
LHCb	  Results	  on	  Semileptonic	  B/Bs/Λb	  Decays	  
Concezio	  Bozzi,	  INFN	  Sezione	  di	  Ferrara	  
on	  behalf	  of	  the	  LHCb	  CollaboraAon	  



Outline	  

•  The	  LHCb	  detector	  and	  data	  sample	  
•  Semileptonic	  decays	  at	  LHCb	  
•  Results	  on	  b	  producAon	  fracAons	  and	  Bs	  decays	  
•  Outlook:	  form	  factors,	  CKM	  and	  decays	  with	  taus	  

Concezio	  Bozzi,	  Oct	  1st	  2012,	  CKM	  Workshop	   2	  
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• LHCb deals with overwhelming QCD background with 3-level trigger.
• For semileptonic decays we can trigger as low as pT(muon)~1GeV 

(much lower than Tevatron)

4

(obtained	  on	  a	  sample	  of	  semileptonic	  decays!)	  
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@	  √s=7	  TeV	  
All	  b	  hadrons	  produced	  
B0,	  B+,	  Bs,	  B**,	  Λb,	  Σb,	  …	  

Concezio	  Bozzi,	  Oct	  1st	  2012,	  CKM	  Workshop	   3	  



Great	  LHC(b)	  performance!	  
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Currently	  taking	  data	  @	  L	  =	  4	  x	  1032	  cm-‐2	  s-‐1	  (flat)	  
(design	  luminosity:	  2	  x	  1032)	  



Large	  and	  clean	  samples	
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Fig. 2 Distributions of (a) K+π− invariant mass, (b) mass differ-
ence m(Kππ) − m(Kπ) and (c) decay time of the B0 → D∗−µ+νµ

events. Black points with errors are data, the blue curve is the fit result.
The other lines represent signal (red dot-dashed), D

0
-from-B decay

background (gray dashed), B+ background (green short dashed), D∗

prompt background (magenta solid). The combinatorial background is
the magenta filled area (Color figure online)

required to be higher than 2 GeV/c. The decay time and the
invariant mass of the B0 are extracted from a vertex fit with
an identical procedure as for the B+ → J/ψK+ channel,
by applying a constraint to the associated primary vertex,
and a constraint to the J/ψ mass. In case of multiple B can-
didates per event, only the candidate with the smallest χ2 of
the vertex is kept.

Only events that were triggered by the “lifetime unbi-
ased” selection are kept. The B0 candidates are required to
have a decay time higher than 0.3 ps to remove the large
combinatorial background due to prompt J/ψ production.
The sample contains ∼33 000 signal events.

The decay time distribution of signal events is parame-
trized as in (7), without the acceptance correction. The

background contribution, with a background to signal ra-
tio B/S ∼ 0.29, is due to misreconstructed b-hadron de-
cays, where a dependence on the decay time is expected (la-
beled “long-lived” background). We distinguish two long-
lived components. The first corresponds to events where
one or more of the four tracks originate from a long-
lived particle decay, but where the flavour of the recon-
structed K∗0 is not correlated with a true b-hadron. Its de-
cay time distribution is therefore modeled by a decreas-
ing exponential. In the second long-lived background com-
ponent, one of the tracks used to build the K∗0 origi-
nated from the primary vertex, hence the correlation be-
tween the K∗0 and the B flavour is partially lost. Its de-
cay time distribution is more “signal-like”, i.e. it is a de-
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Fig. 3 Raw mixing asymmetry of B0 → D∗−µ+νµ events in the sig-
nal mass region when using the combination of all OS taggers. Black
points are data and the red solid line is the result of the fit. The lower
plot shows the pulls of the residuals with respect to the fit (Color figure
online)

Fig. 4 Mass distribution of OS tagged B0 → J/ψK∗0 events. Black
points are data, the solid blue line, red dotted line and green area are
the overall fit, the signal and the background components, respectively
(Color figure online)

creasing exponential with an oscillation term, but with dif-
ferent mistag fraction and lifetime, left as free parameters in
the fit.

The signal and background decay time distributions are
convolved with the same resolution function, extracted from
data. The mass distributions, shown in Fig. 4, are described
by a double Gaussian distribution peaking at the B0 mass for
the signal component, and by an exponential with the same
exponent for both long-lived backgrounds.

Fig. 5 Raw mixing asymmetry of the B0 → J/ψK∗0 events in the
signal mass region, for all OS tagged events. Black points are data and
the red solid line is the result of the fit. The lower plot shows the pulls
of the residuals with respect to the fit (Color figure online)

The OS mistag fraction is extracted from a fit to all tagged
data, with the values for the B0 lifetime and #md fixed to
the world average [7]. Figure 5 shows the time-dependent
mixing asymmetry in the signal mass region, obtained us-
ing the information of the OS tag decision. Letting the #md

parameter vary in the fit gives consistent results.

5 Calibration of the mistag probability on data

For each individual tagger and for the combination of tag-
gers, the calculated mistag probability (η) is obtained on an
event-by-event basis from the neural network output. The
values are calibrated in a fit using the measured mistag
fraction (ω) from the self-tagged control channel B+ →
J/ψK+. A linear dependence between the measured and
the calculated mistag probability for signal events is used,
as suggested by the data distribution,

ω(η) = p0 + p1
(
η − 〈η〉

)
, (10)

where p0 and p1 are parameters of the fit and 〈η〉 is the
mean calculated mistag probability. This parametrization is
chosen to minimize the correlation between the two param-
eters. Deviations from p0 = 〈η〉 and p1 = 1 would indicate
that the calculated mistag probability should be corrected.

In order to extract the p0 and p1 calibration parameters,
an unbinned maximum likelihood fit to the mass, tagging
decision and mistag probability η observable is performed.
The fit parametrization takes into account the probability

370	  pb-‐1	  
500k	  	  events	  
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Semileptonic	  B	  decays	  at	  LHCb	  

•  “CalibraAon	  tool”	  and	  hadronizaAon	  studies	  
–  bb	  cross	  secAon	  
–  flavour	  tagging	  performance	  
–  producAon	  fracAons	  of	  B,	  Bs,	  Λb	  

•  CP	  ViolaAon	  through	  semileptonic	  asymmetries	  	  
	  à	  see	  Zhou’s	  talk	  in	  WG	  IV	  

•  Exclusive	  decays	  of	  Bs	  and	  Λb	  	  
–  ComposiAon	  of	  the	  inclusive	  SL	  width	  	  
–  Improved	  systemaAc	  uncertainAes	  on	  CP	  	  asymmetries	  
– Measurement	  of	  form	  factors	  
– Measurements	  of	  CKM	  parameters	  |Vub|/|Vcb|	   	   	  

	  (e.g.	  BsàK(*)µν)	  
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Charm hadron +µ & b production  
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Charm hadron + µ  signature of b-hadron 
semileptonic decay, but we need to separate 
“prompt” charm    
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•  Experimental	  signature:	   	   	  
	  charm-‐hadron	  +	  muon	  

•  Use	  large	  IP	  wrt	  to	  primary	  vertex	  to	  
suppress	  “prompt”	  charm	  background	  	  

•  Use	  charm	  to	  tag	  b	  hadron	  species:	  

•  Subtract	  cross-‐feed,	  e.g.	  	  

–  D0K,	  D0p	  final	  states	  
–  other	  available	  measurements	  

Semileptonic B decays, IUPAP Prize, ICHEP 2012 Phillip URQUIJO

The LHC Era

•Vast quantity of b-mesons: they can 
be precisely reconstructed in modes 
with one neutrino!

•Clean separation from large IP!

•Used as a calibration tool (rely on 
well understood decay properties).

•σbb and fs/fd - key to many 
measurements at the LHC!

•SemileptonicL Bs/Λb decays teach us 
more about  |Vub|/|Vcb|, and for 
search for NP.

•To achieve this required new, 
precise measurements of the Bs/Λb  

systems.

23
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B→ D0µ−νX, D0 →Κ−π+

• BRvis ~ 8 x 10-3

• Prompt D0 is the dominant 
background!

Prompt

µ

D0µ− D0µ+

(Wrong Sign)
12.2 nb-1 

µ-trigger

D0µ−

2.9 nb-1 

min.bias

θ

Accepted by PLB
arXiv:1009.2731

90±10 B

196±15 B

B+/B0/Bs/Λb

→D0Xμ- ν
→D+Xμ- ν
→DsXμ- ν
→ ΛcXμ- ν

Bs→(Ds**→DK)Xμ-ν
B0/+→DsKXμ- ν

Generally charm mesons tag 
the b-hadron species, and the 
lepton charge tags the b 
flavour, except for cross feed.
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b-‐hadron	  producAon	  fracAons	  
•  ProducAon	  fracAons	  directly	  related	  to	  yields	  of	  different	  

charmed	  hadrons,	  aper	  correcAng	  for	  cross-‐feeds	  i.e.	  

	  

•  Determine	  cross-‐feeds	  with	  D0K	  and	  D0p	  control	  samples.	  For	  
instance:	  

	  
•  Perform	  analysis	  in	  3	  (η)	  x	  5	  (pT)	  bins,	  2<η<5,	  pT≤14	  GeV	  
•  Measurements	  based	  on	  single-‐muon,	  low-‐pT	  (1GeV)	  trigger	  
•  Efficiencies	  depend	  on	  hadronic	  composiAon	  

–  Determine	  different	  contribuAons	  directly	  on	  data	  (see	  later)	  
Concezio	  Bozzi,	  Oct	  1st	  2012,	  CKM	  Workshop	   8	  

The equation for the ratio fs=ðfu þ fdÞ is
fs

fuþfd
¼ ncorrð !B0

s !D!Þ
ncorrðB!D0!ÞþncorrðB!Dþ!Þ

"B% þ" !B0

2" !B0
s

;

(5)

where !B0
s ! D! represents !B0

s semileptonic decays to a
final charmed hadron, given by the sum of the contribu-
tions shown in Eqs. (3) and (4), and the symbols "Bi

indicate the Bi hadron lifetimes, that are all well measured
[1]. We use the average !B0

s lifetime, 1:472& 0:025 ps [1].
This equation assumes equality of the semileptonic widths
of all the bmeson species. This is a reliable assumption, as
corrections in HQET arise only to order 1=m2

b and the
SU(3) breaking correction is quite small, of the order
of 1% [13–15].

The "0
b corrected yield is derived in an analogous man-

ner. We determine

ncorrð"0
b!D!Þ¼ nð"þ

c !
%Þ

Bð"þ
c !pK%#þÞ$ð"0

b!"þ
c Þ

þ2
nðD0p!%Þ

BðD0!K%#þÞ$ð"0
b!D0pÞ; (6)

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

b fraction using

f"b

fu þ fd
¼ ncorrð"0

b ! D!Þ
ncorrðB ! D0!Þ þ ncorrðB ! Dþ!Þ

' "B% þ " !B0

2""0
b

ð1% %Þ: (7)

Again, we assume near equality of the semileptonic widths
of different b hadrons, but we apply a small adjustment
% ¼ 4& 2%, to account for the chromomagnetic correc-
tion, affecting b-flavored mesons but not b baryons
[13–15]. The uncertainty is evaluated with very conserva-
tive assumptions for all the parameters of the heavy quark
expansion.

II. ANALYSIS METHOD

To isolate a sample of b flavored 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, Dþ, or "þ

c decays, or the
opposite charge of the pion in Dþ

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 investigation of b ! D0X!% !& [16]. We consider
events where a well-identified muon with momentum

FIG. 1 (color online). The logarithm of the IP distributions for (a) RS and (c) WS D0 candidate combinations with a muon. The
dotted curves show the false D0 background, the small red-solid curves the Prompt yields, the dashed curves the Dfb signal, and the
larger green-solid curves the total yields. The invariant K%#þ mass spectra for (b) RS combinations and (d) WS combinations are also
shown.
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The equation for the ratio fs=ðfu þ fdÞ is
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where !B0
s ! D! represents !B0

s semileptonic decays to a
final charmed hadron, given by the sum of the contribu-
tions shown in Eqs. (3) and (4), and the symbols "Bi

indicate the Bi hadron lifetimes, that are all well measured
[1]. We use the average !B0

s lifetime, 1:472& 0:025 ps [1].
This equation assumes equality of the semileptonic widths
of all the bmeson species. This is a reliable assumption, as
corrections in HQET arise only to order 1=m2

b and the
SU(3) breaking correction is quite small, of the order
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Again, we assume near equality of the semileptonic widths
of different b hadrons, but we apply a small adjustment
% ¼ 4& 2%, to account for the chromomagnetic correc-
tion, affecting b-flavored mesons but not b baryons
[13–15]. The uncertainty is evaluated with very conserva-
tive assumptions for all the parameters of the heavy quark
expansion.

II. ANALYSIS METHOD

To isolate a sample of b flavored 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, Dþ, or "þ

c decays, or the
opposite charge of the pion in Dþ

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 investigation of b ! D0X!% !& [16]. We consider
events where a well-identified muon with momentum

FIG. 1 (color online). The logarithm of the IP distributions for (a) RS and (c) WS D0 candidate combinations with a muon. The
dotted curves show the false D0 background, the small red-solid curves the Prompt yields, the dashed curves the Dfb signal, and the
larger green-solid curves the total yields. The invariant K%#þ mass spectra for (b) RS combinations and (d) WS combinations are also
shown.
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Again, we assume near equality of the semileptonic widths
of different b hadrons, but we apply a small adjustment
% ¼ 4& 2%, to account for the chromomagnetic correc-
tion, affecting b-flavored mesons but not b baryons
[13–15]. The uncertainty is evaluated with very conserva-
tive assumptions for all the parameters of the heavy quark
expansion.

II. ANALYSIS METHOD

To isolate a sample of b flavored 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, Dþ, or "þ

c decays, or the
opposite charge of the pion in Dþ

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 investigation of b ! D0X!% !& [16]. We consider
events where a well-identified muon with momentum

FIG. 1 (color online). The logarithm of the IP distributions for (a) RS and (c) WS D0 candidate combinations with a muon. The
dotted curves show the false D0 background, the small red-solid curves the Prompt yields, the dashed curves the Dfb signal, and the
larger green-solid curves the total yields. The invariant K%#þ mass spectra for (b) RS combinations and (d) WS combinations are also
shown.
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greater than 3 GeVand transverse momentum greater than
1.2 GeV is found. Charmed hadron candidates are formed
from hadrons with momenta greater than 2 GeVand trans-
verse 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 ap-
proach 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 D" 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 differ-
ence 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 theD and the". Finally, the invariant
mass of the charmed hadron and muon system must be
between 3 and 5 GeV for D0"! and Dþ"! candidates,
between 3.1 and 5.1 GeV for Dþ

s "
! candidates, and be-

tween 3.3 and 5.3 GeV for !þ
c "

! candidates.
We perform our analysis in a grid of 3 # and 5 pT bins,

covering the range 2< #< 5 and pT # 14 GeV. The b
hadron signal is separated from various sources of back-
ground by studying the two-dimensional distribution of
charmed hadron candidate invariant mass and ln(IP/mm).
This approach allows us to determine the background
coming from false combinations under the charmed hadron
signal mass peak directly. The study of the ln(IP/mm)
distribution allows the separation of prompt charm decay
candidates from charmed hadron daughters of b hadrons
[16]. We refer to these samples as Prompt and Dfb,
respectively.

FIG. 2 (color online). The logarithm of the IP distributions for (a) RS and (c) WS Dþ candidate combinations with a muon. The
grey-dotted curves show the false Dþ background, the small red-solid curves the Prompt yields, the blue-dashed curves the Dfb signal,
and the larger green-solid curves the total yields. The invariant K!$þ$þ mass spectra for (b) RS combinations and (d) WS
combinations are also shown.
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2D	  fit	  to	  ln(IP/mm)	  
and	  charm	  hadron	  
invariant	  mass	  	  

Channel	   Signal	  (RAW)	   Prompt	  D	   Combinatorial	  

D0µνX	   27666	  ±	  167	   695	  ±	  43	   1492	  ±	  30	  

D+µνX	   9257	  ±	  110	   362	  ±	  34	   1150	  ±	  22	  

3	  pb-‐1	  
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Use	  also	  wrong	  charm-‐lepton	  
charge	  correlaAons	  for	  
background	  esAmates	  
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A. Signal extraction

We describe the method used to extract the charmed
hadron-! signal by using the D0X!! !" final state as an
example; the same procedure is applied to the final states
DþX!! !", Dþ

s X!
! !", and "þ

c X!
! !". We perform un-

binned extended maximum likelihood fits to the two-
dimensional distributions in K!#þ invariant mass over a
region extending#80 MeV from theD0 mass peak, and ln
(IP/mm). The parameters of the IP distribution of the
Prompt sample are found by examining directly produced
charm [16] whereas a shape derived from simulation is
used for the Dfb component.

An example fit for D0!! !"X, using the whole pT and $
range, is shown in Fig. 1. The fitted yields for RS are
27666# 187Dfb, 695# 43 Prompt, and 1492# 30 false
D0 combinations, inferred from the fitted yields in the
sideband mass regions, spanning the intervals between 35
and 75MeV from the signal peak on both sides. For WSwe
find 362# 39Dfb, 187# 18 Prompt, and 1134# 19 false
D0 combinations. The RS yield includes a background of
around 0.5% from incorrectly identified ! candidates. As
this paper focuses on ratios of yields, we do not subtract
this component. Figure 2 shows the corresponding fits for
the DþX!! !" final state. The fitted yields consist of
9257# 110Dfb events, 362# 34 Prompt, and 1150# 22

false Dþ combinations. For WS we find 77# 22Dfb,
139# 14 Prompt and 307# 10 false Dþ combinations.
The analysis for theDþ

s X!
! !"mode follows in the same

manner. Here, however, we are concerned about the reflec-
tion from "þ

c ! pK!#þ where the proton is taken to be a
kaon, since we do not impose an explicit proton veto. Using
such a veto would lose 30% of the signal and also introduce
a systematic error. We choose to model separately this
particular background. We add a probability density func-
tion (PDF) determined from simulation to model this, and
the level is allowed to float within the estimated error on
the size of the background. The small peak near 2010 MeV
in Fig. 3(b) is due to D$þ ! #þD0, D0 ! KþK!. We
explicitly include this term in the fit, assuming the shape to
be the same as for the Dþ

s signal, and we obtain 4# 1
events in the RS signal region and no events in the WS
signal region. The measured yields in the RS sample are
2192# 64Dfb, 63# 16 Prompt, 985# 145 false Dþ

s

background, and 387# 132 "þ
c reflection background.

The corresponding yields in the WS sample are 13# 19,
20# 7, 499# 16, and 3# 3 respectively. Figure 3 shows
the fit results.
The last final state considered is "þ

c X!
! !". Figure 4

shows the data and fit components to the ln(IP/mm) and
pK!#þ invariant mass combinations for events with

FIG. 3 (color online). The logarithm of the IP distributions for (a) RS and (c) WS Dþ
s candidate combinations with a muon. The

grey-dotted curves show the false Dþ
s background, the small red-solid curves the Prompt yields, the blue-dashed curves the Dfb signal,

the purple dash-dotted curves represent the background originating from "þ
c reflection, and the larger green-solid curves the total

yields. The invariant K!Kþ#þ mass spectra for RS combinations (b) and WS combinations (d) are also shown.
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2< !< 5. This fit gives 3028! 112 RS Dfb events,
43! 17 RS Prompt events, 589! 27 RS false !þ

c combi-
nations, 9! 16 WS Dfb events, 0:5! 4 WS Prompt
events, and 177! 10 WS false !þ

c combinations.
The !0

b may also decay into D0pX"# "#. We search for
these decays by requiring the presence of a track well
identified as a proton and detached from any primary
vertex. The resulting D0p invariant mass distribution is
shown in Fig. 5. We also show the combinations that cannot
arise from !0

b decay, namely, those with D0 "p combina-
tions. There is a clear excess of RS over WS combinations
especially near threshold. Fits to the K#$þ invariant mass
in the ½mðK#$þpÞ #mðK#$þÞ þmðD0ÞPDG' region
shown in Fig. 5(a) give 154! 13 RS events and 55! 8
WS events. In this case, we use the WS yield for back-
ground subtraction, scaled by the RS/WS background ratio
determined with a MC simulation including ðB# þ "B0 !
D0X"# "#Þ and generic b "b events. This ratio is found to be
1:4! 0:2. Thus, the net signal is 76! 17! 11, where the
last error reflects the uncertainty in the ratio between RS
and WS background.

B. Background studies

Apart from false D combinations, separated from the
signal by the two-dimensional fit described above, there

are also physical background sources that affect the RS
Dfb samples, and originate from b "b events, which are
studied with a MC simulation. In the meson case, the
background mainly comes from b ! DDX with one of
the Dmesons decaying semi-muonically, and from combi-
nations of tracks from the pp ! b "bX events, where one b
hadron decays into a D meson and the other b hadron
decays semi-muonically. The background fractions are
ð1:9! 0:3Þ% for D0X"# "#, ð2:5! 0:6Þ% for DþX"# "#,
and ð5:1! 1:7Þ% for Dþ

s X"
# "#. The main background

component for !0
b semileptonic decays is !0

b decaying
into D#

s !
þ
c , and the D#

s decaying semi-muonically.
Overall, we find a very small background rate of ð1:0!
0:2Þ%, where the error reflects only the statistical uncer-
tainty in the simulation. We correct the candidate b hadron
yields in the signal region with the predicted background
fractions. A conservative 3% systematic uncertainty in the
background subtraction is assigned to reflect modelling
uncertainties.

C. Monte Carlo simulation and
efficiency determination

In order to estimate the detection efficiency, we need
some knowledge of the different final states which contrib-
ute to the Cabibbo favored semileptonic width, as some of

FIG. 4 (color online). The logarithm of the IP distributions for (a) RS and (c) WS !þ
c candidate combinations with a muon. The

grey-dotted curves show the false !þ
c background, the small red-solid curves the Prompt yields, the blue-dashed curves the Dfb signal,

and the larger green-solid curves the total yields. The invariant pK#$þ mass spectra for RS combinations (b) and WS combinations
(d) are also shown.
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3	  pb-‐1	  

Channel	   Signal	  (RAW)	   Prompt	  D	   Combinatorial	   Λc	  reflecCon	  
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ΛcµνX	   3028	  ±	  112	   43	  ±	  17	   589	  ±	  27	  
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An example of the resulting particle identification effi-
ciency as a function of the ! and pT of the !þ

c "
" pair is

shown in Fig. 8.
As the functional forms of the fragmentation ratios in

terms of pT and ! are not known, we determine the
efficiencies for the final states studied as a function of pT

and ! within the LHCb acceptance. Figure 9 shows the
results.

III. EVALUATION OF THE RATIOS
fs=ðfu þ fdÞ AND f!b

=ðfu þ fdÞ
Perturbative QCD calculations lead us to expect the

ratios fs=ðfu þ fdÞ and f!b
=ðfu þ fdÞ to be independent

of !, while a possible dependence upon the b hadron
transverse momentum pT is not ruled out, especially for
ratios involving baryon species [20]. Thus we determine
these fractions in different pT and ! bins. For simplicity,
we use the transverse momentum of the charmed hadron-"
pair as the pT variable, and do not try to unfold the b
hadron transverse momentum.
In order to determine the corrected yields entering the

ratio fs=ðfu þ fdÞ, we determine yields in a matrix of three
! and five pT bins and divide them by the corresponding
efficiencies. We then use Eq. (5), with the measured life-
time ratio ð#B" þ # "B0Þ=2# "B0

s
¼ 1:07& 0:02 [1] to derive

the ratio fs=ðfu þ fdÞ in two ! bins. The measured ratio is
constant over the whole !-pT domain. Figure 10 shows the
fs=ðfu þ fdÞ fractions in bins of pT in two ! intervals.
By fitting a single constant to all the data, we obtain

fs=ðfu þ fdÞ ¼ 0:134& 0:004þ0:011
"0:010 in the interval 2<

!< 5, where the first error is statistical and the second is
systematic. The latter includes several different sources
listed in Table II. The dominant systematic uncertainty is
caused by the experimental uncertainty on BðDþ

s !
KþK"$þÞ of 4.9%. Adding in the contributions of the
D0 and Dþ branching fractions we have a systematic error
of 5.5% due to the charmed hadron branching fractions.
The "B0

s semileptonic modelling error is derived by chang-
ing the ratio between different hadron species in the final
state obtained by removing the SU(3) symmetry constrain,
and changing the shapes of the less well known D'' states.
The tracking efficiency errors mostly cancel in the ratio
since we are dealing only with combinations of three or
four tracks. The lifetime ratio error reflects the present
experimental accuracy [1]. We correct both for the

FIG. 9 (color online). Efficiencies for D0"" "%X, Dþ"" "%X,
Dþ

s "
" "%X, !þ

c "
" "%X as a function of ! and pT.

FIG. 10 (color online). Ratio between "B0
s and light B meson production fractions as a function of the transverse momentum of the

Dþ
s "

" pair in two bins of !. The errors shown are statistical only.
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bin-dependent PID efficiency obtained with the procedure
detailed before, accounting for the statistical error of the
calibration sample, and the overall PID efficiency uncer-
tainty, due to the sensitivity to the event multiplicity. The

latter is derived by taking the kaon identification efficiency
obtained with the method described before, without cor-
recting for the different track multiplicities in the calibra-
tion and signal samples. This is compared with the results
of the same procedure performed correcting for the ratio of
multiplicities in the two samples. The error due to !B0

s !
D0KþX!" !" is obtained by changing the RS/WS back-
ground ratio predicted by the simulation within errors, and
evaluating the corresponding change in fs=ðfu þ fdÞ.
Finally, the error due to ðB"; !B0Þ ! Dþ

s KX!
" !" reflects

the uncertainty in the measured branching fraction.
Isospin symmetry implies the equality of fd and fu,

which allows us to compare fþ=f0%ncorrðDþ!Þ=
ncorrðD0!Þ with its expected value. It is not possible to
decouple the two ratios for an independent determination
of fu=fd. Using all the known semileptonic branching
fractions [1], we estimate the expected relative fraction
of the Dþ and D0 modes from Bþ=0 decays to be fþ=f0 ¼
0:375' 0:023, where the error includes a 6% theoretical
uncertainty associated to the extrapolation of present
experimental data needed to account for the inclusive

TABLE II. Systematic uncertainties on the relative !B0
s produc-

tion fraction.

Source Error (%)

Bin-dependent errors 1.0
BðD0 ! K"#þÞ 1.2
BðDþ ! K"#þ#þÞ 1.5
BðDþ

s ! K"Kþ#þÞ 4.9
!B0
s semileptonic decay modelling 3.0

Backgrounds 2.0
Tracking efficiency 2.0
Lifetime ratio 1.8
PID efficiency 1.5
!B0
s ! D0KþX!" !" þ4:1

"1:1
BððB"; !B0Þ ! Dþ

s KX!
" !"Þ 2.0

Total þ8:6
"7:7

FIG. 11 (color online). fþ=f0 as a function of pT for $ ¼ ð2; 3Þ (a) and $ ¼ ð3; 5Þ (b). The horizontal line shows the average value.
The error shown combines statistical and systematic uncertainties accounting for the detection efficiency and the particle identification
efficiency.

FIG. 12 (color online). Fragmentation ratio f"b
=ðfu þ fdÞ dependence upon pTð"þ

c !
"Þ. The errors shown are statistical only.
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An example of the resulting particle identification effi-
ciency as a function of the ! and pT of the !þ

c "
" pair is

shown in Fig. 8.
As the functional forms of the fragmentation ratios in

terms of pT and ! are not known, we determine the
efficiencies for the final states studied as a function of pT

and ! within the LHCb acceptance. Figure 9 shows the
results.

III. EVALUATION OF THE RATIOS
fs=ðfu þ fdÞ AND f!b

=ðfu þ fdÞ
Perturbative QCD calculations lead us to expect the

ratios fs=ðfu þ fdÞ and f!b
=ðfu þ fdÞ to be independent

of !, while a possible dependence upon the b hadron
transverse momentum pT is not ruled out, especially for
ratios involving baryon species [20]. Thus we determine
these fractions in different pT and ! bins. For simplicity,
we use the transverse momentum of the charmed hadron-"
pair as the pT variable, and do not try to unfold the b
hadron transverse momentum.
In order to determine the corrected yields entering the

ratio fs=ðfu þ fdÞ, we determine yields in a matrix of three
! and five pT bins and divide them by the corresponding
efficiencies. We then use Eq. (5), with the measured life-
time ratio ð#B" þ # "B0Þ=2# "B0

s
¼ 1:07& 0:02 [1] to derive

the ratio fs=ðfu þ fdÞ in two ! bins. The measured ratio is
constant over the whole !-pT domain. Figure 10 shows the
fs=ðfu þ fdÞ fractions in bins of pT in two ! intervals.
By fitting a single constant to all the data, we obtain

fs=ðfu þ fdÞ ¼ 0:134& 0:004þ0:011
"0:010 in the interval 2<

!< 5, where the first error is statistical and the second is
systematic. The latter includes several different sources
listed in Table II. The dominant systematic uncertainty is
caused by the experimental uncertainty on BðDþ

s !
KþK"$þÞ of 4.9%. Adding in the contributions of the
D0 and Dþ branching fractions we have a systematic error
of 5.5% due to the charmed hadron branching fractions.
The "B0

s semileptonic modelling error is derived by chang-
ing the ratio between different hadron species in the final
state obtained by removing the SU(3) symmetry constrain,
and changing the shapes of the less well known D'' states.
The tracking efficiency errors mostly cancel in the ratio
since we are dealing only with combinations of three or
four tracks. The lifetime ratio error reflects the present
experimental accuracy [1]. We correct both for the

FIG. 9 (color online). Efficiencies for D0"" "%X, Dþ"" "%X,
Dþ

s "
" "%X, !þ

c "
" "%X as a function of ! and pT.

FIG. 10 (color online). Ratio between "B0
s and light B meson production fractions as a function of the transverse momentum of the

Dþ
s "

" pair in two bins of !. The errors shown are statistical only.
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fu + fd

= 0.128± 0.012 (LEP)
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No	  pT	  dependence	  
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bin-dependent PID efficiency obtained with the procedure
detailed before, accounting for the statistical error of the
calibration sample, and the overall PID efficiency uncer-
tainty, due to the sensitivity to the event multiplicity. The

latter is derived by taking the kaon identification efficiency
obtained with the method described before, without cor-
recting for the different track multiplicities in the calibra-
tion and signal samples. This is compared with the results
of the same procedure performed correcting for the ratio of
multiplicities in the two samples. The error due to !B0

s !
D0KþX!" !" is obtained by changing the RS/WS back-
ground ratio predicted by the simulation within errors, and
evaluating the corresponding change in fs=ðfu þ fdÞ.
Finally, the error due to ðB"; !B0Þ ! Dþ

s KX!
" !" reflects

the uncertainty in the measured branching fraction.
Isospin symmetry implies the equality of fd and fu,

which allows us to compare fþ=f0%ncorrðDþ!Þ=
ncorrðD0!Þ with its expected value. It is not possible to
decouple the two ratios for an independent determination
of fu=fd. Using all the known semileptonic branching
fractions [1], we estimate the expected relative fraction
of the Dþ and D0 modes from Bþ=0 decays to be fþ=f0 ¼
0:375' 0:023, where the error includes a 6% theoretical
uncertainty associated to the extrapolation of present
experimental data needed to account for the inclusive

TABLE II. Systematic uncertainties on the relative !B0
s produc-

tion fraction.

Source Error (%)

Bin-dependent errors 1.0
BðD0 ! K"#þÞ 1.2
BðDþ ! K"#þ#þÞ 1.5
BðDþ

s ! K"Kþ#þÞ 4.9
!B0
s semileptonic decay modelling 3.0

Backgrounds 2.0
Tracking efficiency 2.0
Lifetime ratio 1.8
PID efficiency 1.5
!B0
s ! D0KþX!" !" þ4:1

"1:1
BððB"; !B0Þ ! Dþ

s KX!
" !"Þ 2.0

Total þ8:6
"7:7

FIG. 11 (color online). fþ=f0 as a function of pT for $ ¼ ð2; 3Þ (a) and $ ¼ ð3; 5Þ (b). The horizontal line shows the average value.
The error shown combines statistical and systematic uncertainties accounting for the detection efficiency and the particle identification
efficiency.

FIG. 12 (color online). Fragmentation ratio f"b
=ðfu þ fdÞ dependence upon pTð"þ

c !
"Þ. The errors shown are statistical only.
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Not	  flat	  over	  pT	  !	  

b ! c!! !" semileptonic rate. Our corrected yields corre-
spond to fþ=f0 ¼ 0:373$ 0:006 ðstatÞ $ 0:007 ðeffÞ $
0:014, for a total uncertainty of 4.5%. The last error
accounts for uncertainties in B background modelling, in
the D0Kþ!! !" yield, the D0p!! !" yield, the D0 and Dþ

branching fractions, and tracking efficiency. The other
systematic errors mostly cancel in the ratio. Our measure-
ment of fþ=f0 is not seen to be dependent upon pT or #, as
shown in Fig. 11, and is in agreement with expectation.

We follow the same procedure to derive the fraction
f"b

=ðfuþfdÞ, using Eq. (7) and the ratio ð$B!þ$ !B0Þ=
ð2$"0

b
Þ¼1:14$0:03 [1]. In this case, we observe a pT

dependence in the two # intervals. Figure 12 shows the
data fitted to a straight line

f"b

fu þ fd
¼ a½1þ b( pT ðGeVÞ): (8)

Table III summarizes the fit results. A corresponding fit
to a constant shows that a pT independent f"b

=ðfu þ fdÞ is
excluded at the level of 4 standard deviations. The system-
atic errors reported in Table III include only the bin-
dependent terms discussed above.

Table IV summarizes all the sources of absolute scale
systematic uncertainties, that include several components.
Their definitions mirror closely the corresponding

uncertainties for the fs=ðfu þ fdÞ determination, and are
assessed with the same procedures. The term "b !
D0pX!! !" accounts for the uncertainty in the raw
D0pX!! !" yield, and is evaluated by changing the RS/
WS background ratio (1:4$ 0:2) within the quoted uncer-
tainty. In addition, an uncertainty of 2% is associated with
the derivation of the semileptonic branching fraction ratios
from the corresponding lifetimes, labeled #sl in Table IV.
The uncertainty is derived assigning conservative
errors to the parameters affecting the chromomagnetic
operator that influences the B meson total decay widths,
but not the "0

b. By far the largest term is the poorly known
Bð"þ

c ! pK!%þ); thus it is quoted separately.
In view of the observed dependence upon pT, we present

our results as
!

f"b

fu þ fd

"
ðpTÞ ¼ ð0:404$ 0:017$ 0:027$ 0:105Þ

( ½1! ð0:031$ 0:004$ 0:003Þ
( pT ðGeVÞ); (9)

where the scale factor uncertainties are statistical, system-
atic, and the error on Bð"c ! pK!%þÞ respectively. The
correlation coefficient 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 semilep-
tonic b hadron decays. CDF measures f"b

=ðfu þ fdÞ ¼
0:281$ 0:012þ0:011þ0:128

!0:056!0:086, where the last error reflects the
uncertainty in Bð"þ

c ! pK!%þÞ. It has been suggested
[3] that the difference between the Tevatron and LEP
results is explained by the different kinematics of the two
experiments. The average pT of the "þ

c !
! system is

10 GeV for CDF, while the b-jets, at LEP, have p *
40 GeV. LHCb probes an even lower b pT 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 pT region.

IV. COMBINED RESULT FOR THE PRODUCTION
FRACTION fs=fd FROM LHCB

From the study of b hadron semileptonic decays re-
ported above, and assuming isospin symmetry, namely
fu ¼ fd, we obtain

#
fs
fd

$

sl
¼ 0:268$ 0:008ðstatÞþ0:022

!0:020ðsystÞ;

where the first error is statistical and the second is
systematic.
Measurements of this quantity have also been made by

LHCb by using hadronic B meson decays [4]. The ratio

TABLE III. Coefficients of the linear fit describing the
pTð"þ

c !
!Þ dependence of f"b

=ðfu þ fdÞ. The systematic un-
certainties included are only those associated with the bin-
dependent MC and particle identification errors.

# range a b

2–3 0:434$ 0:040$ 0:025 !0:036$ 0:008$ 0:004
3–5 0:397$ 0:020$ 0:009 !0:028$ 0:006$ 0:003

2–5 0:404$ 0:017$ 0:009 !0:031$ 0:004$ 0:003

TABLE IV. Systematic uncertainties on the absolute scale of
f"b

=ðfu þ fdÞ.

Source Error (%)

Bin-dependent errors 2.2
Bð"0

b ! D0pX!! !"Þ 2.0
Monte Carlo modelling 1.0
Backgrounds 3.0
Tracking efficiency 2.0
#sl 2.0
Lifetime ratio 2.6
PID efficiency 2.5

Subtotal 6.3

Bð"þ
c ! pK!%þÞ 26.0

Total 26.8
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b ! c!! !" semileptonic rate. Our corrected yields corre-
spond to fþ=f0 ¼ 0:373$ 0:006 ðstatÞ $ 0:007 ðeffÞ $
0:014, for a total uncertainty of 4.5%. The last error
accounts for uncertainties in B background modelling, in
the D0Kþ!! !" yield, the D0p!! !" yield, the D0 and Dþ

branching fractions, and tracking efficiency. The other
systematic errors mostly cancel in the ratio. Our measure-
ment of fþ=f0 is not seen to be dependent upon pT or #, as
shown in Fig. 11, and is in agreement with expectation.

We follow the same procedure to derive the fraction
f"b

=ðfuþfdÞ, using Eq. (7) and the ratio ð$B!þ$ !B0Þ=
ð2$"0

b
Þ¼1:14$0:03 [1]. In this case, we observe a pT

dependence in the two # intervals. Figure 12 shows the
data fitted to a straight line

f"b

fu þ fd
¼ a½1þ b( pT ðGeVÞ): (8)

Table III summarizes the fit results. A corresponding fit
to a constant shows that a pT independent f"b

=ðfu þ fdÞ is
excluded at the level of 4 standard deviations. The system-
atic errors reported in Table III include only the bin-
dependent terms discussed above.

Table IV summarizes all the sources of absolute scale
systematic uncertainties, that include several components.
Their definitions mirror closely the corresponding

uncertainties for the fs=ðfu þ fdÞ determination, and are
assessed with the same procedures. The term "b !
D0pX!! !" accounts for the uncertainty in the raw
D0pX!! !" yield, and is evaluated by changing the RS/
WS background ratio (1:4$ 0:2) within the quoted uncer-
tainty. In addition, an uncertainty of 2% is associated with
the derivation of the semileptonic branching fraction ratios
from the corresponding lifetimes, labeled #sl in Table IV.
The uncertainty is derived assigning conservative
errors to the parameters affecting the chromomagnetic
operator that influences the B meson total decay widths,
but not the "0

b. By far the largest term is the poorly known
Bð"þ

c ! pK!%þ); thus it is quoted separately.
In view of the observed dependence upon pT, we present

our results as
!

f"b

fu þ fd

"
ðpTÞ ¼ ð0:404$ 0:017$ 0:027$ 0:105Þ

( ½1! ð0:031$ 0:004$ 0:003Þ
( pT ðGeVÞ); (9)

where the scale factor uncertainties are statistical, system-
atic, and the error on Bð"c ! pK!%þÞ respectively. The
correlation coefficient 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 semilep-
tonic b hadron decays. CDF measures f"b

=ðfu þ fdÞ ¼
0:281$ 0:012þ0:011þ0:128

!0:056!0:086, where the last error reflects the
uncertainty in Bð"þ

c ! pK!%þÞ. It has been suggested
[3] that the difference between the Tevatron and LEP
results is explained by the different kinematics of the two
experiments. The average pT of the "þ

c !
! system is

10 GeV for CDF, while the b-jets, at LEP, have p *
40 GeV. LHCb probes an even lower b pT 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 pT region.

IV. COMBINED RESULT FOR THE PRODUCTION
FRACTION fs=fd FROM LHCB

From the study of b hadron semileptonic decays re-
ported above, and assuming isospin symmetry, namely
fu ¼ fd, we obtain

#
fs
fd

$

sl
¼ 0:268$ 0:008ðstatÞþ0:022

!0:020ðsystÞ;

where the first error is statistical and the second is
systematic.
Measurements of this quantity have also been made by

LHCb by using hadronic B meson decays [4]. The ratio

TABLE III. Coefficients of the linear fit describing the
pTð"þ

c !
!Þ dependence of f"b

=ðfu þ fdÞ. The systematic un-
certainties included are only those associated with the bin-
dependent MC and particle identification errors.

# range a b

2–3 0:434$ 0:040$ 0:025 !0:036$ 0:008$ 0:004
3–5 0:397$ 0:020$ 0:009 !0:028$ 0:006$ 0:003

2–5 0:404$ 0:017$ 0:009 !0:031$ 0:004$ 0:003

TABLE IV. Systematic uncertainties on the absolute scale of
f"b

=ðfu þ fdÞ.

Source Error (%)

Bin-dependent errors 2.2
Bð"0

b ! D0pX!! !"Þ 2.0
Monte Carlo modelling 1.0
Backgrounds 3.0
Tracking efficiency 2.0
#sl 2.0
Lifetime ratio 2.6
PID efficiency 2.5

Subtotal 6.3

Bð"þ
c ! pK!%þÞ 26.0

Total 26.8
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b ! c!! !" semileptonic rate. Our corrected yields corre-
spond to fþ=f0 ¼ 0:373$ 0:006 ðstatÞ $ 0:007 ðeffÞ $
0:014, for a total uncertainty of 4.5%. The last error
accounts for uncertainties in B background modelling, in
the D0Kþ!! !" yield, the D0p!! !" yield, the D0 and Dþ

branching fractions, and tracking efficiency. The other
systematic errors mostly cancel in the ratio. Our measure-
ment of fþ=f0 is not seen to be dependent upon pT or #, as
shown in Fig. 11, and is in agreement with expectation.

We follow the same procedure to derive the fraction
f"b

=ðfuþfdÞ, using Eq. (7) and the ratio ð$B!þ$ !B0Þ=
ð2$"0

b
Þ¼1:14$0:03 [1]. In this case, we observe a pT

dependence in the two # intervals. Figure 12 shows the
data fitted to a straight line

f"b

fu þ fd
¼ a½1þ b( pT ðGeVÞ): (8)

Table III summarizes the fit results. A corresponding fit
to a constant shows that a pT independent f"b

=ðfu þ fdÞ is
excluded at the level of 4 standard deviations. The system-
atic errors reported in Table III include only the bin-
dependent terms discussed above.

Table IV summarizes all the sources of absolute scale
systematic uncertainties, that include several components.
Their definitions mirror closely the corresponding

uncertainties for the fs=ðfu þ fdÞ determination, and are
assessed with the same procedures. The term "b !
D0pX!! !" accounts for the uncertainty in the raw
D0pX!! !" yield, and is evaluated by changing the RS/
WS background ratio (1:4$ 0:2) within the quoted uncer-
tainty. In addition, an uncertainty of 2% is associated with
the derivation of the semileptonic branching fraction ratios
from the corresponding lifetimes, labeled #sl in Table IV.
The uncertainty is derived assigning conservative
errors to the parameters affecting the chromomagnetic
operator that influences the B meson total decay widths,
but not the "0

b. By far the largest term is the poorly known
Bð"þ

c ! pK!%þ); thus it is quoted separately.
In view of the observed dependence upon pT, we present

our results as
!

f"b

fu þ fd

"
ðpTÞ ¼ ð0:404$ 0:017$ 0:027$ 0:105Þ

( ½1! ð0:031$ 0:004$ 0:003Þ
( pT ðGeVÞ); (9)

where the scale factor uncertainties are statistical, system-
atic, and the error on Bð"c ! pK!%þÞ respectively. The
correlation coefficient 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 semilep-
tonic b hadron decays. CDF measures f"b

=ðfu þ fdÞ ¼
0:281$ 0:012þ0:011þ0:128

!0:056!0:086, where the last error reflects the
uncertainty in Bð"þ

c ! pK!%þÞ. It has been suggested
[3] that the difference between the Tevatron and LEP
results is explained by the different kinematics of the two
experiments. The average pT of the "þ

c !
! system is

10 GeV for CDF, while the b-jets, at LEP, have p *
40 GeV. LHCb probes an even lower b pT 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 pT region.

IV. COMBINED RESULT FOR THE PRODUCTION
FRACTION fs=fd FROM LHCB

From the study of b hadron semileptonic decays re-
ported above, and assuming isospin symmetry, namely
fu ¼ fd, we obtain

#
fs
fd

$

sl
¼ 0:268$ 0:008ðstatÞþ0:022

!0:020ðsystÞ;

where the first error is statistical and the second is
systematic.
Measurements of this quantity have also been made by

LHCb by using hadronic B meson decays [4]. The ratio

TABLE III. Coefficients of the linear fit describing the
pTð"þ

c !
!Þ dependence of f"b

=ðfu þ fdÞ. The systematic un-
certainties included are only those associated with the bin-
dependent MC and particle identification errors.

# range a b

2–3 0:434$ 0:040$ 0:025 !0:036$ 0:008$ 0:004
3–5 0:397$ 0:020$ 0:009 !0:028$ 0:006$ 0:003

2–5 0:404$ 0:017$ 0:009 !0:031$ 0:004$ 0:003

TABLE IV. Systematic uncertainties on the absolute scale of
f"b

=ðfu þ fdÞ.

Source Error (%)

Bin-dependent errors 2.2
Bð"0

b ! D0pX!! !"Þ 2.0
Monte Carlo modelling 1.0
Backgrounds 3.0
Tracking efficiency 2.0
#sl 2.0
Lifetime ratio 2.6
PID efficiency 2.5

Subtotal 6.3

Bð"þ
c ! pK!%þÞ 26.0

Total 26.8
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Bs	  exclusive	  SL	  decays	  

•  Contrary	  to	  lighter	  B	  
mesons,	  not	  much	  is	  
known	  experimentally	  
on	  exclusive	  Bs	  decays	  

•  Final	  states	  with	  D0K	  
can	  be	  used	  to	  measure	  
BsàDs**lν	
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Bs Semileptonic Width Components

•Most precise 
measurements of 
Ds

**μ!ν modes.

•BR(Ds/Ds
*) modes 

determined using 
neutrino 
reconstruction!

•8.3σ significance 
discovery of 
Bs→Ds2μ!ν. 
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Figure 2: The mass difference m(K−π+K+) − m(K−π+) added to the known D0 mass
for events with K−π+ invariant masses within ±20 MeV of the D0 mass (black points)
in semileptonic decays. The histogram shows wrong-sign events with an additional K−

instead of a K+. The curves are described in the text. (a) For the 3 pb−1 data sample
and (b) for the 20 pb−1 sample.

5

of freedom.
The systematic uncertainty on the D∗+

s2 mass is determined from several calibration
channels. For example, our measured D0 mass differs from the known value by 0.2 MeV,
though the known value has a 0.14 MeV error. We also see a variation on the order of
0.3 MeV by varying the fit region and background shape, where we use a linear function
instead of the threshold function. Thus we take ±0.5 MeV as the systematic uncertainty.
We use the same method of changing the fits to find the systematic uncertainty on the
width. The maximum observed change is 1.4 MeV. There is also a contribution from our
uncertainty on the experimental resolution of ±0.5 MeV that contributes an additional
0.7 MeV error on the width. Taking these two components in quadrature gives a width
uncertainty of 1.6 MeV.

The relative branching fractions are determined from the 20 pb−1 sample, assuming
that the D+

s1 decays only into D∗K final states, the D∗+
s2 decays only into DK final states,

and isospin is conserved in their decays. Note that the only observed decays D∗+
s2 are

to DK final states, while decays to D∗K, although possible, have not yet been seen,
including the study by the D0 collaboration [6]. The D∗+

s2 /D
+
s1 event ratio is computed,

correcting for the lower detection efficiency for D∗+
s2 of (0.516±0.017)%, compared with

the D+
s1 efficiency of (0.598±0.025)% as

B(B
0

s → D∗+
s2 Xµ−ν)

B(B
0

s → D+
s1Xµ−ν)

= 0.61± 0.14± 0.05. (1)

The relative branching fraction of the D+
s1 with respect to the total Bs semileptonic

rate is measured using 24.4 ± 5.5 events in the 3 pb−1 sample. The number of B
0

s semilep-
tonic decay events in this sample is evaluated from the efficiency corrected sum of the
B

0

s → D+
s Xµ−ν events and twice the efficiency corrected B

0

s → D0XK+µ−ν yield. The
efficiencies are 1.07% and 0.57%, respectively. The doubling of the D0K+Xµ−ν yield
accounts for the missing D+K0Xµ−ν contribution, which is equal due to isospin symme-
try. A small component of B → D+

s KXµ−ν is subtracted based on a branching fraction
measurement from BaBar of (6.1± 1.2)× 10−4 [7], reducing the D+

s Xµ−ν yield by 3.2%.

The overall uncertainty on the B
0

s semileptonic yield is 6.6%. The main contributions
to this error are the uncertainty on the absolute D+

s branching ratio of 4.9%, and the

uncertainty on the amount of D0K+Xµ−ν events to add to the B
0

s yield of 3.0%. The
corresponding number for the D∗+

s2 branching fraction is computed also using this sample
and the result from Eq. 1. Correcting for the unreconstructed D+K0 decays results in
the doubling of the rates of the relative branching fractions, that we determine to be

B(B
0

s → D∗+
s2 Xµ−ν)

B(B
0

s → Xµ−ν)
= (3.3± 1.0± 0.4)%

B(B
0

s → D+
s1Xµ−ν)

B(B
0

s → Xµ−ν)
= (5.4± 1.2± 0.5)%, (2)

where the systematic uncertainty for both includes a 5% error on the detection efficiency,

7
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PU in PLB 698:14-20 (2011)
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16 LHCb Collaboration / Physics Letters B 698 (2011) 14–20

we perform unbinned extended maximum likelihood fits to the
two-dimensional distributions in K+K−π+ invariant mass and
ln(IP/mm), over a region extending from 80 MeV below the D+

s
mass peak to 96 MeV above. This fitting procedure allows us to
determine directly the background shape from false combinations
under the D+

s signal mass peak. The parameters of the Prompt
IP distribution are found by examining directly produced charm
[3]. The Monte Carlo simulated shape is used for the Dfb compo-
nent. The fit separates contributions from Dfb, Prompt, and false
combinations. The Prompt contribution is small. Background com-
ponents for D∗+ → π+D0 → π+K+K− and the reflection from
Λ+

c → pK−π+ decay, where either a proton or a pion is wrongly
identified as a kaon by the particle identification system, are also
included. The shape of the D∗+ background is constrained to be
equal to that of the D+

s → K+K−π+ signal peak and the yield
is allowed to float, while the shape of the Λ+

c reflection is deter-
mined from Monte Carlo and the yield is allowed to float within
the uncertainty of our expectation.

To evaluate more carefully the D+
s yield the fits are per-

formed in η bins and the detection efficiency in each bin is de-
termined separately so as to remove uncertainty from differences
in the η dependent production observed in data compared to the
Monte Carlo simulation. This procedure yields 2233 ± 60 RS Dfb
events in the D+

s Xµ−ν channel in the b pseudorapidity range
2 < η < 6, uncorrected for efficiency; the average detection effi-
ciency is (1.07 ± 0.03)%. This yield is then reduced by 5.1% for
additional correlated b decay backgrounds as determined by simu-
lation.

3. Measurement of D0K+Xµ−ν

Semileptonic decays of B0
s mesons usually result in a D+

s me-
son in the final state. It is possible, however, that the semilep-
tonic decay goes to a cs excitation, which can decay into either
DK or D∗K resonances, or produces non-resonant DK . To search
for these final states, we measure the D0K+Xµ−ν yield. To seek
events with a D0 candidate and an additional K+ we require that
the K+ candidate has pT > 300 MeV, be identified as such in the
RICH system, has χ2

IP > 9, and that the vector sum pT of the D0

and kaon be > 1500 MeV. The resulting partial B candidate must
have an invariant mass in the range 3.09 GeV < m(D0K+µ−) <
5.09 GeV, form a vertex (χ2/ndof < 3) and point at the primary
vertex (cos δ > 0.999). In addition, we explicitly check that if the
kaon candidate is assigned the pion mass and combined with the
D0, it does not form a D∗+ candidate, by requiring the differ-
ence in masses m(K−π+π+) − m(K−π+) − m(π+) > 20 MeV, in
addition to the ±20 MeV requirement around the D0 mass for
m(K−π+).

Fig. 2(a) shows the D0K+ invariant mass spectrum in the
3 pb−1 sample. D0 candidates are chosen from K−π+Xµ−ν
events with a K−π+ invariant mass within ±20 MeV of the D0

mass. A clear narrow signal near threshold is seen corresponding
to the Ds1(2536)+ , but at a lower mass of 2392 MeV. An axial-
vector state cannot decay into two pseudoscalar mesons but this
resonance can decay into D∗0K+ . Since we do not reconstruct
the γ or π0 from the D∗0, the mass peak will be shifted down
from its nominal value. However, because the resonance is so close
to threshold, the mass resolution will still be very good result-
ing in a narrow peak. This final state was seen previously in B0

s
semileptonic decays by the D0 Collaboration using D+

s1 → D∗+K 0
S

decays [6]. There also appears to be a feature near the known
mass of the D∗

s2(2573)
+ meson. The width of this state is not

well measured; the PDG quotes 20 ± 5 MeV [1]. Clearly there is
a large excess over the wrong-sign background here evaluated us-
ing D0K− mass combinations.

Fig. 2. The mass difference m(K−π+K+)−m(K−π+) added to the known D0 mass
for events with K−π+ invariant masses within ±20 MeV of the D0 mass (black
points) in semileptonic decays. The histogram shows wrong-sign events with an
additional K− instead of a K+ . The curves are described in the text. (a) For the
3 pb−1 data sample and (b) for the 20 pb−1 sample.

In order to ascertain the size of the putative signals above
background we perform an unbinned maximum likelihood fit. The
data are fit with a threshold background function proportional to
Mpe−aM , with M = m(D0K+) − m0, where m0, the threshold
point, is fixed at 2358.52 MeV. The fit determines p and a. We
assume that the B0

s → D0K+Xµ−ν signal above the background
function is saturated by the D+

s1 and D∗+
s2 states. For the D+

s1 sig-
nal function we use a bifurcated Gaussian shape, whose relative
widths above and below the peak are fixed from simulation. The
mass and average width are fixed to the values 2391.6 MeV and
4.0 MeV, respectively, found using the higher statistics sample dis-
cussed below, while the simulation, including the effects of the
missing D∗0 decay product, predicts a mass of 2392.2 ± 0.3 MeV.
The width is essentially due to the missing γ or π0 from the
D∗0 to D0 decay. There are 24.4 ± 5.5D+

s1 events. A relativistic
Breit–Wigner signal shape convolved with the experimental res-
olution of 3.3 MeV (r.m.s.) is used in the region of the D∗+

s2 where
both the mass and width are allowed to float in the fit. We find
a mass value of 2559 ± 9 MeV, a width of 24.1 ± 9.2 MeV and
22.1 ± 7.5 events, where all of these uncertainties are statistical
only.

To confirm the D∗+
s2 signal we use the full data sample of

20 pb−1, in which we accept all events that were triggered. While
this sample is useful to increase statistics it suffers from a larger
number of interactions per crossing, and multiple triggers, that
makes it more difficult to ascertain the total number of B0

s decays.
The measurement of the relative yields of D∗+

s2 to D+
s1, however,

will not be affected. Fig. 2(b) shows the resulting D0K+ invariant
mass spectrum. The difference between RS and WS events outside
of the resonant peaks is consistent with background from other
b decays as demonstrated by Monte Carlo simulation. We use the
same fitting functions as above, but here we allow the mass and
average width values of the bifurcated Gaussian to float while still
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fixing the ratio of widths above and below the peak from simula-
tion. The fit to the D+

s1 yields 155±15 signal events, a D0K+ mass
of 2391.6±0.5 MeV, and 4.0±0.4 MeV for the width. For the D∗+

s2
we again allow the mass, the width and the number of events to
float in the fit. We find a mass of 2569.4 ± 1.6 MeV, a width of
12.1 ± 4.5 MeV, and 82 ± 17 events. These errors are purely sta-
tistical. The previously measured mass and width values from the
PDG are 2572.6 ± 0.9 MeV and 20 ± 5 MeV [1]. The probability of
the background fluctuating to form the D∗+

s2 signal corresponds to
eight standard deviations, as determined by the change in twice
the natural logarithm of the likelihood of the fit without includ-
ing this resonance and accounting for the change in the number of
degrees of freedom.

The systematic uncertainty on the D∗+
s2 mass is determined

from several calibration channels. For example, our measured D0

mass differs from the known value by 0.2 MeV, though the known
value has a 0.14 MeV error. We also see a variation on the order
of 0.3 MeV by varying the fit region and background shape, where
we use a linear function instead of the threshold function. Thus
we take ±0.5 MeV as the systematic uncertainty. We use the same
method of changing the fits to find the systematic uncertainty on
the width. The maximum observed change is 1.4 MeV. There is
also a contribution from our uncertainty on the experimental res-
olution of ±0.5 MeV that contributes an additional 0.7 MeV error
on the width. Taking these two components in quadrature gives a
width uncertainty of 1.6 MeV.

The relative branching fractions are determined from the
20 pb−1 sample, assuming that the D+

s1 decays only into D∗K fi-
nal states, the D∗+

s2 decays only into DK final states, and isospin is
conserved in their decays. Note that the only observed decays D∗+

s2
are to DK final states, while decays to D∗K , although possible,
have not yet been seen, including the study by the D0 Collabora-
tion [6]. The D∗+

s2 /D+
s1 event ratio is computed, correcting for the

lower detection efficiency for D∗+
s2 of (0.516 ± 0.017)%, compared

with the D+
s1 efficiency of (0.598 ± 0.025)% as

B(B0
s → D∗+

s2 Xµ−ν)

B(B0
s → D+

s1Xµ−ν)
= 0.61± 0.14± 0.05. (1)

The relative branching fraction of the D+
s1 with respect to the

total Bs semileptonic rate is measured using 24.4 ± 5.5 events
in the 3 pb−1 sample. The number of B0

s semileptonic decay
events in this sample is evaluated from the efficiency corrected
sum of the B0

s → D+
s Xµ−ν events and twice the efficiency cor-

rected B0
s → D0XK+µ−ν yield. The efficiencies are 1.07% and

0.57%, respectively. The doubling of the D0K+Xµ−ν yield accounts
for the missing D+K 0Xµ−ν contribution, which is equal due to
isospin symmetry. A small component of B → D+

s K Xµ−ν is sub-
tracted based on a branching fraction measurement from BaBar of
(6.1 ± 1.2) × 10−4 [7], reducing the D+

s Xµ−ν yield by 3.2%. The
overall uncertainty on the B0

s semileptonic yield is 6.6%. The main
contributions to this error are the uncertainty on the absolute D+

s
branching ratio of 4.9%, and the uncertainty on the amount of
D0K+Xµ−ν events to add to the B0

s yield of 3.0%. The correspond-
ing number for the D∗+

s2 branching fraction is computed also using
this sample and the result from Eq. (1). Correcting for the unre-
constructed D+K 0 decays results in the doubling of the rates of
the relative branching fractions, that we determine to be

B(B0
s → D∗+

s2 Xµ−ν)

B(B0
s → Xµ−ν)

= (3.3± 1.0± 0.4)%,

B(B0
s → D+

s1Xµ−ν)

B(B0
s → Xµ−ν)

= (5.4± 1.2± 0.5)%, (2)

where the systematic uncertainty for both includes a 5% error on
the detection efficiency, and the above mentioned 6.6% uncertainty
on the number of B0

s semileptonic decays. In addition there is a
systematic uncertainty of 8% on the D∗+

s2 yield estimated by vary-
ing the fit region, and background shape. Our branching fraction
for the relative rate of D+

s1 decay is consistent with, but smaller
than, the value of (9.8± 3.0)% measured by D0 [6].

4. Conclusions

The first observation has been made of the rare semilep-
tonic decay B0

s → D∗
s2(2573)

+Xµ−ν and its branching fraction
relative to the total semileptonic B0

s decay rate has been mea-
sured as B(B0

s → D∗+
s2 Xµ−ν)/(B0

s → Xµ−ν) = (3.3 ± 1.0 ± 0.4)%.
For B0

s → Ds1(2536)+Xµ−ν semileptonic decays the ratio is
B(B0

s → D+
s1Xµ−ν)/B(B0

s → Xµ−ν) = (5.4 ± 1.2 ± 0.4)%, where
in both cases the first uncertainty is statistical and the second is
systematic. We have assumed that the D+

s1 decays only into D∗K
final states, the D∗+

s2 decays only into DK final states, and isospin
is conserved in their decays. These values were predicted in the
ISGW2 model as 3.2% and 5.7%, for D∗+

s2 and D+
s1, respectively, in

good agreement with our observations [8]. Another set of predic-
tions based on the quark model are 1.8% and 2%, respectively [9].
The mass of the D∗+

s2 is measured to be 2569.4 ± 1.6 ± 0.5 MeV,
and the width as 12.1±4.5±1.6 MeV, in agreement with previous
observations.
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fixing the ratio of widths above and below the peak from simula-
tion. The fit to the D+

s1 yields 155±15 signal events, a D0K+ mass
of 2391.6±0.5 MeV, and 4.0±0.4 MeV for the width. For the D∗+

s2
we again allow the mass, the width and the number of events to
float in the fit. We find a mass of 2569.4 ± 1.6 MeV, a width of
12.1 ± 4.5 MeV, and 82 ± 17 events. These errors are purely sta-
tistical. The previously measured mass and width values from the
PDG are 2572.6 ± 0.9 MeV and 20 ± 5 MeV [1]. The probability of
the background fluctuating to form the D∗+

s2 signal corresponds to
eight standard deviations, as determined by the change in twice
the natural logarithm of the likelihood of the fit without includ-
ing this resonance and accounting for the change in the number of
degrees of freedom.

The systematic uncertainty on the D∗+
s2 mass is determined

from several calibration channels. For example, our measured D0

mass differs from the known value by 0.2 MeV, though the known
value has a 0.14 MeV error. We also see a variation on the order
of 0.3 MeV by varying the fit region and background shape, where
we use a linear function instead of the threshold function. Thus
we take ±0.5 MeV as the systematic uncertainty. We use the same
method of changing the fits to find the systematic uncertainty on
the width. The maximum observed change is 1.4 MeV. There is
also a contribution from our uncertainty on the experimental res-
olution of ±0.5 MeV that contributes an additional 0.7 MeV error
on the width. Taking these two components in quadrature gives a
width uncertainty of 1.6 MeV.

The relative branching fractions are determined from the
20 pb−1 sample, assuming that the D+

s1 decays only into D∗K fi-
nal states, the D∗+

s2 decays only into DK final states, and isospin is
conserved in their decays. Note that the only observed decays D∗+

s2
are to DK final states, while decays to D∗K , although possible,
have not yet been seen, including the study by the D0 Collabora-
tion [6]. The D∗+

s2 /D+
s1 event ratio is computed, correcting for the

lower detection efficiency for D∗+
s2 of (0.516 ± 0.017)%, compared

with the D+
s1 efficiency of (0.598 ± 0.025)% as

B(B0
s → D∗+

s2 Xµ−ν)

B(B0
s → D+

s1Xµ−ν)
= 0.61± 0.14± 0.05. (1)

The relative branching fraction of the D+
s1 with respect to the

total Bs semileptonic rate is measured using 24.4 ± 5.5 events
in the 3 pb−1 sample. The number of B0

s semileptonic decay
events in this sample is evaluated from the efficiency corrected
sum of the B0

s → D+
s Xµ−ν events and twice the efficiency cor-

rected B0
s → D0XK+µ−ν yield. The efficiencies are 1.07% and

0.57%, respectively. The doubling of the D0K+Xµ−ν yield accounts
for the missing D+K 0Xµ−ν contribution, which is equal due to
isospin symmetry. A small component of B → D+

s K Xµ−ν is sub-
tracted based on a branching fraction measurement from BaBar of
(6.1 ± 1.2) × 10−4 [7], reducing the D+

s Xµ−ν yield by 3.2%. The
overall uncertainty on the B0

s semileptonic yield is 6.6%. The main
contributions to this error are the uncertainty on the absolute D+

s
branching ratio of 4.9%, and the uncertainty on the amount of
D0K+Xµ−ν events to add to the B0

s yield of 3.0%. The correspond-
ing number for the D∗+

s2 branching fraction is computed also using
this sample and the result from Eq. (1). Correcting for the unre-
constructed D+K 0 decays results in the doubling of the rates of
the relative branching fractions, that we determine to be

B(B0
s → D∗+

s2 Xµ−ν)

B(B0
s → Xµ−ν)

= (3.3± 1.0± 0.4)%,

B(B0
s → D+

s1Xµ−ν)

B(B0
s → Xµ−ν)

= (5.4± 1.2± 0.5)%, (2)

where the systematic uncertainty for both includes a 5% error on
the detection efficiency, and the above mentioned 6.6% uncertainty
on the number of B0

s semileptonic decays. In addition there is a
systematic uncertainty of 8% on the D∗+

s2 yield estimated by vary-
ing the fit region, and background shape. Our branching fraction
for the relative rate of D+

s1 decay is consistent with, but smaller
than, the value of (9.8± 3.0)% measured by D0 [6].

4. Conclusions

The first observation has been made of the rare semilep-
tonic decay B0

s → D∗
s2(2573)

+Xµ−ν and its branching fraction
relative to the total semileptonic B0

s decay rate has been mea-
sured as B(B0

s → D∗+
s2 Xµ−ν)/(B0

s → Xµ−ν) = (3.3 ± 1.0 ± 0.4)%.
For B0

s → Ds1(2536)+Xµ−ν semileptonic decays the ratio is
B(B0

s → D+
s1Xµ−ν)/B(B0

s → Xµ−ν) = (5.4 ± 1.2 ± 0.4)%, where
in both cases the first uncertainty is statistical and the second is
systematic. We have assumed that the D+

s1 decays only into D∗K
final states, the D∗+

s2 decays only into DK final states, and isospin
is conserved in their decays. These values were predicted in the
ISGW2 model as 3.2% and 5.7%, for D∗+

s2 and D+
s1, respectively, in

good agreement with our observations [8]. Another set of predic-
tions based on the quark model are 1.8% and 2%, respectively [9].
The mass of the D∗+

s2 is measured to be 2569.4 ± 1.6 ± 0.5 MeV,
and the width as 12.1±4.5±1.6 MeV, in agreement with previous
observations.
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fixing the ratio of widths above and below the peak from simula-
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float in the fit. We find a mass of 2569.4 ± 1.6 MeV, a width of
12.1 ± 4.5 MeV, and 82 ± 17 events. These errors are purely sta-
tistical. The previously measured mass and width values from the
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s2 /D+
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lower detection efficiency for D∗+
s2 of (0.516 ± 0.017)%, compared

with the D+
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B(B0
s → D+
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s
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s yield of 3.0%. The correspond-
ing number for the D∗+
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B(B0
s → D∗+

s2 Xµ−ν)

B(B0
s → Xµ−ν)

= (3.3± 1.0± 0.4)%,

B(B0
s → D+

s1Xµ−ν)

B(B0
s → Xµ−ν)

= (5.4± 1.2± 0.5)%, (2)

where the systematic uncertainty for both includes a 5% error on
the detection efficiency, and the above mentioned 6.6% uncertainty
on the number of B0

s semileptonic decays. In addition there is a
systematic uncertainty of 8% on the D∗+

s2 yield estimated by vary-
ing the fit region, and background shape. Our branching fraction
for the relative rate of D+

s1 decay is consistent with, but smaller
than, the value of (9.8± 3.0)% measured by D0 [6].

4. Conclusions

The first observation has been made of the rare semilep-
tonic decay B0

s → D∗
s2(2573)

+Xµ−ν and its branching fraction
relative to the total semileptonic B0

s decay rate has been mea-
sured as B(B0

s → D∗+
s2 Xµ−ν)/(B0

s → Xµ−ν) = (3.3 ± 1.0 ± 0.4)%.
For B0

s → Ds1(2536)+Xµ−ν semileptonic decays the ratio is
B(B0

s → D+
s1Xµ−ν)/B(B0

s → Xµ−ν) = (5.4 ± 1.2 ± 0.4)%, where
in both cases the first uncertainty is statistical and the second is
systematic. We have assumed that the D+

s1 decays only into D∗K
final states, the D∗+

s2 decays only into DK final states, and isospin
is conserved in their decays. These values were predicted in the
ISGW2 model as 3.2% and 5.7%, for D∗+

s2 and D+
s1, respectively, in

good agreement with our observations [8]. Another set of predic-
tions based on the quark model are 1.8% and 2%, respectively [9].
The mass of the D∗+

s2 is measured to be 2569.4 ± 1.6 ± 0.5 MeV,
and the width as 12.1±4.5±1.6 MeV, in agreement with previous
observations.
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Significance:	  8.3	  σ	  

(missed	  π0	  or	  γ)	  

Most	  precise	  measurements	  of	  BsàDs**lν	  decays!	  
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<*J/2KDDF4@DDGF!|Vxb|	  with	  exclusive	  decays?	  
•  Need	  to	  reconstruct	  rest	  frame	  

observables	  	  
•  Neutrino	  reconstrucAon:	  

–  Determine	  B	  flight	  direcAon	  vector	  
from	  the	  separaAon	  of	  primary	  and	  B	  
decay	  verAces	  

–  Get	  neutrino	  momentum	  with	  two-‐
fold	  ambiguity	  

–  ResulAng	  q2	  resoluAon	  is	  similar	  to	  that	  
observed	  in	  B	  factories	  

•  First	  steps:	  measure	  BFs	  and	  
form	  factors	  in	  Bs	  and	  Λb	  decays	  

•  UlAmate	  goal:	  measure	  |Vub|	  in	  
exclusive	  Bs	  and	  Λb	  decays	  

•  Input	  from	  laxce/LCSR	  needed	  
)2/c2 (GeV

rec
2-q

true
2q

-5 0 5

Ar
bi

tra
ry

 u
ni

ts
0

50

100

150

200

250

300

350

400

 0.03±RMS: 2.09 
 0.05±mean: -0.01 

|(high)
B

|p
 0.02±(core): 0.38 !

 0.03±RMS: 1.53 
 0.04±mean: -0.36 

|(low)
B

|p

 = 7 TeV MCs
Preliminary
LHCb

Figure 3: q2 resolution with the neu-

trino reconstruction technique.

that observed in the B−factories, and with

sufficient phase space for reliable comparison

to theory. The corresponding resolution in the

Ds mode is shown in Fig. 3. Preliminary re-

sults indicate promise for measuring Bs, and
form factor information in both Bs and Λb

decays, with the potential to study Cabibbo

suppressed modes. The ultimate goals will

be measurements of the CKM matrix element

|Vub| in exclusive Bs decays, and the dilepton

asymmetry in Bs decays. Input from lattice is

still required for high precision interpretation

of Bs decays, for both, Cabibbo favoured and

suppressed modes.

5 Conclusions

LHCb has exploited semileptonic B decays to

measure the b cross section at the LHC, and

perform a preliminary measurement of the b-quark hadronisation fractions. LHCb

has demonstrated unprecedented sensitivity to exclusive Bs SL modes, and plans for

improved precision studies of the full SL decay width using neutrino reconstruction,

as well as analogous studies in the Λb modes. The first observation has been made of

the SL decay B
0
s → D∗

s2(2573)
+Xµ−ν and its B relative to the total SL B

0
s decay rate

has been measured. The same ratio with B
0
s → Ds1(2536)

+Xµ−ν SL decays ratio

has also been measured improving upon previous levels of precision.
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Ref. [19]. We constrain the two highest mass hadrons to be
produced in the ratio predicted by this theory.
The measured pion, kaon, and proton identification effi-

ciencies are determined using K0
S, D

!þ, and !0 calibration
samples where p, K, and ! are selected without utilizing
the particle identification criteria. The efficiency is ob-
tained by fitting simultaneously the invariant mass distri-
butions of events either passing or failing the identification
requirements. Values are obtained in bins of the particle "
and pT, and these efficiency matrices are applied to the
MC simulation. Alternatively, the particle identification
efficiency can be determined by using the measured effi-
ciencies and combining them with weights proportional to
the fraction of particle types with a given" and pT for each
# charmed hadron pair " and pT bin. The overall efficien-
cies obtained with these two methods are consistent.

FIG. 6 (color online). Projections of the two-dimensional fit to the q2 and mðDþ
s #Þ distributions of semileptonic decays including a

Dþ
s meson. The D!

s=Ds ratio has been fixed to the measured D!=D ratio in light B decays (2:42% 0:10), and the background
contribution is obtained using the sidebands in the KþK&!þ mass spectrum. The different components are stacked: the background is
represented by a black dot-dashed line, Dþ

s by a red dashed line, D!þ
s by a blue dash-double dotted line and D!!þ

s by a green dash-
dotted line.
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FIG. 7 (color online). Projections of the two-dimensional fit to the q2 andmð!þ
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&Þ distributions of semileptonic decays including a
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c baryon. The different components are stacked: the dotted line represents the combinatoric background, the bigger dashed line (red)
represents the !þ
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& "$ component, the smaller dashed line (blue) the !cð2595Þþ, and the solid line represents the !cð2625Þþ

component. The !cð2595Þþ=!cð2625Þþ ratio is fixed to its predicted value, as described in the text.
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Use	  D	  and	  D*+	  	  
form	  factors	  
for	  Ds	  and	  Ds*	  	  
	  
Constrain	  relaAve	  	  
fracAons	  
Ds*/Ds	  =	  D*+/D=2.42	  	  

Fix	  	  Λc(2595)+/Λc(2625)+	  
raAo	  to	  value	  predicted	  in	  
Phys.	  Rev.	  C	  72	  035201	  (2005)	  	  



BàD(*)τν	  ?	  
•  Neutrino	  reconstrucAon	  outlined	  

above	  not	  appropriate	  on	  τàµνν 
(too	  many	  neutrinos!)	  

•  Try	  to	  kinemaAcally	  reconstruct	  3-‐
prong	  decays	  	  τ±	  →	  π+π−π±ντ	  	  

•  Main	  problems:	  two-‐fold	  ambiguity	  
(four-‐fold	  when	  going	  to	  B),	  non-‐
physical	  soluAons	  due	  to	  
momentum	  and	  vertex	  resoluAons	  

•  High	  track	  mulApliciAes	  should	  not	  
be	  a	  problem,	  see	  e.g.	  B(s)àD(s)πππ	  	  

Physics Institute

B → D(∗)τντ (IV)

|�pτ | =
(m2

3π + m2
τ )|�p3π| cos θ ± E3π

�
(m2

3π − m2
τ )2 − 4m2

τ |�p3π|2 sin2 θ

2(E2
3π − |�p3π|2 cos2 θ)

Two main problems:
– Two solutions ⇒ ambiguity for

τ (±; four if redone for B)
– Due to momentum and vertex

resolution as well as numerical
precision reconstruction is in
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shown in the figures. The signal contributions are each
described by the sum of two Gaussian shapes with equal
means. The relative width and fraction of the wider
Gaussian shape with respect to the narrower one are con-
strained to the values found from MC simulation based on
agreement with data in the large yield signal modes. This
constraint is included with a 10%–12% uncertainty
(mode-dependent), which is the level of agreement found
between data andMC simulation. The absolute width of the
narrower Gaussian is a free parameter in the fit, since the
data show a slightly worse (! 10%) resolution than MC
simulation.

For !B0
s ! Dþ

s !
# and !B0

s ! Dþ
s !

#!þ!# decays, there
are peaking backgrounds from !B0 ! Dþ!# and !B0 !
Dþ!#!þ!# just below the B0

s mass. We therefore fix
their core Gaussian widths as well, based on the resolutions
found in data for the kinematically similar !B0 ! Dþ!#

and !B0 ! Dþ!#!þ!# decays, scaled by 0.93, which is
the ratio of expected widths obtained from MC simulation.

A number of backgrounds contribute to these decays.
Below the b-hadron masses there are generally peaking
background structures due to partially reconstructed B de-
cays. These decays include BðsÞ ! D&

ðsÞ!ð!!Þ, with a

missed photon,!0, or !þ, as well as BðsÞ ! DðsÞ"
#, where

the !0 is not included in the decay hypothesis. For the
!B0 ! Dþ!# and B# ! D0!# decays, the shapes of these
backgrounds are taken from dedicated signal MC samples.
The double-peaked background shape from partially recon-
structed D&! decays is obtained by fitting the background
MC sample to the sumof twoGaussian shapeswith different
means. The difference in their means is then fixed, while
their average is a free parameter in subsequent fits to
the data. For !B0 ! Dþ!#!þ!# and B# ! D0!#!þ!#,
the shape of the partially reconstructedD&!!! background
is not as easily derived since the helicity amplitudes are
not known. This low mass background is also parametrized
using a two-Gaussian model, but we let the para-
meters float in the fit to the data. For !B0

s ! Dþ
s !

# and
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FIG. 2 (color online). Invariant mass distributions for !B0 ! Dþ!#!þ!# (top left), B# ! D0!#!þ!# (top right), !B0
s !

Dþ
s !

#!þ!# (bottom left), and "0
b ! "þ

c !
#!þ!# (bottom right). Fits showing the signal and background components are

indicated, and are described in the text.
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More	  on	  D**	  states	  

BàDπππ	  analysis	  
clearly	  shows	  D1(2420)	  
and	  D*2(2460)	  signals,	  
confirming	  and	  
extending	  Belle’s	  
evidence	  for	  3-‐body	  
decays	  of	  D**	  mesons	  
	  
àSearch	  for	  radial	  	  

	  excitaAons	  D(*)	  ’	  	  
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statistical significances of 4.9 and 3.5, respectively. These
decays have also been seen by CDF [23].

Table IV summarizes the yields for the various excited
charm states for both the full data sample and after the
trigger selection as well as the yields in the normalizing
modes (after trigger selection).

The branching ratios for these modes are computed
using

BðHb ! H"
c!ð!ÞÞ $BðH"

c ! Hc!ð!ÞÞ
BðHb ! Hc!

%!þ!%Þ

¼ Nsignal

Nnorm
ð"relsel $ "reltrigjselÞ%1; (2)

where H"
c refers to one of the observed excited charm

states, Nsignal and Nnorm are the number of reconstructed

decays in the signal and normalization modes after
the trigger requirement, "relsel is the reconstruction and
selection efficiency relative to the normalization
mode, and "reltrigjsel is the relative trigger efficiency. All

efficiencies are given for the mass region 0:8GeV=c2 <
Mð!%!þ!%Þ< 3 GeV=c2.
The relative reconstruction, selection, and trigger effi-

ciencies, shown in Table V, are evaluated using MC simu-
lations. TheD1ð2420Þ0 andD"

2ð2460Þ0 are each assumed to
decay 70% through D"þ!% ! D0!þ!% and 30% non-
resonant D0!þ!%. The D1ð2420Þþ is taken to be 100%
nonresonantDþ!%!þ. The!cð2595Þþ decay is simulated
as 36% "0

c!
þ, 36% "þþ

c !%, and 28% nonresonant
!þ

c !
%!þ. The !cð2625Þþ decay is assumed to be 100%

nonresonant !þ
c !

%!þ. The "cð2544Þ baryons are simu-
lated nonresonant in phase space.
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FIG. 8 (color online). Invariant mass difference MðD!%!þÞ %MðDÞ, for (a) #B0 ! Dþ!%!þ!% signal candidates,
(b) B% ! D0!%!þ!% signal candidates, (c) B% ! D0!%!þ!% through a D"þ intermediate state, and (d) B% ! D0!%!þ!%

not through aD"þ intermediate state. The signal components are the white region (and lightly shaded regions for B% ! D0!%!þ!%),
and the background component is the darker shaded region.
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Conclusion	  

Semileptonic	  B/Bs/Λb	  decays	  are	  an	  important	  part	  
of	  the	  LHCb	  physics	  program	  
	  
•  Precise	  measurements	  of	  producAon	  fracAons	  
•  Improving	  knowledge	  of	  exclusive	  decays	  
•  Neutrino	  reconstrucAon	  will	  allow	  for	  form	  
factor	  measurements	  and	  eventually	  to	  
determine	  |Vcb|,	  |Vub|	  with	  Bs/Λb	  decays	  

•  Measurements	  of	  BàD(*)τν	  through	  3-‐prong	  τ	  
decays	  should	  be	  viable	  
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