity, kinematical
mass factors, we have

BR(B̄0
s ! D+

s ⇡
�)

BR(B̄0
d ! D+K�)

⇠ ⌧Bs

⌧Bd

����
Vud

Vus

����
2

⇥
✓
f⇡
fK

◆2
"
F (s)
0 (m2

⇡)

F (d)
0 (m2

K)

#2 ����
a1(Ds⇡)

a1(DdK)

����
2

. (6)

On the other hand, the ratio of the corresponding number
of signal events observed in the experiment is given by

NDs⇡

NDdK
=

fs
fd

✏Ds⇡

✏DdK

BR(B̄0
s ! D+

s ⇡
�)

BR(B̄0
d ! D+K�)

, (7)

where the ✏ are again total detector e�ciencies. Using
(5), we hence obtain

fd
fs

= 12.88⇥ ⌧Bs

⌧Bd

⇥

NaNF

✏Ds⇡

✏DdK

NDdK

NDs⇡

�
, (8)

with

Na ⌘
����
a1(Ds⇡)

a1(DdK)

����
2

, NF ⌘
"
F (s)
0 (m2

⇡)

F (d)
0 (m2

K)

#2

. (9)

Let us next first explore the experimental feasibility at
LHCb before having a closer look at the theoretical lim-
itations of our new strategy for extracting fd/fs.

IV. EXPERIMENTAL PROSPECTS AT LHCB

At LHCb, both the B̄0
s ! D+

s ⇡
� and B̄0

d ! D+K�

decay channels can be exclusively reconstructed using the
D+ ! K�⇡+⇡+ and D+

s ! K+K�⇡+ final states. An
expected B-mass resolution of 18 MeV and excellent par-
ticle identification capabilities will allow LHCb to select
and reconstruct a clean sample of these decays. Since
both channels are selected with an identical flavor final
state containing the four charged hadrons KK⇡⇡, the
uncertainty on ✏Ds⇡/✏DdK is expected to be small.
We estimated the corresponding statistical uncertainty

on r ⌘ ✏Ds⇡NDdK/(✏DdKNDs⇡) with a toy Monte Carlo,
generating a sample equivalent to 0.2 fb�1. This is the
expected integrated luminosity at the end of 2010, tak-
ing a lower bb̄ cross section of 250 µb due to the reduced
LHC beam energy of 3.5 TeV into account. Following
the estimates from full simulation [19], and assuming a
total trigger e�ciency of 30% [20], we expect to select
5500 B̄0

s ! D+
s ⇡

� and 1100 B̄0
d ! D+K� events, with a

background of approximately 6600 B̄0
d ! D+⇡� events,

where one of the three pions is misidentified as a kaon (as-
suming a 5% probability to mis-identify a pion as a kaon).
Combinatorial background from inclusive bb̄ events is
expected to yield 6000 events inside a mass window
5220 < m < 5420 MeV around the B-mass. We expect a
precision of 7.5% on r, where the dominant uncertainty
originates from BR(Ds ! K+K�⇡) = (5.50 ± 0.28)%.
With an integrated luminosity of 1 fb�1 as expected at
the end of 2011, the statistical uncertainty becomes neg-
ligible, thereby reducing the total uncertainty to ⇠ 5.6%.

The ratio fd/fs is not only crucial for the precise de-
termination of BR(B0

s ! µ+µ�) but actually for the
measurement of any Bs branching ratio. Similarly, the
general purpose LHC experiments ATLAS and CMS rely
on a precise value of fd/fs for the determination of
BR(B0

s ! µ+µ�). Unfortunately our proposed hadronic
decays are not ideal for these experiments due to trig-
ger and particle identification requirements. However,
we advocate to apply the value of fd/fs as determined
by LHCb also at ATLAS and CMS, once the dependence
of fd/fs on pT and/or rapidity is measured to be small.

V. THEORETICAL LIMITATIONS

In the extraction of fd/fs through (8), we have theo-
retical uncertainties related to U -spin-breaking e↵ects in

Form factor ratio Non-factorizable 
corrections: FNAL/MILC prediction: 

1.046±0.044±0.015   
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of 0.4% relative to the signal yield is found in the B0 ! D�⇡+ decay mode, and no
contribution is seen in the other modes. For the B0! D�⇡+ decay mode no correction is
applied and the full size is taken as an uncertainty. No systematic uncertainty is assigned
for the other decay modes.

The various sources of the systematic uncertainty that contribute to the uncertainties
on the ratios of signal yields are listed in Table 2. No uncertainty is associated to the
⇤

0
b

! ⇤�
c

⇡+background, as the yield is allowed to vary in the fit. Other cross checks,

like varying the B0 ! D�
s

⇡+ yield in the B0
s

! D�
s

⇡+ fit or including ⇤
0
b

! ⇤�
c

K+ in the
B0! D�K+ fit, show a negligible e↵ect on the signal yields.

All systematic variations are also performed in bins, and the corresponding relative
changes in the ratio of yields have been quantified. Variations showing correlated behaviour
do not a↵ect the slope and are therefore not considered further.

6 Results

The relative signal yields of the decays B0! D�⇡+, B0! D�K+ and B0
s

! D�
s

⇡+ are
used to determine the branching fraction of the decay B0 ! D�K+, and the ratio of
fragmentation fractions f

s

/f
d

.
The e�ciency corrected ratio of B0! D�K+ and B0! D�⇡+ signal yields results in

the ratio of branching fractions

B (B0! D�K+)

B (B0! D�⇡+)
= 0.0822± 0.0011 (stat)± 0.0025 (syst).

This is combined with the world average branching fraction B (B0! D�⇡+) = (26.8 ±
1.3)⇥ 10�4 [2], to give

B
�
B0! D�K+

�
= (2.20± 0.03± 0.07± 0.11)⇥ 10�4,

where the first uncertainty is statistical, the second is systematic and the last is due to
the uncertainty on the B0! D�⇡+ branching fraction.

The ratio of fragmentation fractions is determined from the e�ciency corrected event
yields. The ratio of e�ciencies is 0.913± 0.027. This results in

f
s

f
d

= (0.261± 0.004± 0.017)⇥ 1

N
a

N
F

= 0.238± 0.004± 0.015± 0.021 ,

where the first uncertainty is statistical, the second is systematic containing the sources
listed in Table 2 as well as errors from external measurements, and the third is theoretical,
due to the knowledge of N

a

and N
F

. The last source is dominated by the uncertainty on
the form factor ratio.

This measurement supersedes and is in agreement with the previous determination with
hadronic decays [3]. It also agrees with the previous measurement based on semileptonic
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Figure 1: Invariant mass distributions of (a) B0 ! D�⇡+ (b) B0 ! D�K+ and (c)
B0

s

! D�
s

⇡+ candidates. The solid line is the result of the fit and the dotted line indicates
the signal. The stacked background shapes follow the same top-to-bottom order in the
legend and the plot. The B0

s

and ⇤
0
b

backgrounds in the B0! D�⇡+ mass distribution are
invisibly small. The resulting signal yields are listed in Table 1. For illustration purposes
the figures include events from both magnet polarities, although they are fitted separately
as described in the text.

4

Detector systematics: 
mainly trigger efficiency 

Theory error: 
Uncertainty of  FF ratio. 



Bs production fraction 
(from hadronic decays) 

�  Improved kinematic dependence 
�  Using ratio: Bs→Ds

−
 π+ over B0→D− π+ 
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Figure 2: Ratio of fragmentation fractions f
s

/f
d

as functions of (a) pT and (b) ⌘. The
errors on the data points are the statistical and uncorrelated systematic uncertainties
added in quadrature. The solid line is the result of a linear fit, and the dashed line
corresponds to the fit for the no-dependence hypothesis. The average value of pT or ⌘
is determined for each bin and used as the center of the bin. The horizontal error bars
indicate the bin size. Note that the scale is zero suppressed.

decays [4]. The two independent results are combined taking into account the various
sources of correlated systematic uncertainties, notably the D�

(s) branching fractions and

B0
(s) lifetimes, to give

f
s

f
d

= 0.256± 0.020, (3)

which supersedes the previous measurement from LHCb.
The value of f

s

/f
d

in bins of pT or ⌘ is determined using the B0
s

! D�
s

⇡+ and
B0! D�⇡+ decay modes and is presented in Fig. 2. A linear �2 fit gives

f
s

/f
d

(pT) = (0.256± 0.020) + (�2.0± 0.6)⇥ 10�3/GeV/c⇥ (pT � hpTi)
f
s

/f
d

(⌘) = (0.256± 0.020) + (0.005± 0.006)⇥ (⌘ � h⌘i),

with hpTi = 10.4 GeV/c and h⌘i = 3.28. The data points are normalised with a scale
factor to match the average value of 0.256. The uncertainty associated to this parameter
is taken from Eq. 3, whilst the error from the fit is 0.003 for both pT and ⌘.

The p-value for this linear fit is found to be 0.16 (0.87) for pT (⌘). The observed slope
for the dependence on the transverse momentum of the B0

(s) meson deviates from zero
with a significance of three standard deviations. No indication of a dependence on ⌘(B) is
found.
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is taken from Eq. 3, whilst the error from the fit is 0.003 for both pT and ⌘.

The p-value for this linear fit is found to be 0.16 (0.87) for pT (⌘). The observed slope
for the dependence on the transverse momentum of the B0

(s) meson deviates from zero
with a significance of three standard deviations. No indication of a dependence on ⌘(B) is
found.
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(LHCb, 1/fb  
[JHEP 1304 (2013) 001]) 



Bs production fraction 
(combined) 

�  Combined measurement gives: 
�  Assuming isospin fu=fd 

�  Updated B(Ds→KKπ) 

 

�  Systematics dominated by  
�  SU(3) breaking of  FF ratio (hadronic) 

�  Backgrounds, FFs, cross feeds (SL)  

�  B(Ds→KKπ) and B(D−→Kππ) (correlated) 
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See [LHCb-CONF-2013-011] 

while the measurement of fs/fd = 0.238± 0.004(stat)± 0.015(syst)± 0.021(theo) ob-
tained in Ref. [5] using hadronic decays becomes:

✓
fs
fd

◆

hadr

= 0.242± 0.004(stat)± 0.012(syst)± 0.021(theo). (2)

The sources of uncertainties in the semileptonic and hadronic measurements of fs/fd are
listed in Table 3 for the uncorrelated part, and in Table 4 for the part in common between
the two measurements (100% correlated). The average of the two LHCb measurements is
performed using simulated pseudo-experiments. The hadronic measurement is modelled
by a Gaussian distribution,2 while the semileptonic measurement is described by the
convolution of a Gaussian and a bifurcated Gaussian functions. This approach to the
averaging procedure is motivated by the goal of proper treatment of asymmetric errors [12].

A total of 105 pseudo-experiments is produced with these distributions and the average
fraction fs/fd is defined as

fs/fd = ↵(fs/fd)hadr + (1� ↵)(fs/fd)semi

(3)

where ↵ = 0.37 is the value that is found to minimize the standard deviation of the left
hand side of Eq. (3) [5]. The data sample is fitted with a bifurcated Gaussian distribution
and convolved with a Gaussian distribution representing the correlated uncertainties. This
results in

fs
fd

= 0.259± 0.015. (4)

2 The theoretical uncertainty is assumed to have a Gaussian distribution.

Table 1: Updated measurements of the branching fraction of the D�
s ! K+K�⇡� decay and

their average used in the combination.

Experiment B(D�
s ! K+K�⇡�) (%)

BaBar [8] 5.78± 0.20± 0.30
Belle [9] 5.06± 0.15± 0.19
CLEO [10] 5.55± 0.14± 0.13
Average 5.42± 0.14

Table 2: Updated measurements of the B meson lifetimes [7].

b hadron species Average lifetime (ps)
B0 1.519± 0.007
B+ 1.641± 0.008
B0

s 1.516± 0.011

2



Λb production fraction 
(from SL decays) 
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Depends on pT 

Systematics dominated by B(Λc→pKπ)=(5.0±1.3)% 

… but updates from Belle: B(Λc→pKπ)=(6.84+0.32
-0.34)%   [PRL113, 042002 (2014)] 

and lifetime ratio: 

R(p
T

) = a+ exp (b+ c⇥ p

T

[ GeV/c]) , (3)

with

a = +0.181± 0.018± 0.026,

b = �0.391± 0.023 +0.069

�0.067

,

c = �0.095± 0.007± 0.014 [GeV/c]�1

,

where the first uncertainties are statistical and the second systematic. The correlation
matrix of the parameters is

⇢(a, b, c) =

0

B@
1 �0.22 �0.94

�0.22 1 �0.10

�0.94 �0.10 1

1

CA .

The correlation between the parameters leads to a relatively large apparent uncertainty
on the individual parameters. Systematic uncertainties are not included in this matrix.
The �

2

/ndf value of the fit is 23.3/17, which corresponds to a p-value of 0.14.
The ⌘ dependence is described by a linear function,

R(⌘) = a+ b⇥ (⌘ � ⌘) , (4)

with

a = 0.464± 0.003 +0.008

�0.010

,

b = 0.081± 0.005 +0.013

�0.009

,

⌘ = 3.198,

where the first uncertainties are statistical and the second systematic. The o↵set ⌘ is
fixed to the average value of the measured ⌘ distribution. The correlation between the
two fit parameters is negligible for this choice of ⌘. The �

2

/ndf value of the fit is 13.1/8,
corresponding to a p-value of 0.11.

To extract the scale factor S given in Eq. (2), the normalisation of R(x), with fixed
parameters a, b and c, is allowed to vary in a fit to the published f

⇤

0
b
/f

d

data [7], as shown
in Fig. 3(b). The result quoted in Ref. [7] was measured as a function of the p

T

of the
⇤

+

c

µ

� system. A shift, estimated from simulation, is applied to the p
T

values to obtain the
corresponding average p

T

of the b hadron for each bin. Furthermore, the semileptonic results
are updated using recent determinations of B(⇤+

c

! pK

�
⇡

+) = (6.84± 0.24 +0.21

�0.27

)% [26]
and the ratio of lifetimes (⌧

B

+ + ⌧

B

0)/2⌧
⇤

0
b
= 1.071± 0.008 [27, 28].

The following value of the scale factor S is determined,

S = 0.834

hadronicz }| {
±0.006 (stat) +0.023

�0.021

(syst)

semileptonicz }| {
±0.027 (stat) +0.058

�0.062

(syst),

8

LHCb, 3 pb−1 

[PRD 85 (2012) 032008] 



Λb production fraction 
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Depends on pT  
and η 

[PRD 85 (2012) 032008] 
[JHEP 08(2014)143] Shape updated using Λb→Λc π        and  

normalization from scaled SL measurement 
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Figure 3: (a) Dependence of the e�ciency-corrected ratio of yields, R, between ⇤

0

b

! ⇤

+

c

⇡

� and
B

0 ! D

+

⇡

� decays on the p

T

of the beauty hadron, fitted with an exponential function. The
error bars on the data show the statistical and systematic uncertainties added in quadrature.
(b) The resulting parametrisation is then fitted to the rescaled f

⇤

0
b
/f

d

measurements from the

semileptonic analysis [7], to obtain the scale factor S. The error bars include only the statistical
uncertainty.

where the statistical and systematic uncertainties associated with the hadronic and
semileptonic measurement are shown separately. The �

2

/ndf value of the fit is 8.68/3,
which corresponds to a p-value of 0.03.

By multiplying the ratio of the e�ciency-corrected yields R with the scale factor S,
the dependences of f

⇤

0
b
/f

d

on p

T

and ⌘ are obtained. The p
T

dependence is described with
the exponential function

f

⇤

0
b
/f

d

(p
T

) = a

0 + exp(b0 + c

0 ⇥ p

T

[ GeV/c]), (5)

with

a

0 = +0.151± 0.016 +0.024

�0.025

,

b

0 = �0.573± 0.040 +0.101

�0.097

,

c

0 = �0.095± 0.007± 0.014 [GeV/c]�1

,

where the first uncertainty is the combined statistical and the second is the combined
systematic from the hadronic and semileptonic measurements. The correlations between
the three fit parameters change due to the uncertainty on the scale factor S. The correlation
matrix of the parameters is

⇢(a0, b0, c0) =

0

B@
1 0.55 �0.73

0.55 1 �0.03

�0.73 �0.03 1

1

CA .
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where the statistical and systematic uncertainties associated with the hadronic and
semileptonic measurement are shown separately. The �

2

/ndf value of the fit is 8.68/3,
which corresponds to a p-value of 0.03.

By multiplying the ratio of the e�ciency-corrected yields R with the scale factor S,
the dependences of f

⇤

0
b
/f

d

on p

T

and ⌘ are obtained. The p
T

dependence is described with
the exponential function

f

⇤

0
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d

(p
T

) = a

0 + exp(b0 + c
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[ GeV/c]), (5)

with

a

0 = +0.151± 0.016 +0.024
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,
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0 = �0.573± 0.040 +0.101

�0.097

,

c

0 = �0.095± 0.007± 0.014 [GeV/c]�1

,

where the first uncertainty is the combined statistical and the second is the combined
systematic from the hadronic and semileptonic measurements. The correlations between
the three fit parameters change due to the uncertainty on the scale factor S. The correlation
matrix of the parameters is

⇢(a0, b0, c0) =

0
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1 0.55 �0.73
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Figure 4: Dependence of f
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on the (a) p
T

and (b) ⌘ of the beauty hadron. To obtain this

figure, the ratio of e�ciency-corrected event yields is scaled to the absolute value of f
⇤
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d

from

the semileptonic analysis [7]. The error bars include the statistical and systematic uncertainties
associated with the hadronic measurement. The dashed red lines indicate the uncertainty on the
scale of f
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0
b
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d

from the semileptonic analysis.

The ⌘ dependence is described by the linear function

f

⇤

0
b
/f

d

(⌘) = a

0 + b

0 ⇥ (⌘ � ⌘) , (6)

with

a

0 = 0.387± 0.013 +0.028

�0.030

,

b

0 = 0.067± 0.005 +0.012

�0.009

,

where the first uncertainty is the combined statistical and the second is the combined
systematic from the hadronic and semileptonic measurements. The dependences of f

⇤

0
b
/f

d

on the p

T

and ⌘ of the b hadron are shown in Fig. 4.
The absolute value for B(⇤0

b

! ⇤

+

c

⇡

�) is obtained by substituting the results for S and
B(B0 ! D

+

⇡

�) = (2.68± 0.13)⇥ 10�3 [10] into Eq. (2). The value for B(⇤+

c

! pK

�
⇡

+)
is also used in the determination of f

⇤

0
b
/f

d

using semileptonic decays and therefore cancels
in the final result. The branching fraction for ⇤0

b

! ⇤

+

c

⇡

� is measured to be

B(⇤0

b

! ⇤

+

c

⇡

�) =
⇣
4.30± 0.03 +0.12

�0.11

± 0.26± 0.21
⌘
⇥ 10�3

,

where the first uncertainty is statistical, the second is systematic, the third is from
the previous LHCb measurement of f

⇤

0
b
/f

d

, and the fourth is due to the knowledge of

B(B0 ! D

+

⇡

�). This value is in agreement with the current world average [10]. It
also agrees within 2.4 standard deviations with the recent LHCb measurement using
⇤

0

b

! ⇤

+

c

(! pK

0

S )⇡
� decays [29], taking into account the correlated uncertainty from the

10

]c [GeV/
T

p
10 20 30 40

df / 0 b
Λf

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

 η
2 3 4 5

df / 0 b
Λf

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

(a) LHCb (b) LHCb

Figure 4: Dependence of f
⇤

0
b
/f

d

on the (a) p
T

and (b) ⌘ of the beauty hadron. To obtain this

figure, the ratio of e�ciency-corrected event yields is scaled to the absolute value of f
⇤

0
b
/f

d

from

the semileptonic analysis [7]. The error bars include the statistical and systematic uncertainties
associated with the hadronic measurement. The dashed red lines indicate the uncertainty on the
scale of f

⇤

0
b
/f

d

from the semileptonic analysis.

The ⌘ dependence is described by the linear function

f

⇤

0
b
/f

d

(⌘) = a

0 + b

0 ⇥ (⌘ � ⌘) , (6)

with

a

0 = 0.387± 0.013 +0.028

�0.030

,

b

0 = 0.067± 0.005 +0.012

�0.009

,

where the first uncertainty is the combined statistical and the second is the combined
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§  Overall uncertainty reduced to 8% 
§  Systematics mainly B(Λc→pKπ), but rest is scattered 
§  Possible LHCb measurement using kinematic constraints 

in B+→pπ+π+Σc
−−(Λc π) see [Eur.Phys.J.C 74 (2014) 3194]  

Table 4: Systematic uncertainties on the absolute scale of f
⇤b
/(f

u

+ f
d

).

Source Error (%)
Bin dependent errors 2.2
B(⇤0

b

! D0pXµ�⌫) 2.0
Monte Carlo modelling 1.0
Backgrounds 3.0
Tracking e�ciency 2.0
�
sl

2.0
Lifetime ratio 2.6
PID e�ciency 2.5
Subtotal 6.3
B(⇤+

c

! pK�⇡+) 26.0
Total 26.8

In view of the observed dependence upon p
T

, we present our results as


f
⇤b

f
u

+ f
d

�
(p

T

) = (0.404±0.017±0.027±0.105)⇥ [1�(0.031±0.004±0.003)⇥p
T

(GeV)],

(9)
where the scale factor uncertainties are statistical, systematic, and the error on B(⇤

c

!
pK�⇡+) respectively. The correlation coe�cient between the scale factor and the slope
parameter in the fit with the full error matrix is �0.63. Previous measurements of this
fraction have been made at LEP and the Tevatron [3]. LEP obtains 0.110±0.019 [2]. This
fraction has been calculated by combining direct rate measurements with time-integrated
mixing probability averaged over an unbiased sample of semi-leptonic b hadron decays.
CDF measures f

⇤b
/(f

u

+ f
d

) = 0.281 ± 0.012+0.011+0.128

�0.056�0.086

, where the last error reflects the
uncertainty in B(⇤+

c

! pK�⇡+). It has been suggested [3] that the di↵erence between the
Tevatron and LEP results is explained by the di↵erent kinematics of the two experiments.
The average p

T

of the ⇤+

c

µ� system is 10 GeV for CDF, while the b-jets, at LEP, have
p ⇡ 40 GeV. LHCb probes an even lower b p

T

range, while retaining some sensitivity in
the CDF kinematic region. These data are consistent with CDF in the kinematic region
covered by both experiments, and indicate that the baryon fraction is higher in the lower
p
T

region.
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Separate higher Ds & Λc 
resonances  
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2D fit to q2 and mvis 

§  Use D and D*+ 
form factors for 
Ds and Ds

* 

§  Fix fraction  
Ds

*/Ds=D*/D=2.42 

Ratio Λc(2595)/Λc(2625) 
fixed to prediction:  
[Phys. Rev. C 72 035201 (2005)] 

[PRD 85 (2012) 032008] 



Composition of  SL width 

�  Composition of  inclusive B → Xc l ν width not fully understood. 

�  Recent update by BaBar bridges half  of  the gap. 

�  8.5% still unknown. 
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From F. Bernlocher, CKM14 

1 Introduction

Charm meson spectroscopy provides a powerful test of the quark model predictions of the
Standard Model. Many charm meson states, predicted in the 1980s [1], have not yet been
observed experimentally. The expected spectrum for the cū system is shown in Fig. 1
(the spectrum of the cd̄ system is almost identical). The JP states having P = (�1)J

and therefore JP = 0+, 1�, 2+, ... are called natural parity states and are labelled as D⇤,
while unnatural parity indicates the series JP = 0�, 1+, 2�, .... The low-mass spectrum of
the cū system is comprised of the ground states (1S), the orbital excitations with angular
momentum L=1, 2 (1P, 1D), and the first radial excitations (2S). Apart from the ground
states (D,D⇤), only two of the 1P states, D1(2420) and D⇤

2(2460) [2], are experimentally
well established since they have relatively narrow widths (⇠30MeV). 1 In contrast, the
broad L = 1 states, D⇤

0(2400) and D0
1(2430), have been established by the Belle and

BaBar experiments in exclusive B decays [3, 4].
The theoretical predictions are in agreement (within 20–30 MeV) with observations

for the 1S states and the JP = 2+ and JP = 1+ 1P states. In the cs̄ system, the
JP = 0+ and JP = 1+ states (both L = 1) have predicted masses about 100 MeV higher
than the measured masses of the D

sJ

mesons. To quantitatively assess the accuracy of
the quark model predictions, assumptions are needed to formulate a wave equation for
quark-antiquark bound states starting from the QCD Lagrangian [5]. Nevertheless, the

1We work in units where c = 1.
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Figure 1: Modified Godfrey-Isgur mass predictions [1]. The figure shows the cū spectrum in
which the masses have been scaled such that the ground state coincides with the D0 mass.
The 2� states, not shown in the original publication, have been inserted following the splitting
structure of the 1P states.

1



Composition of  SL width 
�  LHCb can study for resonant B → Xc l ν structure 

�  Including radial excitations D(*)’ 

�  High statistics invariant mass spectrum 

�  Example: spectroscopy from prompt samples: 
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Figure 7: Fit to the total D⇤+⇡� sample. The dashed (blue) line shows the fitted background,
the dotted lines the D1(2420)0 (red) and D⇤

2(2460)
0 (blue) contributions. The inset displays the

D⇤+⇡� mass spectrum after subtracting the fitted background. The full line curves (red) show
the contributions from D

J

(2580)0, D
J

(2740)0, and D
J

(3000)0 states. The dotted (blue) lines
display the D⇤

J

(2650)0 andD⇤
J

(2760)0 contributions. The top window shows the pull distribution
where the horizontal lines indicate ±3�.

this case we compare the distributions with expectations from natural parity, unnatural
parity and JP = 0�. In the case of unnatural parity, the h parameter, in 1 + h cos2 ✓H, is
constrained to be positive and therefore the fit gives h = 0. In both cases, the distributions
are best fitted by the natural parity hypothesis.

Figure 10 shows the angular distributions for theD
J

(2580)0, D
J

(2740)0 andD
J

(3000)0

states. The distributions are fitted with natural parity and unnatural parity. The JP = 0�

hypothesis is also considered for D
J

(2580)0. The results from the fits are given in Table 5.
In all cases unnatural parity is preferred over a natural parity assignment.

9 Fit to the D+⇡� and D0⇡+ mass spectra

The D+⇡� and D0⇡+ mass spectra consist of natural parity resonances. However
these final states are a↵ected by cross-feed from all the resonances that decay to the
D⇤⇡ final state. Figures 3(a) and (b) show (in the mass region around 2300 MeV) cross-
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Composition of  SL width 

�  Even less experimental 
information of  exclusive Bs 
decays.  

�  Final states with D0K can be 
used to measure Bs→Ds

**µ ν . 
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Composition of  SL width 
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(missed π0 or γ) 

Significance: 8.3σ 

�  Observed D0K spectrum from Bs→Ds
**µ ν 

3 pb−1
 

20 pb−1
 



Λb→Λc form factor 
�  Λb form factors important for understanding of  HQET. 

�  Light di-quark has spin 0: not affected by chromomagnetic 
correction 

�  Form factor can be parameterized by a universal “Isgur-
Wise” function ξ(w) 

�  Measure differential rate to extract slope ρ2 parameter 
�  QCD sum rules ρ2>1.5 
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Λb→Λc  form factor 
�  Use Λb→Λc µ ν, with Λc → p K π. 

�  Add 2 pions to observe of  excited Λc(2595) and  Λc(2625) 
�  Subtract from inclusive Λc µ X 

�  Use neutrino-reconstruction 
to get 4-velocity transfer, w 
�  Use SVD method for deconvolution 

�  Analysis in advanced state. 
�  Expect uncertainty on ρ2 ≈ 0.08 
�  Systematics from w resolution, 

detector efficiencies and  
Λc

* modeling 

�  Is there a good normalization  
channel to extract Vcb ? 
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Bs→Ds  form factor 
�  Form factor shape for Bs→Ds  can also be measured. 

�  Need to subtract Ds
*(*) contributions.  

�  Ds
*/Ds=2.41 

�  Possibly reconstruct Ds
*→Dsγ 

�  Recent LHCb paper on Bs→Ds
*h 

�  Easier normalisation than Λb→Λc ? 
�  Use favoured B0+ mode and take  

fs/fd (from hadronic measurement) 

21/04/2015 Semileptonic B decays, Exclusive Vcb, experimental issues @ LHCb, Jeroen van Tilburg 30 

LHCb [arXiv:1503.09086] 



Normalization channel? 

�  Need B0+ decays.  
�  All Bs and Λb decays already normalized to B0+. 

�  SL decays not possible (already used for Vcb) 
�  To what extend is the ratio a test of  LQCD or HQET? 

�  Possible hadronic channels:  
�  B0→D− π+ or B+→J/ψ K+  ? 

�  For Bs and Λb need b-hadron fractions (fs/fd or Λb/fd) 
�  From SL decays or from hadronic fs/fd 

à Does this work?  
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Take b-fraction from …? 
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�  From SL decays: 

�  If  norm is B+,0→D−,0 µ X  à measurement of  SL width composition. 

�  Are these ratios interesting for Vcb? 

�  From hadronic fs/fd  à Systematic from SU(3) breaking relies on SL decays 

�  Effectively measures ratios like: 
�  Can these ratios help Vcb? 

fs
fu + fd

=

N(B0
s ! DµX)

N(B ! D0µX) +N(B ! D+µX)

⌧B�
+ ⌧B0

2⌧B0
s

B(B0
s ! Dsµ⌫) =

fu + fd
fs

N(B0
s ! Dsµ⌫)

N(norm)

B(norm)

=

N(B0
s ! Dsµ⌫)

N(B0
s ! DµX)

N(B ! D0µX) +N(B ! D+µX)

N(norm)

B(norm)

2⌧B0
s

⌧B�
+ ⌧B0

SL width composition 

N(B0
s ! Dsµ⌫)

N(norm)

N(B0 ! D�K+
)

N(B0
s ! D�

s ⇡+
)



Conclusions 

�  Better understanding of  SL decays crucial for Vcb (and Vub) 

�  Experimental issues for LHCb 
�  Normalization difficult  
�  Partial reconstruction challenging in pp collider 
�  Long lead time between data taking a d publication 
�  … but large statistics and access to other b-hadron species 

�  Experimental efforts at LHCb 
�  b-hadron production fractions 
�  Resonant structure of  B0+, Bs and Λb. 
�  Λb form factor analysis 
�  … 

�  Future will tell what LHCb can say on Vcb. 
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Backup 
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Setup 

Muon 
Calorimeters 

RICH2 IT+OT 

RICH1 
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TT 
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b-hadron production 
fractions 
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Semileptonic publications 
�  CP violation and Δmd,s studies 

�  Semileptonic asymmetries 
�  CP violation in charm 
�  Bs, Bd oscillations 

�  bb cross section at 7 TeV 

�  b-hadron production fractions 

�  Bs → Ds
** X µ ν branching ratio 

�  Vub measurement 
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