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Combined

CKM fit

‣ B,,,,,,,,,,,,,,,,,,  provides theoretically clean measurement of CKM angle g 

- measure CP violation in interference of mixing and decay 

‣ advantages:  

- B, system: low oscillation frequency (Δm≈0.51ps-,,,,, 

- high statistics channel (expect ≈500,000 signal candidates) 

‣ disadvantage: 

- decay amplitudes different (O(L,,) vs O(L,,)) 
→ interference at the percent level

Motivation
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‣ time-dependent analysis of four decay amplitudes: B,,,,,,,,,,,,,,,,   and B 

‣ for B, system: term of sinh vanishes because of Δ 

‣ sensitivity to C/S observables only from events with tagged production flavour  

- small value of r → no sensitivity on C 

‣ for g determination: external input of r and b necessary 
- two possible g solutions due to ambiguity of sine function 

Cf = Cf =
1� r2

1 + r2
, Sf =

�2r sin (2� + � � �)

1 + r2
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Decay rates
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LHCb

4

2008 JINST 3 S08005

Chapter 2

The LHCb Detector

2.1 Detector layout

LHCb is a single-arm spectrometer with a forward angular coverage from approximately 10 mrad
to 300 (250) mrad in the bending (non-bending) plane. The choice of the detector geometry is
justified by the fact that at high energies both the b- and b-hadrons are predominantly produced in
the same forward or backward cone.

The layout of the LHCb spectrometer is shown in figure 2.1. The right-handed coordinate
system adopted has the z axis along the beam, and the y axis along the vertical.

Intersection Point 8 of the LHC, previously used by the DELPHI experiment during the LEP

Figure 2.1: View of the LHCb detector.

– 2 –

‣ pseudorapidity range: 2 < n < 5 
‣ different track types: 

- long track: decay products traversing all  
tracking detectors 

- downstream: decay products not traversing VELO (15 + 29/pT

2 < � < 5

JINST 3 (2008) S08005  

2008 JINST 3 S08005
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Figure 10.1: A schematic illustration of the various track types: long, upstream, downstream,
VELO and T tracks. For reference the main B-field component (By) is plotted above as a function
of the z coordinate.

velocities above threshold. They are therefore used to understand backgrounds in the RICH
particle identification algorithm. They may also be used for b-hadron decay reconstruction
or flavour tagging, although their momentum resolution is rather poor.

• Downstream tracks, traversing only the TT and T stations. The most relevant cases are the
decay products of K0

S and L that decay outside the VELO acceptance.

• VELO tracks, measured in the VELO only and are typically large angle or backward tracks,
useful for the primary vertex reconstruction.

• T tracks: are only measured in the T stations. They are typically produced in secondary
interactions, but are useful for the global pattern recognition in RICH 2.

The track reconstruction starts with a search for track seeds, the initial track candidates [222],
in the VELO region and the T stations where the magnetic field is low. After tracks have been
found, their trajectories are refitted with a Kalman filter [223] which accounts for multiple scatter-
ing and corrects for dE/dx energy loss. The quality of the reconstructed tracks is monitored by the
c2 of the fit and the pull distribution of the track parameters.

The pattern recognition performance is evaluated in terms of efficiencies and ghost rates. The
efficiencies are normalized to the reconstructible track samples. To be considered reconstructible,
a track must have a minimum number of hits in the relevant subdetectors. To be considered as
successfully reconstructed, a track must have at least 70% of its associated hits originating from
a single MonteCarlo particle. The reconstruction efficiency is defined as the fraction of recon-
structible tracks that are successfully reconstructed, and the ghost rate is defined as the fraction of

– 178 –
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‣ loose preselection 

‣ main offline selection of all (B,PV) pairs: 
- vetoing physical backgrounds  

- reduction of combinatorial background with a BDT 

‣ random candidate selection 

‣ FoM: statistical uncertainty on CP violation parameters 
- apply selection 
- perform massfit to extract yields 

- generate toy samples 
- perform decay time fit to extract uncertainties 

‣ overall signal efficiency: 70.1±0.1% 

‣ combinatoric background rejection:  99.911±0.002%

Selection of B,,,,,,,,,,,,,,,  decays
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‣ split dataset into two disjoint subsets according to  
PID information 
- genuine B,,,,,,,,,,,,,,,,,,decays with small  

cross-feed from B 
- genuine B,,,,,,,,,,,,,,,,,,, with a fraction of B,,,,,,,,,,,,,,,,,,   

cross-feed B 

‣ pion and kaon samples are fitted simultaneously 

‣ fit range from 5090 

‣ yields of all components floating in the fit 

‣ cross-feed decays in both samples are constrained 
to that of the corresponding signal sample 

‣ yields in range from 5,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, : 
- signal yield: 540,500 ± 800 

- background yield: 39,190 ± 330

Massfit
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‣ using both SS taggers:  

‣ train both taggers on B 

‣ expected performance: 

- tagging efficiency: e 

- tagging power: e 

‣ using full set of available OS taggers:  

- single track taggers: OS 
- OS vertex charge 

- OS charm 

‣ expected performance: 

- tagging efficiency: e 
- tagging power: LHCb-Paper-2016-039

Flavour tagging

7
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‣ time-independent analysis steps done 

‣ decay time fit 
- acceptance floated 

- decay time constrained to HFAG WA (1.52 ps) 

‣ toy studies using 
- ≈80% tagging efficiency for SS 
- ≈35% tagging efficiency  for OS 

- mass/time shapes from data 
- statistical sensitivity: o 

‣ current uncertainties:

Prospects 
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‣ already recorded ~2fb,,,, in Run II 
- higher bb cross section due to higher centre-of-mass energy 

‣ still two years of data taking ahead 

‣ expected number of B,,,,,,,,,,,,,,,,,,  candidates for Run II: 1,300,000 (5fb,,,,, 13 TeV) 

‣ statistical sensitivities 
- Run II standalone: o 
- Run I + Run II: o 

‣ adding  decays into excited D,,,  mesons 
- including decay modes D,,,,,,,,,,,,,,,,,  and D 

- expect O(half the statisti, for B,,,,,,,,,,,,,,,,,,,,  B 
- Run I + Run II: o,,,,,,,,,,,,,,oB 

‣ sensitivity on g depends heavily on values for r and d

Prospects with B,,,,,,,,,,,,,,,,,  and B,,,,,,,,,,,,,,,, in Run II
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‣ B,,,,,,,,,,,,,,,,,, has similar decay mechanism as B 

- sensitivity on 2 
- interfering amplitudes have similar size (O(L^)) 

‣ B,,,,,,,,,,,,,,,,,,,  shares same Feynman diagrams as B  

- possible decay channel to measure p  

‣ branching fractions expected at O(  

‣ first: measurement of B                       branching fractions normalised  
to B 

‣ D,, candidates formed from combinations of a kaon and pion candidate 

‣ K,, candidates built out of two pions  

- using long track and downstream kaons 

Prospects with BB                 and B
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ML fit simultaneously in long and downstream K,, samples 

four fit components: 

correctly reconstructed D and K candidates 

correctly reconstructed D candidates with two random pions 

correctly reconstructed K candidates with random pion and kaon 

random combination of all four daughter particles

Yield determination 
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Figure 1: The projection of the fit results (solid line) on the data sample (points) is shown for
the D0 candidate (a,d), the K0

S candidate (b,e) and B candidate (c,f) mass spectra. The long
K0

S sample is shown in (a,b,c), and the downstream sample in (d,e,f). The dashed line in the D0

and K0
S candidate mass plots represents events corresponding to background categories S2,3,4 in

the fit, and includes peaks due to, for example, real D0 mesons paired with two random pions.
The double-peak behavior of the B0

(s)! D⇤0(D0⇡0)K0
S shape is due to the missing momentum

of the ⇡0 and the helicity amplitude of the D⇤0! D0⇡0 decay.
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‣ mass shape categories : 

- signal for B, and B 
- peaking structures at lower masses:  

photon or pion not reconstructed 

- combinatorial background 

‣ shared parameters between PDF’s for long  
and downstream samples 

‣ gaussian constraints to branching fractions  
increase fit stability: 
- Bs 

- BΛ 

‣ determined signal yields: N

Yield determination
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The double-peak behavior of the B0

(s)! D⇤0(D0⇡0)K0
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of the ⇡0 and the helicity amplitude of the D⇤0! D0⇡0 decay.
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the D0 candidate (a,d), the K0
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S sample is shown in (a,b,c), and the downstream sample in (d,e,f). The dashed line in the D0

and K0
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the fit, and includes peaks due to, for example, real D0 mesons paired with two random pions.
The double-peak behavior of the B0
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‣ using ratio to determine branching fraction  

with  R

Branching fraction determination
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Figure 1: The projection of the fit results (solid line) on the data sample (points) is shown for
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S candidate (b,e) and B candidate (c,f) mass spectra. The long
K0
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the fit, and includes peaks due to, for example, real D0 mesons paired with two random pions.
The double-peak behavior of the B0
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S shape is due to the missing momentum

of the ⇡0 and the helicity amplitude of the D⇤0! D0⇡0 decay.
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Figure 1: The projection of the fit results (solid line) on the data sample (points) is shown for
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S candidate (b,e) and B candidate (c,f) mass spectra. The long
K0

S sample is shown in (a,b,c), and the downstream sample in (d,e,f). The dashed line in the D0

and K0
S candidate mass plots represents events corresponding to background categories S2,3,4 in

the fit, and includes peaks due to, for example, real D0 mesons paired with two random pions.
The double-peak behavior of the B0
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S shape is due to the missing momentum

of the ⇡0 and the helicity amplitude of the D⇤0! D0⇡0 decay.
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‣ resulting signal yields with systematic uncertainties: 

- N 

- N 

- N 

‣ ratios of branching fractions:  R 

‣ branching fractions: 

Results

14
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R = 8.3± 0.9(stat)± 0.5(syst)± 0.5(frag)

R� = 5.4± 2.0(stat)± 0.7(syst)± 0.3(frag)

B
�
B0

s � D0K0
�
= (4.3± 0.5(stat)± 0.3(syst)± 0.3(frag)± 0.6(norm))� 10�4

B
�
B0

s � D�0K0
�
= (2.8± 1.0(stat)± 0.3(syst)± 0.2(frag)± 0.4(norm))� 10�4
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N
�
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�
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‣ Run I + Run II expectations:  O(1,000) B,,,,,,,,,,,,,,,,,  candidates 

‣ reminder: 

‣ for B,,,,,,,,,,,,,,,,, : 

‣ number of B’s needed to make measurement: N  

‣ about 4 times less B’s needed with B  

‣ expected sensitivity with B                     : o 

‣ but: uncertainty from D,, tag (DCS decay of D,,,,,,,,,,,,,,,,,) 
- alternative: using self tagged excited D,, state

Prospects for B
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B0 � D0K0
S

rD� �
����
VubV �cd
V �cbVud
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‣ huge progress in time dependent measurement of CP violation in Bd2Dpi,,,,,,,  

- time-independent parts of analysis completed 
- expected statistical sensitivity: o 

‣ prospects with Bd2Dpi,,,,,,, and Bd2Dstpi:,,,,:  
- uncertainty on S, and S,  can be reduced to 0.005 with the combined Run I and Run II data 

‣ Bd2DKS        gives sensitivity to same CKM matrix elements as B 

- advantage: interfering amplitudes are similar 
- disadvantage: much lower statistics + DCS D,,,,,,,,,,,,,,,,, decays

Conclusion
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Backup 

17
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‣ tested following sources of systematic uncertainties: 

- fit model (only systematic on number of signal candidates) 
- efficiency determination from simulated samples 

- impact of selection → no systematic applied 
- effect due to random removal of random candidates   
→ no systematic applied 
- repeated measurement for different magnet polarities/long&  

downstream samples → no systematic applied

Systematic uncertainties for B
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cies of B0 to B0
s

candidates decaying to D(⇤)0K0
S in the LHCb detector (✏

B

0/✏
B

0
s
).

The value of f
s

/f
d

= 0.259 ± 0.015 is provided by previous LHCb measure-
ments [30, 31]. The ratios of e�ciencies ✏

B

0!D

0
K

0
S
/✏

B

0
s!D

0
K

0
S

= 0.997 ± 0.024 and
✏
B

0!D

0
K

0
S
/✏

B

0
s!D

⇤0
K

0
S
= 1.181 ± 0.029 are obtained from simulated samples. The ra-

tio of B0
s

and B0 signal candidates is a free parameter in the fit and is measured to be
N(B0

s

! D0K0
S )/[N(B0 ! D0K0

S ) +N(B0 ! D0K0
S )] = 2.15± 0.23. Similarly, the ratio

N(B0
s

! D⇤0K0
S )/[N(B0 ! D0K0

S ) +N(B0 ! D0K0
S )] = 1.17± 0.44 is measured.

Various sources of systematic uncertainty have been considered. These are summarized
in Table 1 and discussed below.

The uncertainty associated to the fit model is assessed by the use of other functions
for the PDFs P

i

and S
i

. For the mass distribution of the signal events, four alternative
models are used. Each pseudoexperiment generated in this way is then fitted with the
baseline model and the di↵erence of the signal yields ratio with respect to the generated
value is considered. The mean of the distribution that shows the largest deviation from
zero is taken as the systematic uncertainty, corresponding to 5.4% (11.9%) for B0

s

! D0K0
S

(B0
s

! D⇤0K0
S ).

The ratio of e�ciencies of the B0 and B0
s

decays is determined from simulation and
is limited by the finite size of the sample. The statistical uncertainties on the e�ciency
ratios and the statistical uncertainties of the external inputs, f

s

/f
d

and the branching
fraction Bsum, are propagated to the systematic uncertainty of this measurement.

To test the stability of the result with respect to the o✏ine selection, the measurement
is repeated at di↵erent selection cuts on the multivariate classifier. The deviations from the
nominal result are consistent with statistical fluctuations and no systematic uncertainty
is assigned. Possible bias due to the random removal of multiple candidates is tested by
removing or keeping all of them, and no significant e↵ect is observed.

Further cross-checks on the stability of the result are made by measuring the branching
fractions independently for the long and downstream K0

S samples, for the two di↵erent
polarities of the LHCb magnet and for di↵erent running conditions. No significant e↵ect
is observed.

Only the fit model is considered when determining the systematic uncertainty on the
number of signal candidates. The statistical uncertainty on the e�ciencies and on f

s

/f
d

are also included in the sum in quadrature to give the systematic uncertainty on the
ratio of branching fractions R(⇤). Finally, the uncertainty on Bsum is also included for the
measurement of the branching fraction B(B0

s

! D(⇤)0K0).

Table 1: Summary of the systematic uncertainties.

Source B0
s

! D0K0
S B0

s

! D⇤0K0
S

Fit model 5.4% 11.9%
✏
B

0/✏
B

0
s

2.4% 2.5%
f
s

/f
d

5.8%
Bsum 13.5%
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