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Flavour physics
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Flavour physics

๏ Try to answer questions such as: 
• How often does a beauty quark transition into an up quark?
• Does a charm meson behave similarly to its anti-particle?
• How many flavours are there?
• Are the charged leptons just heavier copies of each other? 
• What are the mass eigenstates of the neutrinos?

๏ …but also hadron spectroscopy
• Mesons, baryons, tetraquarks, pentaquarks
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The history of flavour physics
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Flavour physics nowadays

๏ Flavour is ugly (unnatural?)
• Gauge sector has 3 couplings of O(1)
• Higgs sector has 15 parameters parameters 

with values spanning 6 orders of magnitude

๏ Where did the antimatter go?
• Quark mizing only source of CP violation
• Connection with baryogenesis?

๏ Reach high energy indirectly
• Precision frontier vs energy frontier
• Physics at high energy might have different 

flavour structure
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On 4 July 2012, two of the experiments at the LHC (ATLAS and CMS) both reported independently
that they had found a new particle with a mass of about 125 GeV/c2 (about 133 proton masses, on
the order of 10 × 10−25 kg), which is "consistent with the Higgs boson".[32][33][34][35][36][37] On 13
March 2013, it was confirmed to be the searched-for Higgs boson.[38][39]

Parameters of the Standard Model

# Symbol Description Renormalization
scheme (point) Value

1 me Electron mass 0.511 MeV

2 mμ Muon mass 105.7 MeV

3 mτ Tau mass 1.78 GeV

4 mu Up quark mass μMS = 2 GeV 1.9 MeV

5 md Down quark mass μMS = 2 GeV 4.4 MeV

6 ms Strange quark mass μMS = 2 GeV 87 MeV

7 mc Charm quark mass μMS = mc 1.32 GeV

8 mb Bottom quark mass μMS = mb 4.24 GeV

9 mt Top quark mass On shell scheme 173.5 GeV

10 θ12 CKM 12-mixing angle 13.1°

11 θ23 CKM 23-mixing angle 2.4°

12 θ13 CKM 13-mixing angle 0.2°

13 δ CKM CP violation Phase 0.995

14 g1 or g ' U(1) gauge coupling μMS = mZ 0.357

15 g2 or g SU(2) gauge coupling μMS = mZ 0.652

16 g3 or gs SU(3) gauge coupling μMS = mZ 1.221

17 θQCD QCD vacuum angle ~0

18 v Higgs vacuum expectation value 246 GeV

19 mH Higgs mass 125.09 ± 0.24 GeV

Technically, quantum field theory provides the mathematical framework for the Standard Model,
in which a Lagrangian controls the dynamics and kinematics of the theory. Each kind of particle is
described in  terms of  a  dynamical  field  that  pervades  space-time.[40]  The  construction  of  the
Standard Model proceeds following the modern method of constructing most field theories: by first
postulating  a  set  of  symmetries  of  the  system,  and  then  by  writing  down  the  most  general
renormalizable Lagrangian from its particle (field) content that observes these symmetries.

Theoretical aspects

Construction of the Standard Model Lagrangian

Standard Model - Wikipedia https://en.wikipedia.org/wiki/Standard_Model#Construction_of_the_Sta...

6 of 18 08.01.22, 18:05

Fl
av

ou
r



Martino Borsato - Heidelberg U.

Flavour physics nowadays

๏ Beauty hadrons
• b-quark heaviest that hadronises
• Far from QCD scale  
→ perturbative calculations

• Heavy enough to decay in a lot of 
different final states

• Decays by changing flavour 
→ involves virtual heavy W

๏ How do we study B physics?
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The B factories
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The B factories
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The B factories
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b production at the LHC
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b production at the LHC
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What LHCb is  
interested on
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LHCb forward geometry

๏ LHCb covers  (forward only)
• 3% of 4π solid angle  price
• 25% of  production  physics

2 < η < 5
∝

bb̄ ∝
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Introduction

Forward Kinematics
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Complimentary kinematical coverage to CMS & ATLAS.

LHCb Detector
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LHCb has a large and diverse non-flavor-physics program, including HI running, HF jets, vector 
boson production, etc. I cannot hope to cover even a decent fraction of it in this talk! 

see http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
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LHCb forward geometry
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Pile up

15



Martino Borsato - Heidelberg U.

LHCb subdetectors
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Vertexing

๏ Displaced vertex is signature of 
weak decay of heavy-flavour
• Key to separate B decay products 

from rest of the event

๏ Displacement (and momentum) is 
a measurement of decay time
• Key to measure fast meson 

oscillations

๏ Precise vertexing obtained by 
placing tracker modules as close as 
possible to pp collision point
• Dangerous high-multiplicity region

17

The LHCb Vertex Locator (VELO)
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Vertexing: impact parameter
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Vertexing
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Vertexing: oscillations
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Spectrometer

๏ Invariant mass is key in B physics
• Separate  and  → 1.6% 

difference in mass = 90 MeV

๏ Cover relevant range of momenta 
for B decays
• Well below 100 GeV
• Keep tracks in acceptance down to 

3 GeV
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Spectrometer

22
Figure 15: Display of the reconstructed tracks and assigned hits in an event in the x-z plane [24].
The insert shows a zoom into the VELO region in the x-y plane.

most of these fake tracks originate from wrong associations between VELO tracks and
tracks in the T stations. The fraction of fake tracks in minimum bias events is typically
around 6.5%, increasing to about 20% for large multiplicity events [47]. This fake rate
is significantly reduced, at the cost of a small drop in e�ciency, with a neural network
classifier which uses as input the result of the track fit, the track kinematics and the
number of measured hits in the tracking stations versus the number of expected hits.

2.2.1 Track finding e�ciency

The tracking e�ciency is defined here as the probability that the trajectory of a charged
particle that has passed through the full tracking system is reconstructed. In particular it
does not account for interactions with the material, decays in flight and particles that fly
outside of the detector acceptance.

The e�ciency is measured using a tag-and-probe technique with J/ ! µ+µ� decays.
In this method one of the daughter particles, the “tag” leg, is fully reconstructed, while the
other particle, the “probe” leg, is only partially reconstructed. The probe leg should carry
enough momentum information such that the J/ invariant mass can be reconstructed
with a su�ciently high resolution. The tracking e�ciency is then obtained by matching
the partially reconstructed probe leg to a fully reconstructed long track. If a match is
found the probe leg is defined as e�cient. In the trigger and o✏ine selection of the J/ 
candidates, no requirements are set on the particle used for the probe leg to avoid biases
on the measured e�ciency.

24
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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
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Spectrometer
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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:

✓
�p

p

◆2

= 2
⇣�m
m

⌘2

� 2
⇣ p �✓
mc ✓

⌘2

, (1)

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
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 for  GeVδp/p ∼ 0.5 % p < 20

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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PID of charged hadrons
๏ Special requirement of flavour 

physics: 
Distinguish  from 
• , 

• Same signature in tracking and 
calorimeter

๏ Different  for same 
• Time of flight hard to separate
• Measure  with Cherenkov radiation!

๏ LHCb uses two RICH detectors
• RICH = Ring Imaging Cherenkov
• Faint light → photon detector out of 

acceptance

K± π±

m(K±) ≃ 500 MeV
m(π±) ≃ 140 MeV

β p

β
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PID of charged hadrons
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PID of charged hadrons
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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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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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e�ciency (left) and misidentification rate (right) as functions of the track momentum.

any information from the calorimeter system (eprobe). This second electron is then used to
estimate the e�ciency of the electron ID.

The e�ciency and the misidentification rate as a function of the eprobe momentum are
presented in Figure 36 for several cuts on �logLCALO(e� h). The electron identification
e�ciency is observed to be lower for p < 10 GeV/c. As expected, the higher momenta
particles have higher misidentification rates as illustrated in Figure 36. To quantify the
typical identification performance of the entire calorimeter system, the average identification
e�ciency of electrons from the J/ ! e+e� decay in B± ! J/ K± events is (91.9±1.3)%
for a misidentification rate of (4.54± 0.02)% after requiring �logLCALO(e� h) > 2.

4.2 RICH system based particle identification

The primary role of the RICH system is the identification of charged hadrons (⇡, K,
p). The information provided is used both at the final analysis level, and as part of the
software trigger (see Section 5). In addition, the RICH system can contribute to the
identification of charged leptons (e, µ), complementing information from the calorimeter
and muon systems, respectively.

4.2.1 Cherenkov angle resolution

One of the primary measures of the RICH performance is �(✓C), the resolution of the
Cherenkov angle with which the photons, radiated from the particles as they traverse
the various radiator volumes, can be reconstructed. The distributions for �✓C , the
di↵erence between the reconstructed and expected photon Cherenkov angles, are shown
in Figure 37 for 2011 data, after all detector alignment and calibration procedures have
been performed [81]. The expected Cherenkov angles for each track are calculated using
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detector. Statistic and systematic uncertainties are added in quadrature. The e↵ect of the few
known dead channels is not included. Measurement in the 2010 and 2011/2012 data taking
periods are shown separately due to di↵erent pile-up conditions.

bunch spacing and higher luminosity, causing a non-negligible dead-time of the read-out
chain.

The dead-time of the front-end read-out chips varies from 50 to 100 ns, depending
on the region and on the signal amplitude. This a↵ects in particular the inner regions
having the highest channel occupancy, reaching average values of 2.5% in M1R1 and 0.6%
in M2R1 for the 2012 data taking. A second source of dead time is the finite length
of the digital output signals, 18 to 25 ns, depending on the region and the data taking
period. In order to reduce the number of o↵-detector read-out channels, these signals are
formed from the logical OR of several contiguous physical channels. The occupancy of
these logical channels is thus larger than the occupancy of physical channels, and can
lead to measurable dead-time e↵ects, even in the outer detector regions. This happens in
particular for station M5, which is a↵ected by spurious hits due to back-scattering from the
beam-line elements located behind the detector. Since the detector was operated at twice
the nominal luminosity of 2⇥ 1032 cm�2s�1, the dead-time e↵ect is larger than originally
expected. Nonetheless, most regions meet the 99% e�ciency requirement. Taking into
account the combined response of the five stations, the detector is found to provide muon
identification for trigger and o✏ine reconstruction with an e�ciency larger than 95%.
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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
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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
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40% to 53% for B0! K+⇡� .
The total output rate of the L0 trigger is limited to 1MHz, which is the maximum rate

at which the LHCb detector can be read out. This output rate consists of approximately
400 kHz of muon triggers, 500 kHz of hadron triggers and 150 kHz of electron and photon
triggers, where the individual triggers have an overlap of about 10%.

5.3 High Level Trigger

Events accepted by L0 are transported by the data acquisition network to one of the
processors of the EFF. The HLT is a software application, of which 29 500 instances run
on the EFF, and each instance consists of independently operating trigger “lines”, each of
which consists of selection parameters for a specific class of events.

The HLT is based on the same software framework used throughout LHCb. Given
the available resources in the EFF, the time per event is around fifty times smaller than
in the o✏ine processing. The HLT is divided in two levels. In the first level (HLT1), a
partial event reconstruction is performed. In the second level (HLT2), the complete event
is reconstructed. Where time allows, the HLT uses the same reconstruction algorithms as
employed o✏ine, with some simplifications that are needed to satisfy the time constraints.

5.3.1 First level

The o✏ine VELO reconstruction algorithm which performs a full 3D pattern recognition
is su�ciently fast to be run on all events entering the HLT. However, the o✏ine algorithm
makes a second pass on unused hits to enhance the e�ciency for tracks pointing far away
from the beam-line, while in the HLT this second pass is not used due to CPU constraints.
Vertices are reconstructed from a minimum of five intersecting VELO tracks. Vertices
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400 kHz of muon triggers, 500 kHz of hadron triggers and 150 kHz of electron and photon
triggers, where the individual triggers have an overlap of about 10%.

5.3 High Level Trigger

Events accepted by L0 are transported by the data acquisition network to one of the
processors of the EFF. The HLT is a software application, of which 29 500 instances run
on the EFF, and each instance consists of independently operating trigger “lines”, each of
which consists of selection parameters for a specific class of events.

The HLT is based on the same software framework used throughout LHCb. Given
the available resources in the EFF, the time per event is around fifty times smaller than
in the o✏ine processing. The HLT is divided in two levels. In the first level (HLT1), a
partial event reconstruction is performed. In the second level (HLT2), the complete event
is reconstructed. Where time allows, the HLT uses the same reconstruction algorithms as
employed o✏ine, with some simplifications that are needed to satisfy the time constraints.

5.3.1 First level

The o✏ine VELO reconstruction algorithm which performs a full 3D pattern recognition
is su�ciently fast to be run on all events entering the HLT. However, the o✏ine algorithm
makes a second pass on unused hits to enhance the e�ciency for tracks pointing far away
from the beam-line, while in the HLT this second pass is not used due to CPU constraints.
Vertices are reconstructed from a minimum of five intersecting VELO tracks. Vertices
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Table 4: Typical L0 thresholds used in Run I [85].

pT or ET SPD
2011 2012 2011 and 2012

single muon 1.48GeV/c 1.76GeV/c 600
dimuon pT1 ⇥ pT2 (1.30GeV/c)2 (1.60GeV/c)2 900
hadron 3.50GeV 3.70GeV 600
electron 2.50GeV 3.00GeV 600
photon 2.50GeV 3.00GeV 600

incident particles in clusters of 2⇥ 2 cells. From these clusters, the following three types of
candidates are built. L0Hadron is the highest ET HCAL cluster, which also contains the
energy of the matching ECAL cluster. L0Photon is the highest ET ECAL cluster with 1 or
2 PS hits in front of the ECAL cluster and no hit in the SPD cells corresponding to the PS
cells. L0Electron has the same requirements as L0Photon, with the additional condition
of at least one SPD cell hit in front of the PS cells. The ET of each candidate is compared
to a fixed threshold and events containing at least one candidate above threshold fire the
L0 trigger. The total number of hits in the SPD is also determined, and is used to veto
events that would take a disproportionately large fraction of the available processing time
in the HLT. The SPD hit multiplicity requirements are listed in Table 4.

The L0 muon processors look for the two highest pT muon tracks in each quadrant.
The position of a track in the first two stations allows the determination of its pT with a
measured momentum resolution of roughly 25%. The trigger considers the eight candidates
and sets a single threshold on either the largest transverse momentum, pTlargest, or on the
product, pTlargest ⇥ pT2nd largest. These thresholds are listed in Table 4. The tightening of
L0 thresholds in the 2012 configuration is a consequence of the increased luminosity and
beam energy.

The trigger e�ciencies are measured on o✏ine selected events, using the techniques
described in Section 5.1. The e�ciencies of the L0 muon triggers evaluated on B+! J/ K+

events are shown in Figure 44. The majority of events are accepted by the single muon
trigger. The largest ine�ciency originates from the tight muon identification requirements
inside the L0 reconstruction algorithm. The L0 dimuon trigger selects a small fraction of
additional candidates at lower transverse momenta. The combined e�ciency for both L0
muon triggers is evaluated to be 89± 0.5% [86].

The L0 hadron e�ciency is shown in Figure 44 for the two- and three-prong beauty
decays B0! K+⇡� and B0! D+⇡� and the two-, three- and four-prong charm decays
D0 ! K�⇡+, D+ ! K�⇡+⇡+ and D⇤+ ! D0⇡+, as a function of the B or D meson pT.
The two-prong beauty decay is triggered with highest e�ciency by the L0 hadron ET

criterion (✏TOS = 40%) while the four-prong charm decay D⇤+ ! D0⇡+ is selected with
the lowest e�ciency (✏TOS = 22%). The other modes lie in between, as shown in Figure 44.
With the inclusion of TIS triggers, the total e�ciencies increase significantly, e.g. from
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Fig. 4.2: On the left, fitted mfi0 as a function of run number (time) using 2011 data. The
clear decrease in the mfi0 value is due to the ECAL ageing. On the right, invariant mass
distribution for fi0 æ ““ candidates used for the fine calibration. The red curve corresponds to
the distribution before applying the fine calibration, the blue curve is the final mfi0 distribution.
Values in the boxes are the mean and width of the signal peak distribution in MeV before (red
box) and after (blue box) applying the mfi0 calibration. Taken from [142].

originating from Kú have typically momentum of several GeV. In Fig. 4.3 left the higher
abundance of resolved fi0 mesons in lower momentum is shown. As merged and resolved
fi0 require their own careful approach, merged fi0 mesons are not included in the analysis.

Fig. 4.3: On the left, transverse momentum distributions of merged (red) and resolved (blue)
fi0 in the LHCb acceptance originating from B0 æfi+fi≠fi0 decay. On the right, the overall
merged (dashed line) and resolved (full line) fi0 e�ciency (number of identified fi0/ number of
fi0 in detector acceptance with pfi0

T
> 200 MeV). The black points represent the overall e�ciency

for both resolved and merged neutral pions. Taken from [142].

Moreover, the ECAL resolution e�ects come into play. The resolution of ECAL is
‡/E = 0.1/

Ô
E ü 0.01, which is a very good resolution for a sampling calorimeter. The

advantage is that the resolution decreases with increasing deposited energy. However, for
low-energy photons this does not bring any asset. The mass resolution of the reconstructed
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4.2 The neutral pion reconstruction

Fig. 4.1: Illustration of resolved (left) and
merged (right) fi0 mesons reconstruction in the
ECAL cells.

For the reconstruction of the fi0 me-
son, proper settings of the electromag-
netic calorimeter are essential. This
is done in three steps: initial adjust-
ment of ECAL energy scale, energy flow
calibration and fine calibration of the
ECAL cells [140]. The methods used
for calibration are essentially the same
in Run I and Run II. The main di�er-
ences in Run II are the full automation
of the calibration process and skipping
the intermediate step.

The initial adjustment of energy scale is done by adjusting photo-multipliers’ (PMTs)
gain using the ECAL’s LED monitoring system. A LED light is attached to PMTs
generating a known signal. The voltage of the PMTs is adjusted to match the measured
and the known signal. This adjustment leads to a precision of the cell-to-cell inter-
calibration of 10%. The reason for this uncertainty is the dispersion in the photoelectron
yields and the accuracy of the light yield determination. The LED-based calibration is
preformed approximately once a week.

Then, the energy flow calibration is performed. This is done in order to smooth
the fluctuations in the flux among neighboring cells due to initial miscalibrations. The
method is rather simple: one exploits the symmetry of the energy flow of the calorimeter
surface [141]. Simulations with known mis-calibration showed that the flux adjustments
improves the calibration by a factor of ≥ 3, assuming an initial precision of the calibration
of 10%.

Aging negatively a�ects ECAL’s performance and has to be accounted for. This can
be nicely seen from the time variation (decrease) of the reconstructed fi0 mass presented in
Fig. 4.2. To account for this e�ect, fine calibration exploiting fi0 mass is performed. The
mean mreco

fi0 is obtained from ““ pairs from minimum-bias events with low multiplicity to
remove possible pile-up events. The photons are reconstructed using 3 ◊ 3 clusters with
single photon signals, where the cell with the highest energy deposit is called seed. The
seeds are then corrected to match the nominal fi0 mass. The e�ect of this correction is
depicted in Fig. 4.2. This calibration is performed ≥ every LHC-runnning month.

For this analysis, only resolved fi0 mesons are used. Merged fi0 mesons tend to have
higher momenta (as the photons fly close to each other). In this work, where the fi0

mesons come from Kú+, the statistical significance of these events is low. The fi0 mesons
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

+`+`�) for candidates with (left) electron and (right) muon pairs in the final state for the
(top) nonresonant B+

! K+`+`� signal channels and (bottom) resonant B+
! J/ (! `+`�)K+

decays. The fit projection is superimposed. In the resonant-mode distributions, some fit
components are too small to be visible.

statistical and systematic uncertainty is then determined by scanning the profile-likelihood
and the statistical contribution to the uncertainty is isolated by repeating the scan with
the e�ciencies fixed to their fitted values.

The determination of the rJ/ ratio requires control of the relative selection e�ciencies
for the resonant electron and muon modes, and does not therefore benefit from the
cancellation of systematic e↵ects in the double ratio used to measure RK . Given the scale
of the corrections required, comparison of rJ/ with unity is a stringent cross check of
the experimental procedure. In addition, if the simulation is correctly calibrated, the
measured rJ/ value will not depend on any variable. This ratio is therefore also computed
as a function of di↵erent kinematic variables that are chosen to provide overlap with the
spectra of the nonresonant decays. Although the range of q2 di↵ers between resonant
and nonresonant decays, the e�ciency depends on laboratory-frame variables such as the
momenta of the final-state particles, or the opening angle between the two leptons, rather
than directly on q

2. A given set of values for the final-state particles’ momenta and angles
in the B

+ rest frame will result in a distribution of such values when transformed to the
laboratory frame. As a result, there is significant overlap between the nonresonant and
resonant samples in the relevant distributions, even if they are mutually exclusive as a
function of q2.

The value of rJ/ is measured to be 0.981± 0.020, where the uncertainty includes both
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Figure 2: Distributions of (top left) K±⇡⌥ invariant mass, (top right) B0

(s) decay time, mistag

fractions (bottom left) ⌘OS and (bottom right) ⌘SSc for K±⇡⌥ candidates. The result of the
simultaneous fit is overlaid. The various components contributing to the fit model are drawn as
stacked histograms.

2015 and 2016 data samples are

A
K⇡
det

(2015) = (�0.96 ± 0.32)%, (17)

A
K⇡
det

(2016) = (�1.05 ± 0.13)%.

The asymmetry between the PID e�ciencies is computed in intervals of momentum,
pseudorapidity and azimuthal angle of the two final-state particles, using the D

⇤+ !
D

0(K�
⇡
+)⇡+ calibration samples, as discussed in Sec. 3. The computation is repeated

using several binning schemes, and then the average and standard deviation of the PID
asymmetries determined in each scheme are used as the central value and associated
uncertainty for A

K⇡
PID

, respectively. The PID asymmetry is calculated taking into account
the di↵erences in the running conditions of the two years of data taking and the numerical
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