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Detecting CP violation with B decays

1) CP violation: CKM and the SM

2) Detecting: Detector requirements

3) B-decays: sin2b, fs, Bs
0→Ds

+K-
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Detector requirements?

• Known:
– B mass

– B lifetime

• Production: Accelerator?
– ee: B-factories

– pp: LHCb 

• Decay: Choice of Detectors?
– B decay flight time: vertexing

– Tracking

– Particle identification of final state products

– Backgrounds

– Trigger
Niels Tuning (3)
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B physics: where?

• The golden decay B0→J/ΨKs 
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DESY KEKCERN



Production of B mesons: B-factories 

• Center-of-mass energy of 10.58 GeV

• B mesons at rest? Difficult to measure the decay time…

Niels Tuning (5)

Nicola Neri IDPASC School - Valencia May 2013 - Instrumentation for flavor Physics - Lesson I

       production mechanisms

Hadron colliders: e.g.Tevatron, LHC

       from QCD mediated process

incoherent production of b hadrons

not defined hadron energy  

    

Electron colliders: e.g. B factories
coherent production of         at ECM=10.58 GeV

well defined B meson energy  

9

bb̄

�(bb̄) ⇠ 150µb at pp collisions, ECM = 14 TeV

�(bb̄) ⇠ 10µb at pp̄ collisions, ECM = 1.96 TeV

gluon-gluon fusion is the leading mechanism at LHCb

Tevatron
LHCb

bb̄

e+e� ! ⌥(4S) ! BB̄

BB̄

�(BB̄) ⇠ 1.1nb at e+e� collisions, ECM = 10.58 GeV



SLAC: LINAC + PEPII

PEP-II accelerator schematic and tunnel view
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Coherent Time Evolution at the ¡(4S)

PEP-2 (SLAC)
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Coherent Time Evolution at the ¡(4S)

PEP-2 (SLAC)
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B-Flavor Tagging

Exclusive 
B Meson 

Reconstruction



Coherent Time Evolution at the ¡(4S)

PEP-2 (SLAC)
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Vertexing &
Time Difference
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Intermezzo: Time-dependent CP asymmetry
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LHCb: the Detector

• High cross section

• LHC energy

• Bs produced in large quantities

• Large acceptance

• b’s produced forward

• Small multiple scattering

• Large boost of b’s

• Trigger

• ↓ Low pT

• Leptons + hadrons (MUON, CALO)

• Particle identification    (RICH)



LHCb: the Detector

• High cross section

• LHC energy

• Bs produced in large quantities

• Large acceptance

• b’s produced forward

• Small multiple scattering

• Large boost of b’s

• Trigger

• ↓ Low pT

• Leptons + hadrons (MUON, CALO)

• Particle identification    (RICH)

LHCb in a nutshell

• LHCb originally designed for CP violation and rare decays measurements ! nowdays a
general purpose detector!

• b̄b production in pp collisions mostly in the forward direction
• Run 1+2: 9 fb�1 of pp collisions (+ heavy ions, fixed target mode)
• Forward spectrometer (2 < ⌘ < 5) with excellent vertexing, tracking and particle identification

[JINST 3 (2008) S08005]

M. Fontana (LPNHE) 19-10-2022 2 / 23



LHCb: the Detector
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• High cross section

• LHC energy

• Bs produced in large quantities

• Large acceptance

• b’s produced forward

• Small multiple scattering

• Large boost of b’s

• Trigger

• ↓ Low pT

• Leptons + hadrons (MUON, CALO)

• Particle identification    (RICH)



B hadron production

• Dominant production mechanism is 
through gluon fusion

• Momenta of the incoming partons are 
strongly asymmetric

• Center of mass energy of the produced 
bb  pair is boosted

• Both b hadrons are produced in the 
same forward (or backward) direction



Detector requirements?

• Known:
– B mass

– B lifetime

• Production: Accelerator?
– ee: B-factories

– pp: LHCb 

• Decay: Choice of Detectors?
– B decay flight time: vertexing

– Tracking

– Particle identification of final state products

– Backgrounds

– Trigger
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Different detectors
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Detector geometry 
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BaBar onion-like geometry around the 
interaction point (IP). Solenoidal magnetic 
field B=1.5 T along e-  beam axis.

LHCb single arm magnetic spectrometer.
Dipole magnetic field ∫B⋅dl=3.73 T⋅m, 
perpendicular to beam axis 

e- e+ 

p p
E=7.0 TeV E=7.0 TeV

20 m6.4 m

not in scale
not in scale

B↑
B➞

E=3.1 GeVE=9.0 GeV
~350 mrad~520 mrad

~250 mrad

~10 mrad

tracking

PID

calorimeter muon system

vertexing

vertexing
tracking

PID
calorimeter

muon system

Courtesy: N.Neri, IDPASC school, May 2013



What is the key physical parameter?

• Impact parameter resolution is 
mandatory for reconstruction 
of heavy flavour vertices.

• Secondary vertex 
reconstruction depends on 
impact parameter resolution

• lifetimes of ~10-13 s (100 fs) 
require IP precision <10 µm

d0

PV

SV



IP resolution

• Impact parameter resolution 
depends on 3 main factors

1. Intrinsic hit position resolution

2. Extrapolation distance between 
hits and vertex

3. Multiple scattering between  
collision point and measured 
points from detector material



IP resolution

• Impact parameter resolution 
depends on 3 main factors

1. Intrinsic hit position resolution

2. Extrapolation distance between 
hits and vertex

3. Multiple scattering between  
collision point and measured 
points from detector material

Courtesy: K.Akiba, A. Papadelis
http://www.nikhef.nl/pub/services/biblio/theses_pdf/thesis_A_Papadelis.pdf

A Impact parameter resolution
This appendix describes a model to parameterise the impact parameter resolution in the
VELO1. The plots shown are based on Monte Carlo simulated data from the so-called
DC04 production.

A.1 Definition

The three-dimensional impact parameter d0 is the shortest distance from the primary
vertex to a reconstructed track. The d0 mismatch r is defined as the absolute difference
between the reconstructed and the true impact parameter. The impact parameter resolu-
tion σd0

, as presented in e.g. figure 1.11 and references [24, 27], is defined as the average
mismatch, σd0

≡ 〈r〉.
To relate σd0

to the two-dimensional impact parameter resolution σIP , it is assumed
that σIP is equal to the uncertainty in the x and y components of reconstructed impact
parameter, i.e. σIP = σx = σy. It is also assumed that the errors are Gaussian. The
distribution of the d0 mismatch is then described by:

F (r) = re−0.5r2/σ2
IP , (A.1)

The three-dimensional impact parameter resolution is obtained by

σd0
= 〈r〉 =

∫

∞

0 rF (r)dr
∫

∞

0 F (r)dr
=

√

π

2
σIP . (A.2)

This equation defines the relation between the two- and three-dimensional impact param-
eter resolution.

A.2 The model

The impact parameter resolution depends on the multiple scattering of the particles, the
hit resolution and the geometry of the tracking detector. By using the formulation of the
two-dimensional impact parameter resolution introduced in [29,101], σ2

d0
can be expressed
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σ2
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The model assumes that the track parameters are effectively determined with only two
measurement planes, the first plane (n = 1) and the nth plane counting downstream.
The length of this lever arm, and consequently the value of n, depends on the momentum
of the particle. The first term is the contribution from the single hit resolution of the

1The section contains minor corrections with respect to the printed version.
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two measurements (σ1, σn), the distances from the measurements to the interaction point
(∆01, ∆0n), and the distance between the measurements (∆1n).

The second term is the contribution from the multiple scattering, where θ0 is the pro-
jected average multiple scattering angle. It is assumed that all the scattering takes place
in the first measurement plane.

A.2.1 The resolution term

The single hit resolution of the VELO scales linearly with the radius2 so the term can be
rewritten using σn = σ1

∆0n

∆01
and by introducing the extrapolation factor f = ∆0n/∆1n:

∆2
0nσ

2
1 + ∆2

01σ
2
n

∆2
1n

= 2f 2σ2
1 . (A.4)

For low momentum tracks the multiple scattering in the silicon planes is large. Due to this
scattering, the sensor resolution contribution to the impact parameter resolution mainly
comes from the two first measurements of the track, i.e. n = 2. For tracks of higher
momentum, the scattering decreases and the more planes contribute to the effective lever
arm of the track measurement. If the discussion is limited to the region of the VELO with
30 mm spacing between the modules (up to z = 290 mm, see appendix B) the average
displacement due to multiple scattering that is experienced by a particle travelling between
two modules is [13]

d =
0.0136

p

√

x/X0[1 + 0.038 ln(x/X0)] × 30 mm =
0.032

p
mm , (A.5)

where the material contribution of a VELO module is 0.64% of a radiation length X0.
With an expected sensor resolution of 8.5 µm (see section 4.8), the contribution of the
multiple scattering to the total error becomes smaller than the resolution contribution for
tracks with p > 4 GeV/c. For such tracks it is assumed that the effective measurement
lever arm extends to n > 2. Consequently, the relevant detection layer in the effective
lever arm is determined by n = 2+p/4 where p is in GeV. Furthermore, the extrapolation
factor f depends on the angle of track. The angular dependence is illustrated by plotting
f as a function of inverse transverse momentum 1/pT. Figure A.1 shows f and f(1/pT)
for three datasets corresponding to separate momentum ranges. The extrapolation factor
is implemented in the resolution term (equation A.4) as a linear function f = A + B/pT

where the coefficients A and B are extracted from a linear fit to the data. These fits are
included in figure A.1.

A.2.2 The multiple scattering term

The average projected scattering angle can be expressed as

θ0 =
13.6

p

√

x/X0 [1 + 0.038 ln(x/X0)] , (A.6)

2As demonstrated in section 4.8.
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Distance to the vertex

Fig.: Minimum radius of silicon vertex detectors at hadron and lepton colliders, up to start of LHC Run 3.

Courtesy: K.Akiba



Operates in vacuum
88 silicon

sensors

R-φ design

300 μm, n+n Si

2048 strips

ractive = 8.2mm

pitchmin = 40 μm

Evaporation of CO2 keeps the 
temperature stable.

CO2

Vertexing: detector choice

LHC RUN I Delivered
Luminosity

Highest
Fluence* per fb-1

CMS pixel ~29.5 fb-1 3x1012 1MeV neq/cm2

At 39 mm

VELO ~3.4 fb-1 5x1013 MeV neq
/cm2

At 8 mm

Separated from 
primary vacuum by 
thin RF foil with 
complex shape 
– Protection from 
beam pickup

Moves away every fill and 
centers around the beam 
with self measured vertices

Radiation exposure

Cooling

Vacuum

Sensors

Courtesy: K.Akiba



LHCb vertex performance
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Figure 25: The primary vertex resolution (left), for events with one reconstructed primary vertex,
as a function of track multiplicity. The x (red) and y (blue) resolutions are separately shown and
the superimposed histogram shows the distribution of number of tracks per reconstructed primary
vertex for all events that pass the high level trigger. The impact parameter in x resolution as a
function of 1/pT (right). Both plots are made using data collected in 2012.

2.4.1 Primary vertex reconstruction

The primary vertex (PV) resolution is measured by comparing two independent measure-
ments of the vertex position in the same event. This is achieved by randomly splitting the
set of tracks in an event into two and reconstructing the PVs in both sets. The width of
the distribution of the di↵erence of the vertex positions is corrected for a factor

p
2 to

extract the vertex resolution. The number of tracks making a vertex ranges from 5 (the
minimum required by the PV reconstruction) to around 150, and this technique allows
the resolution to be measured using up to around 65 tracks. The PV resolution is strongly
correlated to the number of tracks in the vertex (the track multiplicity). To determine
the vertex resolution as a function of the track multiplicity, only vertex pairs with exactly
the same number of tracks are compared. The result for the resolution in the x and y
direction is shown in Figure 25. A PV with 25 tracks has a resolution of 13µm in the x
and y coordinates and 71µm in z.

2.4.2 Impact parameter resolution

The impact parameter (IP) of a track is defined as its distance from the primary vertex
at its point of closest approach to the primary vertex. Particles resulting from the decay
of long lived B or D mesons tend to have larger IP than those of particles produced at
the primary vertex. Selections on IP and IP �2 are extensively used in LHCb analyses
to reduce the contamination from prompt backgrounds. Consequently, an optimal IP
resolution and a good understanding of the e↵ects contributing to the IP resolution are of
prime importance to LHCb performance.

36



LHCb secondary vertex performance: Decay time

• Estimate decay time uncertainty from track parameters

• Measure the resolution: calibration

Niels Tuning (23)
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Figure 26: Decay time resolution as a function of momentum (left) and as a function of the
estimated decay time uncertainty (right) of fake, prompt B0

s ! J/ �! µ+µ�K+K� candidates
in 2011 and 2012 data. Only events with a single reconstructed primary vertex are used. The
superimposed histogram shows the distribution of momentum (left) and estimated decay time
uncertainty (right) on an arbitrary scale.

This expression shows an explicit dependence on the decay time. However, for decay
times up to a few times the B meson lifetime, the uncertainty is dominated by the �l term,
motivating the use of a ‘prompt’ control channel to calibrate the decay time uncertainty.
The decay time resolution depends on the topology of the decay and is calibrated for
each final state on data. For B0

s ! J/ � decays, the calibration method uses prompt
combinations that fake signal candidates. Subtracting the small contribution from signal
candidates and long-lived background using the sPlot technique [68], the shape of the
decay time distribution is determined only by the resolution function.

Figure 26 shows the resolution as a function of the (fake) B candidate momentum.
It should be noted that the decay time resolution is essentially independent of the B
momentum, illustrating that �l / p. This is a consequence of the fact that the larger the
momentum is, the smaller the opening angle, and hence the larger the uncertainty on
the position of the vertex in the direction of the boost. The resolution is also shown as a
function of the per-event estimated uncertainty in the decay time, which is obtained from
the vertex fit. As expected, the resolution is a linear function of the estimated uncertainty.
A decay time resolution of ⇠ 50 fs is obtained in LHCb. For a mixing frequency of
17.7 ps�1, such as for B0

s oscillations, this decay time resolution leads to a dilution of the
CP asymmetry by a factor ⇠ 0.7.

2.4.4 V0 reconstruction

Reconstructed V 0 decays (K0
S ! ⇡+⇡� and ⇤ ! p⇡�) are an essential ingredient of

many LHCb analyses. If the decay time is su�ciently small, the daughter particles are
reconstructed as long tracks, and for these decays the invariant mass resolution is as good
as for short-lived resonances (see Section 2.2.2 and Figure 27). For V 0s that decay outside
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Tracking

VELO



Tracking

• Find tracks
– Efficiency

– Tag-and-probe

• Momentum measurement
– Mass resolution

Niels Tuning (25)
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Figure 14: A schematic illustration of the various track types [24]: 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.

2.2 Track reconstruction

The trajectories of the charged particles traversing the tracking system are reconstructed
from hits in the VELO, TT, IT and OT detectors. Depending on their paths through the
spectrometer, the following track types are defined, as illustrated in Figure 14:

• Long tracks traverse the full tracking system. They have hits in both the VELO
and the T stations, and optionally in TT. As they traverse the full magnetic field
they have the most precise momentum estimate and therefore are the most important
set of tracks for physics analyses.

• Upstream tracks pass only through the VELO and TT stations. In general their
momentum is too low to traverse the magnet and reach the T stations. However,
they pass through the RICH1 detector and may generate Cherenkov photons if they

22



Momentum resolution
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Magnetic spectrometer resolution

Effect of multiple scattering 
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Momentum resolution

Contribution from 
measurement error

Contribution form 
multiple scattering

Courtesy:N. Neri, IDPASC School of Flavor Physics Valencia 2-7 May 2013 
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Magnetic spectrometer resolution 
Multiple scattering contribution does not depend upon momentum
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1) Hit error sx
2) Lever arm h
3) Magnetic field BL
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Momentum resolution
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Momentum measurement 
uncertainty:

Good 
momentum resolution:

- large path length L
- large magnetic field B
- good Sagitta measurement
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Uncertainty σs depends on number and spacing of track point 
measurements; for equal spacing and large N:

see: Glückstern, NIM 24 (1963) 381 or

	 Blum & Rolandi, Particle Detection ...

Multiple scattering
contribution:

16 27. Passage of particles through matter

Eq. (27.14) describes scattering from a single material, while the usual problem
involves the multiple scattering of a particle traversing many different layers and
mixtures. Since it is from a fit to a Molière distribution, it is incorrect to add the
individual θ0 contributions in quadrature; the result is systematically too small. It
is much more accurate to apply Eq. (27.14) once, after finding x and X0 for the
combined scatterer.

Lynch and Dahl have extended this phenomenological approach, fitting
Gaussian distributions to a variable fraction of the Molière distribution for
arbitrary scatterers [35], and achieve accuracies of 2% or better.
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yplane

Ψplane

θplane
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Figure 27.9: Quantities used to describe multiple Coulomb scattering. The
particle is incident in the plane of the figure.

The nonprojected (space) and projected (plane) angular distributions are given
approximately by [33]
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where θ is the deflection angle. In this approximation, θ2
space ≈ (θ2

plane,x + θ2
plane,y),

where the x and y axes are orthogonal to the direction of motion, and
dΩ ≈ dθplane,x dθplane,y. Deflections into θplane,x and θplane,y are independent and
identically distributed.
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A quick example: how to design your tracker?
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Tracking: detector choice

• Important criteria:
– Resolution: technology!

– Occupancy: cell size!

Niels Tuning (30)
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Figure 5. The hit distribution is shown for both magnet polarities, using 30,000 random events for both
samples, without any trigger requirement. The vertical dashed line indicates the mechanical split between
the two detector halves, at x = �8 cm.

less hits in the C-side than in the A-side. For the “up” polarity, the A-side registers 14.7% more
hits than the C-side. The total number of hits, averaged for the two polarities, is equal for x < 0
compared to x > 0 within 0.4%.

2.4 Hit multiplicities in lead-lead and proton-lead collisions

The LHCb experiment has expanded its heavy-ion physics programme in Run 2, by recording
PbPb collisions data in December 2015, and pPb and Pbp collisions data in November 2016.
The relatively large OT straw diameter of 4.9 mm leads to a very large straw occupancy in PbPb
collisions, preventing to reconstruct tracks of PbPb collisions at the largest centrality. The o�ine
analysis is limited by the high occupancy in the whole LHCb detector to an event centrality smaller
than 60%.

The OT occupancy for PbPb events is shown in figure 6, compared to the occupancy in nominal
pp collisions, with an average pile-up of µ = 1.1. The occupancy in pPb and Pbp collisions is also
given, showing a slightly larger occupancy for the situation where the lead-ions are circulating in
beam-1, i.e. in the direction of the LHCb spectrometer.
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Figure 6. The average number of recorded hits (a) in minimum bias proton-proton and PbPb collisions and
(b) pPb and Pbp collisions.
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Tracking: detector choice

• Important criteria:
– Resolution: technology!

– Occupancy: cell size!

– Cost…

• 2011-2018: Gas detector
– Resolution: <200 µm

• 2022-2030: Scintillating Fiber tracker
– Resolution: <200 µm

Niels Tuning (31)



Tracking: gaseous straw tube detector

Niels Tuning (32)
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Figure 1. (a) Module cross section. (b) Arrangement of OT straw-tube modules in layers and stations.

2 Detector operation

2.1 Gas monitoring

The counting gas for the straw tube detectors of the OT was originally chosen as an admixture of
Ar/CO2/CF4. Studies on radiation resistance first suggested to operate without CF4, and subse-
quently with the addition of O2 [2], leading to the final mixture Ar/CO2/O2 (70/28.5/1.5). This
choice is based on the requirement to achieve a reasonably fast charge collection to cope with the
maximum bunch crossing rate of 40MHz at the LHC, a good spatial resolution and to maximize
the lifetime of the detectors.

The gas quality for the OT is crucial, as it directly affects the detector gain and stability, and
potentially the hit efficiency and drift-time calibration. Moreover, a wrong gas mixture can lead to
accelerated radiation damage or dangerously large currents. The gas gain is determined with the
help of two custom built OT modules, of 1m length, which are irradiated by a 55Fe source.

The measured pulse height is corrected for changes due to variations in the atmospheric pres-
sure, and is shown in figure 2. The stability of the gas flowing into the OT detector (“input”) and
of the gas coming out of the OT (“output”) are shown. The gas gain was typically stable within
±10% throughout the 2012 running period (when dedicated monitoring chambers were installed
that were constructed with minimal contamination).
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Tracking: gaseous straw tube detector
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the ionization length. (b) The drift-time spectrum for particles traversing the straw close the wire peaks at
low drift-times. (From ref. [3].)
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Figure 6. (a) The measured time depends on the signal height, and is generally referred to as time-walk.
(b) The walk correction as a function of distance to the center. This correction accounts for hits with larger
signal height close to the center of the detector, where the reflected signal adds to the original signal. (From
ref. [3].)

The wires are disconnected at the center of the detector, around y = 0 mm, and the channels
are each readout at the top or bottom of the detector. The signals created by a traversing charged
particle, propagate in both directions along the straw. The signal that travels towards the center
of the detector will be reflected at the straw end. As a consequence, the hits close to the center
of the detector will lead to a signal with almost twice the height of a signal far from the center,
because both the two signals that originally traveled in opposite directions, will be close in time
and thus overlayed. As a result, these hits will be systematically measured at earlier times than hits
far from the center. The walk correction as function of distance to the center is shown in figure 6,
and amounts to 1 ns at the center of the detector. This correction improves the overall resolution,
given the intrinsic time resolution of 3 ns, and is included in the LHCb track reconstruction.
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Tracking: gaseous straw tube detector
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Figure 3. Typical run conditions for a run in June 2012 (run 118335), with (a) hit occupancies per event
around 13% and (b) 60 tracks per event with hits in both the Vertex Locator and the tracking stations (so-
called “long” tracks). (c) The number of OT hits assigned to these long tracks peaks around 22. A fraction
of the tracks do not have any OT hits assigned, as these tracks only traverse the inner silicon detector at large
rapidity close to the beampipe.

2.3 Bad channels

The hit efficiency is barely affected by malfunctioning channels in the detector or readout. With
the full offline data set available, the performance of individual channels is monitored by compar-
ing the occupancy to the expected value. First, the performance of entire groups of 32 channels is
verified. Then, within a group of 32 channels, the occupancy is compared to the truncated mean,
after correcting for the dependence of the occupancy on the distance to the beam. If the occupancy
is above (below) 6 standard deviations from the truncated mean, the channel is declared “noisy”
(“dead”). For a typical run recorded at the end of 2012 (run 133785), when all front-end modules
were functioning properly, the OT contained 52 dead channels and 8 noisy channels, evenly dis-
tributed over the detector. The evolution of the number of bad channels throughout the 2011 and
2012 running periods is shown in figure 4. The three periods with larger number of dead channels
correspond to a broken laser diode (VCSEL) between September and December 2011, a broken
fuse in May 2012, and desynchronization problems between July and September 2012.

3 Drift time

3.1 RT relation

The observed drift-time spectrum with the 50 ns bunch spacing of the LHC resembles closely the
spectrum that is expected from a parabolic drift-time vs distance relation. Due to the fact that the
clusters close to the wire drift faster than the clusters far from the wire, more hits are observed at
small drift-times, compared to large drift-times.

The relation between the drift-time and the distance r to the wire is determined [3] to be

tdrift(r) = 20.5ns ·
|r|
R

+ 14.85ns ·
r2

R2 , (3.1)

where R is the straw radius (2.45 mm). This is in agreement to the dependence determined in beam
tests [4].

– 4 –

~13% of channels 
are hit 

~ 60 tracks per 
event

~ 22 hits per 
track



Tracking: scintillator fiber tracker

Detector:

1) SciFi (scintillating fibers)

2) SiPM (silicon photomultiplier)
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Scintillating fibers
• Core of polystyrene

• Thin cladding layers with lower 
refractive indices

• Light transport: internal reflection 
between core and cladding structure
• Only few photons per fiber per track detected by SiPM !

36

Material from Ch. Joram, Seminar at CBPF, 2017

L. Gruber

Rev. Sci. Instrum. 28 (1957) 1098



Intermezzo: magnet choice?

• first choice that has to be made for a HEP experiment layout

• difficult to replace

• Dipole fields will require a ”compensating” dipole for the 
accelerating/colliding particles

• It consumes a lot of power



LHCb tracking performance (p)

Niels Tuning (38)
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Figure 17: Relative momentum resolution versus momentum for long tracks in data obtained
using J/ decays.

two muons. Neglecting the muon masses and considering decays where the two muons
have a similar momentum, the momentum resolution, �p, can be approximated as:
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where m is the invariant mass of the J/ candidate and �m is the Gaussian width obtained
from a fit to the mass distribution. The second term is a correction for the opening angle,
✓, between the two muons, where �✓ is the per-event error on ✓ which is obtained from the
track fits of the two muons. Figure 17 shows the relative momentum resolution, �p/p, as a
function of the momentum, p. The momentum resolution is about 5 per mille for particles
below 20GeV/c, rising to about 8 per mille for particles around 100GeV/c.

The mass resolution is compared for six di↵erent dimuon resonances: the J/ ,  (2S),
⌥ (1S), ⌥ (2S) and ⌥ (3S) mesons, and the Z0 boson. These resonances are chosen as they
share the same topology and exhibit a clean mass peak. A loose selection is applied to
obtain the invariant mass distributions, as shown in Figure 18.

The momentum scale is calibrated using large samples of J/ ! µ+µ� and B+ !
J/ K+ decays, as is done for the precision measurements of b-hadron and D meson
masses [50–53]. By comparing the measured masses of known resonances with the world
average values [54], a systematic uncertainty of 0.03% on the momentum scale is obtained.
As shown in Figure 17 the momentum resolution depends on the momentum of the
final-state particles, and therefore the mass resolution is not expected to behave as a pure
single Gaussian. Nevertheless, a double Gaussian function is su�cient to describe the
observed mass distributions. Final-state radiation creates a low-mass-tail to the left side
of the mass distribution, which is modelled by an additional power-law tail. To describe

26

]c [GeV/p
0 50 100 150 200

Ef
fic

ie
nc

y

0.86
0.88
0.9

0.92
0.94
0.96
0.98

1
1.02
1.04 2011

2012
LHCb

η
2 3 4 5

Ef
fic
ie
nc
y

0.86
0.88
0.9
0.92
0.94
0.96
0.98
1

1.02
1.04 2011

2012
LHCb

trackN
0 200 400

Ef
fic
ie
nc
y

0.86
0.88
0.9
0.92
0.94
0.96
0.98
1

1.02
1.04 2011

2012
LHCb

PVN
0 2 4 6

Ef
fic
ie
nc
y

0.86
0.88
0.9
0.92
0.94
0.96
0.98
1

1.02
1.04 2011

2012
LHCb

Figure 16: Tracking e�ciency as function of the momentum, p, the pseudorapidity, ⌘, the total
number of tracks in the event, Ntrack, and the number of reconstructed primary vertices, NPV [49].
The error bars indicate the statistical uncertainty.

Two di↵erent tag-and-probe methods [48, 49] are used to measure the e�ciency for
long tracks. The overall e�ciency depends on the momentum spectrum of the tracks and
the track multiplicity of the event. The tracking e�ciency is shown in Figure 16 as a
function of the absolute momentum, p, of the pseudorapidity, ⌘, of the total number of
tracks in the event, Ntrack, and of the number of reconstructed primary vertices, NPV. The
performance in the 2012 data is slightly worse, which is partially due to the higher hit
multiplicity at the higher centre-of-mass energy. As can be seen, the average e�ciency is
above 96% in the momentum range 5GeV/c < p < 200GeV/c and in the pseudorapidity
range 2 < ⌘ < 5, which covers the phase space of LHCb. Only in high multiplicity events
(Ntrack > 200) it is slightly less than 96%. The track reconstruction e�ciency has been
shown to be well reproduced in simulated events [49].

2.2.2 Mass and momentum resolution

The momentum resolution for long tracks in data is extracted using J/ ! µ+µ� decays.
The mass resolution of the J/ is primarily defined by the momentum resolution of the

25

High momenta become almost 
straight: resolution deteriorates

Track finding efficiency
measured with “tag-and-probe”



LHCb tracking performance: ”tag-and-probe”

Niels Tuning (39)

(a)

(b)

(c)

Figure 2: Illustration of the three tag-and-probe methods: (a) the VELO method, (b) the
T-station method, and (c) the long method. The VELO (black rectangle), the two TT layers
(short bold lines), the magnet coil, the three T stations (long bold lines), and the five muon
stations (thin lines) are shown in all three subfigures. The upper solid blue line indicates the tag
track, the lower line indicates the probe with red dots where hits are required and dashes where
a detector is probed.

in simulated events that requiring two common hits in the muon stations is su�cient to
ensure compatible trajectories of the long track and the VELO-muon probe track.
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Figure 3: Invariant mass distributions for reconstructed J/ candidates from the 2011 dataset.
The solid line shows the fitted distribution for signal and background, the dotted line is the
signal component. The subfigures are (a) the VELO method, (b) the T-station method, (c)
the long method. For comparison of resolution and signal purity (d) shows the invariant mass
distribution of J/ candidates obtained with the standard reconstruction at LHCb.

5.1 Mass resolution

To illustrate the mass resolutions that can be achieved, the dimuon invariant mass
distributions from J/ candidates in the three methods are shown in Fig. 3 using the 2011
data sample. The di↵erence in the visible ranges in Fig. 3(a) compared with the other
distributions in Fig. 3 is a consequence of the di↵erent dimuon invariant mass cuts as listed
in Table 2. The invariant mass distribution using two long tracks is shown in Fig. 3(d)
for comparison. The signal peak is fitted with the sum of two Gaussian functions for
this illustration. The e↵ective mass resolution is about 24MeV/c2 for the VELO method,
57MeV/c2 for the T-station method and for the long method. This is to be compared to
the standard reconstruction with two long tracks that achieves a resolution of 16MeV/c2.

6 Calculation of e�ciency

The track reconstruction e�ciency is calculated as the fraction of reconstructed J/ 
decays where the probe track can be matched to a long track. To estimate the number
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Figure 3: Invariant mass distributions for reconstructed J/ candidates from the 2011 dataset.
The solid line shows the fitted distribution for signal and background, the dotted line is the
signal component. The subfigures are (a) the VELO method, (b) the T-station method, (c)
the long method. For comparison of resolution and signal purity (d) shows the invariant mass
distribution of J/ candidates obtained with the standard reconstruction at LHCb.

5.1 Mass resolution

To illustrate the mass resolutions that can be achieved, the dimuon invariant mass
distributions from J/ candidates in the three methods are shown in Fig. 3 using the 2011
data sample. The di↵erence in the visible ranges in Fig. 3(a) compared with the other
distributions in Fig. 3 is a consequence of the di↵erent dimuon invariant mass cuts as listed
in Table 2. The invariant mass distribution using two long tracks is shown in Fig. 3(d)
for comparison. The signal peak is fitted with the sum of two Gaussian functions for
this illustration. The e↵ective mass resolution is about 24MeV/c2 for the VELO method,
57MeV/c2 for the T-station method and for the long method. This is to be compared to
the standard reconstruction with two long tracks that achieves a resolution of 16MeV/c2.

6 Calculation of e�ciency

The track reconstruction e�ciency is calculated as the fraction of reconstructed J/ 
decays where the probe track can be matched to a long track. To estimate the number
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Figure 3: Invariant mass distributions for reconstructed J/ candidates from the 2011 dataset.
The solid line shows the fitted distribution for signal and background, the dotted line is the
signal component. The subfigures are (a) the VELO method, (b) the T-station method, (c)
the long method. For comparison of resolution and signal purity (d) shows the invariant mass
distribution of J/ candidates obtained with the standard reconstruction at LHCb.

5.1 Mass resolution

To illustrate the mass resolutions that can be achieved, the dimuon invariant mass
distributions from J/ candidates in the three methods are shown in Fig. 3 using the 2011
data sample. The di↵erence in the visible ranges in Fig. 3(a) compared with the other
distributions in Fig. 3 is a consequence of the di↵erent dimuon invariant mass cuts as listed
in Table 2. The invariant mass distribution using two long tracks is shown in Fig. 3(d)
for comparison. The signal peak is fitted with the sum of two Gaussian functions for
this illustration. The e↵ective mass resolution is about 24MeV/c2 for the VELO method,
57MeV/c2 for the T-station method and for the long method. This is to be compared to
the standard reconstruction with two long tracks that achieves a resolution of 16MeV/c2.

6 Calculation of e�ciency

The track reconstruction e�ciency is calculated as the fraction of reconstructed J/ 
decays where the probe track can be matched to a long track. To estimate the number

8
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• Mass resolution measured from resonances:

Niels Tuning (40)

Table 2: Mass resolution for the six di↵erent dimuon resonances.

Resonance Mass resolution (MeV/c2)
J/ 14.3± 0.1
 (2S) 16.5± 0.4
⌥ (1S) 42.8± 0.1
⌥ (2S) 44.8± 0.1
⌥ (3S) 48.8± 0.2
Z0 1727± 64
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Figure 19: Mass resolution (�m) (left) and relative mass resolution (right) as a function of the
mass (m) of the dimuon resonance. The mass of the muons can be neglected in the invariant
mass calculation of these resonances. The mass resolution is obtained from a fit to the mass
distributions. The superimposed curve is obtained from an empirical power-law fit through the
data points.

LHCb is a forward spectrometer, the requirements in terms of absolute units of distance
are di↵erent for the di↵erent coordinate axes: tracks are less sensitive to displacements of
elements in the z direction compared to equally sized displacements in x and y. Similarly,
rotations around the z axis are more important than those around the x and y axis.

Although the final alignment precision is obtained with reconstructed tracks, a precise
survey is indispensable both as a starting point for the track-based alignment and to
constrain degrees of freedom to which fitted track trajectories are insensitive. For example,
the knowledge of the z scale of the vertex detector originates solely from the pre-installation
survey. Ultimately this is what limits, for example, certain measurements such as the B0

s

oscillation frequency.
Several methods have been deployed for track-based alignment in LHCb. One technique

used for the VELO divides the alignment in three stages, corresponding to di↵erent detector
granularity [55,56]. The relative alignment of each � sensor with respect to the R sensor in
the same module is performed by fitting an analytical form to the residuals as a function
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Figure 18: Mass distributions for (top left) J/ , (top right)  (2S), (bottom left) ⌥ (1S), ⌥ (2S)
and ⌥ (3S), and (bottom right) Z0 candidates. The shapes from the mass fits are superimposed,
indicating the signal component (dotted line), the background component (dashed line) and the
total yield (solid line).

the Z0 mass distribution, a single Gaussian function with power-law tail is convolved with
a Breit-Wigner function, where the natural width is fixed to 2495.2MeV/c2 [54]. In all
cases, an exponential shape models the background. The results from the fits are overlaid
in Figure 18. The overall mass resolution is calculated as the root mean square of the
double Gaussian function. The mass resolution obtained from the fits are shown in Table 2.
The uncertainties are statistical only. Figure 19 shows the mass resolution and relative
mass resolution versus the mass of the resonance. It can be seen that the relative mass
resolution, �m/m, is about 5 per mille up to the ⌥ masses.

2.3 Spatial alignment of the tracking detectors

The alignment of the LHCb tracking detector uses information from optical and mechanical
surveys and from reconstructed charged particle trajectories. To ensure adequate tracking
performance, the position and orientation of detector elements in the global reference frame
must be known with an accuracy significantly better than the single hit resolution. Since
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Particle identification

• Many different B-decays!
– “BtooKstarpipiDsgamma” 

– …

• Need to distinguish:
– e, µ, g, p, K, p, …
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Particle identification: detector choice

1) Time-of-flight ?

2) dE/dx ?

3) Cherenkov effect ?
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Particle identification: detector choice

1) Time-of-flight ?
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Figure 16. (a) The number of OT hits per track N , where the drift-time is used. (b) The uncertainty on the
time per track, as estimated from time resolution per hit, �t/

p
N .

power, however it was also found that it is largely correlated with other ghost-reducing parameters,
such as the �2 of the track fit, and thus adds little value.

8.2 Time-of-flight for pions and protons

The velocity of particles created in pp collision can mostly be approximated by the speed of light.
However, heavy, low momentum particles have a lower velocity, which can lead to a significant later
arrival time. For protons, this is about 0.5 ns at 5 GeV/c at the centre of the OT — about 8.5 m from
the interaction point — as shown in figure 17. This is similar to the expected track time resolution.
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Figure 17. The di�erence in time-of-flight between protons and pions as a function of their momentum.

The distribution of track times of pions and protons with momenta below 7 GeV/c in LHCb
simulation is shown in figure 18(a). In data, a sample of D⇤ tagged D0 ! K+⇡� decays is used as
a source of unbiased identified pions. This sample is regularly used to calibrate the LHCb particle
identification response, since pions can be identified using only their charge. In a similar fashion,

– 18 –

Ex. 1: 1 ns resolution: p<5 GeV
proton – pion difference at z= 8m

Ex. 2: 50 ps resolution: p<10 GeV
kaon – pion difference at z=12m



Particle identification: detector choice

2) dE/dx ?
– Charged particles passing through 

matter: ionization

– Energy loss velocity dependent Bethe-
Bloch formula: dE/dx µ log(b2 g2) / b2

– dE/dx varies rapidly at low momenta

– Advantage: uses existing detectors 
needed (but requires accurate 
measurement of the charge)

– Note: signals for all charged particles
But mµ » mp, so they are not well 
separated (dedicated detectors do a 
better job)

Niels Tuning (47)



Particle identification: detector choice

3) Cherenkov effect ?
– when the velocity of charged particle 

in a dielectric medium exceeds the 
light speed in that medium

– The angle depends on the speed

– Measuring the angle is measuring the 
speed

Niels Tuning (48)
bthr = 1/n 
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Particle identification performance

• Detector optimized with 
two different radiators Niels Tuning (50)

Momentum (GeV/c)Momentum (GeV/c)
210 102

50

45

40

35

30

25

20

15

K p

Ch
er
en
ko
v
An
gl
e
(m
ra
d)

µ Ƈ�

220
200
180
160
140
120
100
80
60
40
20
0

Figure 38: Reconstructed Cherenkov angle for isolated tracks, as a function of track momentum
in the C4F10 radiator [81]. The Cherenkov bands for muons, pions, kaons and protons are clearly
visible.

ring will generally overlap with several neighbouring rings. Solitary rings from isolated
tracks, where no overlap is found, provide a useful test of the RICH performance, since
isolated rings can be cleanly and unambiguously associated with a single track. Figure 38
shows the Cherenkov angle as a function of particle momentum using information from
the C4F10 radiator for isolated tracks selected in data (⇠ 2% of all tracks). As expected,
the events populate distinct bands according to their mass.

4.2.2 Photoelectron yield

The average number of detected photons for each track traversing the Cherenkov radiator
media, called the photoelectron yield (Npe), is another important measure of the perfor-
mance of a RICH detector. The yields for the three radiators used in LHCb are measured
in data using two di↵erent samples of events [81]. The first sample is representative of
normal LHCb data taking conditions, and consists of the kaons and pions originating from
the decay D0 ! K�⇡+, where the D0 is selected from D⇤+ ! D0⇡+ decays. The second
sample consists of low detector occupancy p p ! p p µ+µ� events, which provide a clean
track sample with very low background levels. In both samples, only high-momentum
tracks are selected, to ensure that the Cherenkov angle is close to saturation.
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Reconstructed Cherenkov angle in C4F10 (RICH1)

RICH1 RICH2
Radiator C4F10 CF4

n 1.0014 1.0005
P (GeV) 2-40 15-100 
Acc (mrad) 25-300 15-120



Particle identification performance

• Performance measured
– p with KS0àpp

– p with Làpp

– K,p with D*àD0(àKp)

Niels Tuning (51)
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Figure 15: Invariant mass distributions of the (a) K0
S, (b) Λ and (c) D0 calibration samples.

The best fit probability-density-function (pdf), describing both background and signal, is su-
perimposed in blue

5.4 PID performance

Utilizing the log-likelihood values obtained from the control channels, one is able to study the
discrimination achievable between any pair of track types by imposing requirements on their
differences, such as ∆log(K − π). Figure 17 demonstrates the kaon efficiency (kaons identified
as kaons) and pion misidentification (pions misidentified as kaons), as a function of particle
momentum, obtained from imposing two different requirements on this distribution. Requiring
that the likelihood for each track with the kaon mass hypothesis be larger than that with the
pion hypothesis, i.e. ∆logL(K − π) > 0, and averaging over the momentum range 2 - 100
GeV/c, the kaon efficiency and pion misidentification fraction are found to be ∼ 95% and
∼ 10%, respectively. The alternative PID requirement of ∆logL(K − π) > 5 illustrates that
the misidentification rate can be significantly reduced to ∼ 3% for a kaon efficiency of ∼ 85%.
Figure 18 shows the corresponding efficiencies and misidentification fractions in simulation. In
addition to K/π separation, both p/π and p/K separation are equally vital for a large number of
physics analyses at LHCb. Figure 19 demonstrates the separation achievable between protons
and pions when imposing the PID requirements ∆L(p − π) > 0 and ∆L(p− π) > 5. Finally,
Fig. 20 shows the discrimination achievable between protons and kaons when imposing the
requirements ∆L(p−K) > 0 and ∆L(p−K) > 5.
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5.4 PID performance

Utilizing the log-likelihood values obtained from the control channels, one is able to study the
discrimination achievable between any pair of track types by imposing requirements on their
differences, such as ∆log(K − π). Figure 17 demonstrates the kaon efficiency (kaons identified
as kaons) and pion misidentification (pions misidentified as kaons), as a function of particle
momentum, obtained from imposing two different requirements on this distribution. Requiring
that the likelihood for each track with the kaon mass hypothesis be larger than that with the
pion hypothesis, i.e. ∆logL(K − π) > 0, and averaging over the momentum range 2 - 100
GeV/c, the kaon efficiency and pion misidentification fraction are found to be ∼ 95% and
∼ 10%, respectively. The alternative PID requirement of ∆logL(K − π) > 5 illustrates that
the misidentification rate can be significantly reduced to ∼ 3% for a kaon efficiency of ∼ 85%.
Figure 18 shows the corresponding efficiencies and misidentification fractions in simulation. In
addition to K/π separation, both p/π and p/K separation are equally vital for a large number of
physics analyses at LHCb. Figure 19 demonstrates the separation achievable between protons
and pions when imposing the PID requirements ∆L(p − π) > 0 and ∆L(p− π) > 5. Finally,
Fig. 20 shows the discrimination achievable between protons and kaons when imposing the
requirements ∆L(p−K) > 0 and ∆L(p−K) > 5.
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5.4 PID performance

Utilizing the log-likelihood values obtained from the control channels, one is able to study the
discrimination achievable between any pair of track types by imposing requirements on their
differences, such as ∆log(K − π). Figure 17 demonstrates the kaon efficiency (kaons identified
as kaons) and pion misidentification (pions misidentified as kaons), as a function of particle
momentum, obtained from imposing two different requirements on this distribution. Requiring
that the likelihood for each track with the kaon mass hypothesis be larger than that with the
pion hypothesis, i.e. ∆logL(K − π) > 0, and averaging over the momentum range 2 - 100
GeV/c, the kaon efficiency and pion misidentification fraction are found to be ∼ 95% and
∼ 10%, respectively. The alternative PID requirement of ∆logL(K − π) > 5 illustrates that
the misidentification rate can be significantly reduced to ∼ 3% for a kaon efficiency of ∼ 85%.
Figure 18 shows the corresponding efficiencies and misidentification fractions in simulation. In
addition to K/π separation, both p/π and p/K separation are equally vital for a large number of
physics analyses at LHCb. Figure 19 demonstrates the separation achievable between protons
and pions when imposing the PID requirements ∆L(p − π) > 0 and ∆L(p− π) > 5. Finally,
Fig. 20 shows the discrimination achievable between protons and kaons when imposing the
requirements ∆L(p−K) > 0 and ∆L(p−K) > 5.
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Figure 39: Kaon identification e�ciency and pion misidentification rate as measured using
data (left) and from simulation (right) as a function of track momentum [81]. Two di↵erent
�logL(K� ⇡) requirements have been imposed on the samples, resulting in the open and filled
marker distributions, respectively.

other minimising the misidentification rate.
For each track the likelihood that it is an electron, muon, pion, kaon or proton is

computed. In the first approach it is required that, for each track, the likelihood for the
kaon mass hypothesis is larger than that for the pion hypothesis, i.e. �logL(K� ⇡) > 0.
When averaging over the momentum range 2 – 100 GeV/c one finds the kaon e�ciency
to be ⇠ 95% with a pion misidentification rate of ⇠ 10%. A stricter PID requirement,
�logL(K� ⇡) > 5, reduces the pion misidentifiaction rate to ⇠ 3% at a modest loss in
kaon e�ciency of ⇠ 10% on average. Figure 39 also shows the performance in simulation,
for the same exclusive control channels and PID requirements as above for data. Good
agreement with data is observed for both sets of PID requirements.

The Run I conditions, with multiple interactions per bunch crossing and the resulting
high particle multiplicities, provide an insight into the RICH performance at possible future
higher luminosity running. Figure 40 shows the pion misidentification fraction versus
the kaon identification e�ciency as a function of track multiplicity and the number of
reconstructed primary vertices, as the requirement on the likelihood di↵erence�logL(K�⇡)
is varied. The results demonstrate some degradation in PID performance with increased
interaction multiplicity. However, the performance is still excellent and gives confidence
that the RICH system will continue to perform well during LHC Run II.

4.3 Muon system based particle identification

The identification of a track reconstructed in the tracking system as a muon is based on the
association of hits around its extrapolated trajectory in the muon system [82]. A search
is performed for hits within rectangular windows around the extrapolation points where
the x and y dimensions of the windows are parameterised as a function of momentum at
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• Bs
0→Ds
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Bs0→Ds+K-



p,K,p identification: indispensable for flavour physics
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are fixed to the known values [7]. The J/ and  (2S) peak positions (MJ/ and M (2S)),
the mass di↵erences (MJ/ �M⌘c(1S) and M (2S) �M⌘c(2S)), and the natural width of the
⌘c(1S) state (�⌘c(1S)) are free parameters and are obtained from the fit to the data. A
Gaussian constraint to the average value for the natural width of the ⌘c(2S) is applied [7].
The pp̄ non-resonant component is assumed to have no relative orbital angular momentum,
J = 0. The fit includes a possible interference e↵ect between the ⌘c(1S) state and the
J = 0 non-resonant component. The amplitude is given by |A|2 = |Anon-res+f ei� A⌘c(1S)|2,
where Anon-res is the amplitude of the non-resonant component, A⌘c(1S) is the amplitude of
the ⌘c(1S) state, � is the phase di↵erence and f a normalisation factor. The shape of the
non-resonant component in the pp̄ mass spectrum follows a phase-space distribution [7].
The fit result is shown in Fig. 2. Using Wilks’ theorem [27], the statistical significance for
the ⌘c(2S) signal is found to be 6.4 standard deviations. No evidence for the  (3770) and
X(3872) resonances is found. The signal yields are reported in Table 1.

5 E�ciencies and systematic uncertainties

The branching fraction of the B+ ! [cc̄](! pp̄)K+ decay for a specific [cc̄] resonance
relative to that of the J/ is given by

R[cc̄] ⌘
B(B+ ! [cc̄]K+)⇥ B([cc̄] ! pp̄)

B(B+ ! J/ K+)⇥ B(J/ ! pp̄)
=

N([cc̄])

N(J/ )
⇥
✏J/ 
✏cc̄

, (1)

where N([cc̄]) ⌘ N(B+ ! [cc̄](! pp̄)K+) and N(J/ ) ⌘ N(B+ ! J/ (! pp̄)K+) are
the numbers of decays and ✏J/ /✏cc̄ is the total e�ciency ratio. The total e�ciency is the
product of the detector geometrical acceptance, the trigger e�ciency, the reconstruction
and selection e�ciency, the PID e�ciency, and the BDT classifier e�ciency. The ratio
of the e�ciencies between the signal and the normalising J/ channels is determined
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Figure 2: Invariant mass spectrum of the pp̄ candidates. Background in the B+ ! pp̄K+

distribution is subtracted using the sPlot technique as described in the text. The total fit curve
is superimposed.
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Detecting CP violation with B decays

1) CP violation: CKM and the SM

2) Detecting: Detector requirements

3) B-decays: sin2b, fs, Bs
0→Ds

+K-
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