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Fig. 1.1.  Illustration of the way QCD Monte-Carlo models simulate a proton-antiproton collision in which a hard two-to-two 
parton scattering with transverse momentum, pT(hard), has occurred.  The hard-scattering component of the event consists of 
particles that result from the hadronization of the two outgoing partons (i.e. the initial two jets) plus the particles that arise from 
initial and final state radiation (i.e. multi-jets).  The underlying event consists of particles that arise from the beam-beam 
remnants and from multiple parton interactions. 

.  

Fig. 1.2.  Illustration of the way QCD Monte-Carlo models simulate Drell-Yan lepton-pair production.  The hard-scattering 
component of the event consists of the two outgoing leptons plus particles that result from initial-state radiation.  As in the hard 
two-to-two parton scattering of Fig. 1.1, the underlying event consists of particles that arise from the beam-beam remnants and 
from multiple parton interactions. 

Hard-scattering collider jet events have a distinct topology.  A typical hard-scattering event 
consists of a collection (or burst) of hadrons traveling roughly in the direction of the initial two 
beam particles and two collections of hadrons (jets) with large transverse momentum.  The two 
large transverse momentum jets are roughly back-to-back in azimuthal angle, φ.  One can use the 
topological structure of hadron-hadron collisions to study the underlying event.  We use the 
direction of the leading (highest pT)  jet in each event to define four regions of η-Δφ space 
(referred to as leading-jet events).  As illustrated in Fig. 1.3, for leading-jet events Δφ = φ – φjet#1, 
where φjet#1 and φ are the azimuthal angles of the leading jet and a charged particle, respectively, 
and η = -log(tan(θcm/2)) is the pseudorapidity, where θcm is the center-of-mass polar scattering 
angle of the outgoing charged particles.   

As is also shown in Fig. 1.3 in Drell-Yan lepton-pair production (referred to as Drell-Yan 
events) Δφ = φ – φpair, where φ pair and φ are the azimuthal angles of the lepton-pair and a charged 
particle, respectively.   On an event-by-event basis, the toward region containes all charged 
particles with |Δφ | < 60o and |η| < 1, while the away region containes all charged particles with 
|Δφ | > 120o and |η| < 1. The two transverse regions 60o < -Δφ < 120o, |η| < 1 and 60o < Δφ < 
120o, |η| < 1 are referred to as transverse 1 and transverse 2.  The overall transverse region 
corresponds to combining the charged particles in the transverse-1 and transverse-2 regions.  For 
Drell-Yan events the two lepton are not included. For leading-jet events, the toward and away 
regions receive large contributions from the outgoing high-pT jets, while the transverse region is 
perpendicular to the plane of the hard two-to-two scattering and is therefore very sensitive to the 
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Figure 2.3: Schematic showing an example of a hard scattering process in a proton-proton collision
- here the leading order production of a Z boson that subsequently decays to a quark anti-quark pair.
All parts, both perturbative and non-perturbative, of the production and decay process are represented
including the decay of the resulting quark anti-quark pair into colour neutral final state hadrons (Hadro-
nisation). The areas where soft interactions are dominant, both within the colliding protons and during
the hadronisation process, are highlighted in grey.

decomposed as the product of a partonic level cross-section (e.g. ŝqq̄!l+l� for the Drell-Yan
process) and a parameterised description of the internal constituents of the colliding hadrons.
In other words, the cross-section for the production of a final state X during the collision of
two hadrons A and B is given by:

sAB!X =
Z

dxadxb fa/A(xa,Q2) fb/B(xb,Q2)ŝab!X (2.35)

where a and b are the two partons participating in the hard scattering process. Here fa/A and
fb/B are the so called parton distribution functions (PDFs) that parameterise the properties of
the partons within the colliding hadrons and are functions of x, the fraction of the hadron’s
longitudinal momentum carried by the various partons, and Q2 the energy transfered during
the hard scatter. The way these PDFs change as a function of Q2 is described by the DGLAP
equations[25]. This fact allows PDFs found at one momentum scale to be evolved to other
Q2 values, a process commonly known as DGLAP evolution. Currently PDFs for the proton
are produced by a number of different groups, most notably MSTW[26] and CTEQ[27], by
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W and Z production at LHC

Z and W production at LHC

 → probe diEerent Bavour combinations
 → potential to improve quark PDFs

→ u and d quarks dominate for W, all Bavours contribute to Z

(A.Glazov/V.Radescu)
Hard interactions of quarks and gluons: a primer for LHC physics 95

Figure 2. Standard model cross sections at the Tevatron and LHC colliders.

The x dependence, on the other hand, has to be obtained from fitting deep-inelastic and
other hard-scattering data. This will be discussed in more detail in section 4. Note that for
consistency, the order of the expansion of the splitting functions should be the same as that of
the subprocess cross section, see (3). Thus, for example, a full NLO calculation will include
both the σ̂1 term in (3) and the P

(1)
ab terms in the determination of the pdfs via (4) and (5).

Figure 2 shows the predictions for some important Standard Model cross sections at pp̄

and pp colliders, calculated using the above formalism (at next-to-leading order in perturbation
theory, i.e. including also the σ̂1 term in (3)).

We have already mentioned that the Drell–Yan process is the paradigm hadron–collider
hard-scattering process, and so we will discuss this in some detail in what follows. Many of the
remarks apply also to other processes, in particular those shown in figure 2, although of course
the higher-order corrections and the initial-state parton combinations are process dependent.

2.2. The Drell–Yan process

The Drell–Yan process is the production of a lepton pair (e+e− or µ+µ− in practice) of
large invariant mass M in hadron–hadron collisions by the mechanism of quark–antiquark



Figure 1: (Left) The region of the (x, Q

2) space probed by previous exper-
iments as well as ATLAS, CMS and LHCb at a centre-of-mass energy of 8
TeV. (Right) The approximate rapidity coverage of the di↵erent components
of the ATLAS, CMS and LHCb detectors.

a large rapidity gap arising from colour flow considerations. The inclusion of
forward jets in the measurements allows for a greater phase space with which
to identify these rapidity gaps.

At a proton-proton collider such as the LHC, the forward region is also
a more sensitive probe of the forward-backward asymmetry in Z decays. Z

bosons produced in the forward region are more likely to follow the initial
quark direction and consequently su↵er less from the dilution of the parton
level asymmetry observed in the central region. This is discussed in more
detail later in the text.

The approximate rapidity coverage of the ATLAS [1], CMS [2] and LHCb [3]
experiments is shown in the right diagram of Figure 1. LHCb is an ex-
periment optimised for the study of CP violation in heavy flavour decays,
and consequently is fully instrumented in the forward region. This includes
tracking coverage in the pseudorapidity range between 2.0 and 5.0, as well
as electromagnetic and hadronic calorimetry up to approximately 4.5. The
ATLAS and CMS detectors are instrumented in the central region, and con-
sequently their tracking coverage is limited to |⌘| < 2.4. However, both
experiments have calorimetry coverage further forward which allows them to
identify jets and electrons in the forward region. In particular, the ATLAS
forward calorimeters provide both hadronic and electromagnetic calorimeter
coverage up to ⌘ = 4.9, while the CMS electromagnetic calorimeter coverage
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Fig. 4a,b. The total a charm and b bottom cross sections for
pp collisions as a function of ECM =

√
s. The contributions

from pair creation, flavor excitation and gluon splitting are
shown separately

subdivision of course is unobservable and model-depen-
dent. It will still provide helpful insights.

The most basic and inclusive observable is the total
heavy-flavor cross section. In Fig. 4 we present it as a func-
tion of the pp center-of-mass energy, from the fixed-target
régime to LHC and beyond, both for charm and bottom.
The cross section is divided into the contributions from the
three perturbative production channels. As noted before,
we assume that no non-perturbative effects contribute to
the total cross section. The level of the total cross sec-
tion is in sensible agreement with the present data (not
shown), indicating that there is no need for any further
significant production mechanism.

For small (fixed-target) energies the pair-creation cross
section is dominating the production, followed by a non-
negligible fraction of flavor excitation, whereas gluon split-
ting is very small. As the energy is increased, flavor excita-
tion overtakes pair production and gluon splitting is catch-
ing up. At very large energies gluon splitting becomes the
dominant production mechanism, so that the low-energy
pattern is completely reversed.
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1.3GeV, flavor excitation for GRV 94L/CTEQ 5L parton dis-
tributions, and gluon splitting for Q2
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The reason is not so difficult to understand. If we think
of any partonic process, it will only contain one hardest
2 → 2 scattering whatever the energy, whereas the num-
ber of branchings in the associated initial- and final-state
showers will increase with energy. This increase comes in
part from the growing phase space, e.g. the larger rapidity
evolution range of the initial-state cascades, in part from
the increase in accessible and typical virtuality scales Q2

for the hard subprocess. The multiplication effect is at its
full for gluon splitting, whereas flavor-excitation topolo-
gies are more restrictive. At small energies, however, the
less demanding kinematical requirements for flavor exci-
tation in a shower gives it an edge over gluon splitting.

The total cross section is strongly dependent on QCD
parameters such as the heavy-quark mass, parton distri-
butions, and factorization and renormalization scales. It
is not our aim here to present theoretical limits and errors
– this has been done elsewhere [13]. However, Fig. 5 gives
some examples of how much results may vary. Clearly, the
quark-mass choice is very important, especially for charm.
Maybe surprisingly, the charm parton distributions in the
proton do not differ by that much, probably reflecting a
convergence among the common parton distributions and
in the scheme adapted for g → QQ branchings in the evo-
lution equations. Among the examples given, the largest
uncertainty comes from the choice of the heavy quark
mass. However, it should be remembered that the vari-
ations above have no formal meaning of a ‘1σ’ range of
uncertainty, but merely reflects some more or less random
variations.

To gain further insight into the properties of the per-
turbative production processes, one may study “non-obs-
ervables” that characterize the hard-scattering process as-
sociated with the production, such as the p̂⊥ of the hard
interaction. We also show kinematical distributions, like
the rapidity and transverse momentum of the heavy
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Fig. 1. The equivalent energy of high energy particles is plotted versus time when the accelerator
was built. (a) is for proton accelerators and (b) is for electron accelerators. The equivalent energy
assumes the beam is hitting stationary proton targets. Each solid dot represents an accelerator
which has been built. An open circle is an accelerator not yet in existence. Each solid curve
connects accelerators built or designed with a certain technology.

2. Accelerators in Operation and Their Upgrades

Figure 2 shows the major high energy accelerators around the world. Here let
me mention that an accelerator is built as a versatile instrument. After it is built, it
invariably continues to be improved and upgraded, yielding increasing performances
with time. For a collider, this is reflected in an increasing luminosity. In fact, one
is led to conclude that the “design” luminosity of a collider is only a set goal at the
time of the design, and it is sometimes not whether but when the design luminosity
would be achieved — especially when talking about new technologies.

Figures 3(a), (b) and (c) show the luminosity evolution of the Fermilab Teva-
tron, the SLC, and the Cornell CESR.6,7,8 These accelerators respectively represent
the three leading technologies of the present colliders: proton storage ring collider,
electron storage ring collider and electron linear collider.

Table 1. Accelerators being built.

LHC LEP-2 RHIC KEKB PEP-2 DAΦNE
particle type pp e+e− ions, pp e+e− e+e− e+e−

beam energy (GeV) 14000 96.5 250 (pp) 3.5+8 3.1+9 0.51
circumference (km) 27 27 3.8 3.0 2.2 0.098

design L (1033cm−2s−1) 10 0.08 0.01 10 3 0.5
expected completion 2004-2008 1997 1999 1998 1997 1996

= − −
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Figure 3.3: Cross-section of cryodipole (lengths in mm).

an important operation for the geometry and the alignment of the magnet, which is critical for the
performance of the magnets in view of the large beam energy and small bore of the beam pipe.
The core of the cryodipole is the “dipole cold mass”, which contains all the components cooled
by superfluid helium. Referring to figure 3.3, the dipole cold mass is the part inside the shrinking
cylinder/He II vessel. The dipole cold mass provides two apertures for the cold bore tubes (i.e. the
tubes where the proton beams will circulate) and is operated at 1.9 K in superfluid helium. It has an
overall length of about 16.5 m (ancillaries included), a diameter of 570 mm (at room temperature),
and a mass of about 27.5 t. The cold mass is curved in the horizontal plane with an apical angle of
5.1 mrad, corresponding to a radius of curvature of about 2’812 m at 293 K, so as to closely match
the trajectory of the particles. The main parameters of the dipole magnets are given in table 3.4.

The successful operation of LHC requires that the main dipole magnets have practically iden-
tical characteristics. The relative variations of the integrated field and the field shape imperfections
must not exceed ⇠10�4, and their reproducibility must be better than 10�4after magnet testing and
during magnet operation. The reproducibility of the integrated field strength requires close control
of coil diameter and length, of the stacking factor of the laminated magnetic yokes, and possibly
fine-tuning of the length ratio between the magnetic and non-magnetic parts of the yoke. The struc-
tural stability of the cold mass assembly is achieved by using very rigid collars, and by opposing
the electromagnetic forces acting at the interfaces between the collared coils and the magnetic yoke
with the forces set up by the shrinking cylinder. A pre-stress between coils and retaining structure

– 23 –
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Fig. 2.3 Geometry of the LHC with eight arcs and eight straight sections. The two beams cross at
the interaction points 1, 2, 5 and 8. Source CERN

for the layout of the interaction region where the two beams pass through special
so-called matching sections and finally share a common vacuum chamber and triplet
focusing system before they collide at the IP.

2.1.2 Layout of the Machine

As indicated in Fig. 2.3, the basic layout of the LHC machine—while following
the LEP tunnel geometry—has eight arcs connected by eight straight sections. Each
straight section is approximately 530 m long and serves as insertion region (IR) either
for the particle detectors or for the machine hardware equipment of the storage ring
itself. The two high-luminosity regions are located at the two opposite interaction
points IP 1 (ATLAS) and 5 (CMS). The detectors of the experiments ALICE and
LHCb are installed at IPs 2 and 8, where in addition the beam-injection schemes for
beams 1 and 2 are located. The remaining straight sections are equipped with the
radio-frequency (RF) systems (IR 4), the collimation system (IRs 3 and 7), and the
beam extraction and dump system (IR 6).

For the reasons outlined above, the LHC is designed as proton-proton collider with
separate magnetic fields and vacuum chambers in the main arcs and with common
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Figure 2: Average number of visible interactions per bunch crossing (’pile-up’, top) and instanta-
neous luminosity (bottom) at the LHCb interaction point in the period 2010-2012. The dotted
lines show the design values.

about 1300, the maximum possible with 50 ns bunch spacing. Due to the larger number
of bunches the pile-up over the year could be reduced, while LHCb took the majority
of the data at a luminosity of 3.5 ⇥ 1032 cm�2s�1. This was 1.75 times more than the
design luminosity of 2⇥ 1032 cm�2s�1, as shown in Figure 2. In 2011 a luminosity levelling
procedure was introduced at the LHCb interaction point. By adjusting the transverse
overlap of the beams at LHCb, the instantaneous luminosity could be kept stable to within
about 5% during a fill, as illustrated in Figure 3. For this particularly long fill, a maximum
overlap with head-on beams was reached only after 15 hours. The luminosity levelling
procedure minimises the e↵ects of luminosity decay, allowing to maintain the same trigger
configuration during a fill and to reduce systematic uncertainties due to changes in the
detector occupancy.

In 2012 the LHC beam energy was increased to 4TeV. LHCb took data at a luminosity
of 4⇥ 1032 cm�2s�1, twice the LHCb design luminosity. The LHC delivered stable beams
for about 30% of the operational year. An e↵ort was made in 2012 to use more e�ciently
the processing power available in the Event-Filter-Farm (EFF), which otherwise would
have been idle during 70% of the time. The mechanism put in operation defers a fraction
of the HLT processing to the inter-fill time, typically several hours, between the LHC
collision periods. In this approach about 20% of the L0 accepted events during data-taking
are temporarily saved on the local disks of the EFF nodes and are processed only after
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Figure 5.1: Cross section in the (x,z) plane of the VELO silicon sensors, at y = 0, with the detector
in the fully closed position. The front face of the first modules is also illustrated in both the closed
and open positions. The two pile-up veto stations are located upstream of the VELO sensors.

5.1.1 Requirements and constraints

The ability to reconstruct vertices is fundamental for the LHCb experiment. The track coordinates
provided by the VELO are used to reconstruct production and decay vertices of beauty- and charm-
hadrons, to provide an accurate measurement of their decay lifetimes and to measure the impact
parameter of particles used to tag their flavour. Detached vertices play a vital role in the High Level
Trigger (HLT, see section 7.2), and are used to enrich the b-hadron content of the data written to
tape, as well as in the LHCb off-line analysis. The global performance requirements of the detector
can be characterised with the following interrelated criteria:

• Signal to noise1 ratio (S/N): in order to ensure efficient trigger performance, the VELO
aimed for an initial signal to noise ratio of greater than 14 [29].

• Efficiency: the overall channel efficiency was required to be at least 99% for a signal to noise
cut S/N> 5 (giving about 200 noise hits per event in the whole VELO detector).

1Signal S is defined as the most probable value of a cluster due to a minimum-ionizing particle and noise N as the
RMS value of an individual channel.
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Figure 5.4: Sketch illustrating the rf geometry of the VELO sensors. For clarity, only a portion
of the strips are illustrated. In the f -sensor, the strips on two adjacent modules are indicated, to
highlight the stereo angle. The different arrangement of the bonding pads leads to the slightly
larger radius of the R-sensor; the sensitive area is identical.

is 38 µm, increasing linearly to 101.6 µm at the outer radius of 41.9 mm. This ensures that mea-
surements along the track contribute to the impact parameter precision with roughly equal weight.

The f -sensor is designed to readout the orthogonal coordinate to the R-sensor. In the simplest
possible design these strips would run radially from the inner to the outer radius and point at the
nominal LHC beam position with the pitch increasing linearly with radius starting with a pitch of
35.5 µm. However, this would result in unacceptably high strip occupancies and too large a strip
pitch at the outer edge of the sensor. Hence, the f -sensor is subdivided into two regions, inner
and outer. The outer region starts at a radius of 17.25 mm and its pitch is set to be roughly half
(39.3 µm) that of the inner region (78.3 µm), which ends at the same radius. The design of the
strips in the f -sensor is complicated by the introduction of a skew to improve pattern recognition.
At 8 mm from the beam the inner strips have an angle of approximately 20� to the radial whereas
the outer strips make an angle of approximately 10� to the radial at 17 mm. The skew of inner and
outer sections is reversed giving the strips a distinctive dog-leg design. The modules are placed so
that adjacent f -sensors have the opposite skew with respect to the each other. This ensures that
adjacent stations are able to distinguish ghost hits from true hits through the use of a traditional
stereo view. The principal characteristics of the VELO sensors are summarized in table 5.1.

The technology utilized in both the R- and f -sensors is otherwise identical. Both sets of
sensors are 300 µm thick. Readout of both R- and f -sensors is at the outer radius and requires
the use of a second layer of metal (a routing layer or double metal) isolated from the AC-coupled
diode strips by approximately 3 µm of chemically vapour deposited (CVD) SiO2. The second
metal layer is connected to the first metal layer by wet etched vias. The strips are biased using
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Figure 5.16: The left plot shows the number of stations hit per track in the VELO and the right
plot shows the number of hits of a track in the VELO modules as a function of the pseudorapidity
of the track. The dashed line indicates the limit above which 95% of the tracks lie.
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Figure 5.17: The raw hit resolution as a function of strip pitch as measured in the test beam for
particles of normal incidence. The dashed line indicates the resolution expected for digital readout.
The data points show the resolution as measured from the weighted centre of the charges on the
strips.

mance improves for the low angle tracks when imperfections in the weighted charge distribution
between two strips are taken into account [52].

In addition, crosstalk originating from inter-strip coupling, from coupling between electronic
channels, and from signal feed-forward and backward in the analog transmission have not been
taken into account. Once these have been fully parametrised further improvement in the resolution
obtained from the system is anticipated.
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Figure 5.23: View of the four IT detector boxes arranged around the LHC beampipe.

Figure 5.24: Layout of an x detection layer in the second IT station.

IT detector modules

An exploded view of a detector module is shown in figure 5.25. The module consists of either one
or two silicon sensors that are connected via a pitch adapter to a front-end readout hybrid. The
sensor(s) and the readout hybrid are all glued onto a flat module support plate. Bias voltage is
provided to the sensor backplane from the strip side through n+ wells that are implanted in the n-
type silicon bulk. A small aluminium insert (minibalcony) that is embedded into the support plate
at the location of the readout hybrid provides the mechanical and thermal interface of the module
to the detector box.

Silicon sensors. Two types of silicon sensors of different thickness, but otherwise identical in
design, are used in the IT.17 They are single-sided p+-on-n sensors, 7.6 cm wide and 11 cm long,
and carry 384 readout strips with a strip pitch of 198 µm. The sensors for one-sensor modules
are 320 µm thick, those for two-sensor modules are 410 µm thick. As explained in section 5.2.4
below, these thicknesses were chosen to ensure sufficiently high signal-to-noise ratios for each
module type while minimising the material budget of the detector.

17The sensors were designed and produced by Hamamatsu Photonics K.K., Hamamatsu City, Japan.
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provided to the sensor backplane from the strip side through n+ wells that are implanted in the n-
type silicon bulk. A small aluminium insert (minibalcony) that is embedded into the support plate
at the location of the readout hybrid provides the mechanical and thermal interface of the module
to the detector box.

Silicon sensors. Two types of silicon sensors of different thickness, but otherwise identical in
design, are used in the IT.17 They are single-sided p+-on-n sensors, 7.6 cm wide and 11 cm long,
and carry 384 readout strips with a strip pitch of 198 µm. The sensors for one-sensor modules
are 320 µm thick, those for two-sensor modules are 410 µm thick. As explained in section 5.2.4
below, these thicknesses were chosen to ensure sufficiently high signal-to-noise ratios for each
module type while minimising the material budget of the detector.

17The sensors were designed and produced by Hamamatsu Photonics K.K., Hamamatsu City, Japan.
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Figure 5.36: Cross section of a straw-tubes module (left) and overview of a straw-tubes module
design (right).

tubes. Both sections are read out from the outer end. The splitting in two sections is done at a
different position for the two monolayers to avoid insensitive regions in the middle of the module.
F-modules have an active length of 4850 mm and contain a total of 256 straws. In addition to the
F-type modules there exist short modules (type S) which are located above and below the beam
pipe. These modules have about half the length of F-type modules, contain 128 single drift tubes,
and are read out only from the outer module end. A layer half is built from 7 long and 4 short
modules. The complete OT detector consists of 168 long and 96 short modules and comprises
about 55000 single straw-tube channels.

Construction

The straw tubes are produced by winding together two strips of thin foils,29 as shown in figure 5.37:
the inner (cathode) foil is made of 40 µm carbon doped polyimide (Kapton-XC30); the outer foil
(Kapton-aluminium) is a laminate31 made of 25 µm polyimide, to enhance the straws gas tightness,
and 12.5 µm aluminium, crucial to ensure fast signal transmission and good shielding.

To build a monolayer the straw-tubes were glued to panels with a cored sandwich structure
consisting of a 10 mm Rohacell core and two 120 µm carbon fibre skins. High precision aluminium
templates (figure 5.37) were used during the glueing to position the straw-tubes to better than
50 µm over the entire module length. After the straw-tubes were glued to the panel the wiring was
started. A gold-plated tungsten wire32 with a diameter of 25.4 µm is used for the anodes. The wire
was sucked through the straw-tube. At each end the wire is guided using injection-molded Noryl
endpieces. To centre the wire also along the straw-tube Noryl wire locators had been placed every
80 cm inside the straws. The wires were strung with a tension of 0.7 N and were soldered to 5 mm
long pads of a printed circuit board.

Special holding-devices, shown in figure 5.38, were used to keep the support panels flat to
within 100 µm during the glueing of the straws and wiring. They were also used to assemble two
monolayer panels into a detector module (figure 5.38). The sides of the modules were closed by
400 µm thick carbon fibre sidewalls. Spacers at the two module ends ensure the proper separation

29Lamina Dieletrics Ltd., UK.
30DuPontTM.
31GTS Flexible Materials Ltd., USA.
32California Fine Wire, USA.
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Figure 6.1: Cherenkov angle versus particle momentum for the RICH radiators.
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Figure 6.2: (a) Side view schematic layout of the RICH 1 detector. (b) Cut-away 3D model of the
RICH 1 detector, shown attached by its gas-tight seal to the VELO tank. (c) Photo of the RICH1
gas enclosure containing the flat and spherical mirrors. Note that in (a) and (b) the interaction point
is on the left, while in (c) is on the right.

• minimizing the material budget within the particle acceptance of RICH 1 calls for lightweight
spherical mirrors with all other components of the optical system located outside the accep-
tance. The total radiation length of RICH 1, including the radiators, is ⇠8% X0.

• the low angle acceptance of RICH 1 is limited by the 25 mrad section of the LHCb beryllium
beampipe (see figure 3.1) which passes through the detector. The installation of the beampipe
and the provision of access for its bakeout have motivated several features of the RICH 1
design.

• the HPDs of the RICH detectors, described in section 6.1.5, need to be shielded from the
fringe field of the LHCb dipole. Local shields of high-permeability alloy are not by them-
selves sufficient so large iron shield boxes are also used.
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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 D

0 ! K

�
⇡

+, where the D

0 is selected from D

⇤+ ! D

0
⇡

+ 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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Figure 6.21: Lateral segmentation of the SPD/PS and ECAL (left) and the HCAL (right). One
quarter of the detector front face is shown. In the left figure the cell dimensions are given for the
ECAL.

6.2.1 General detector structure

A classical structure of an electromagnetic calorimeter (ECAL) followed by a hadron calorimeter
(HCAL) has been adopted. The most demanding identification is that of electrons. Within the
bandwidth allocated to the electron trigger (cf. section 7.1.2) the electron Level 0 trigger is required
to reject 99% of the inelastic pp interactions while providing an enrichment factor of at least 15
in b events. This is accomplished through the selection of electrons of large transverse energy
ET . The rejection of a high background of charged pions requires longitudinal segmentation
of the electromagnetic shower detection, i.e. a preshower detector (PS) followed by the main
section of the ECAL. The choice of the lead thickness results from a compromise between
trigger performance and ultimate energy resolution [122]. The electron trigger must also reject a
background of p0’s with high ET . Such rejection is provided by the introduction, in front of the
PS, of a scintillator pad detector (SPD) plane used to select charged particles. A thin lead converter
is placed between SPD and PS detectors. At Level 0, the background to the electron trigger will
then be dominated by photon conversions in the upstream spectrometer material, which cannot
be identified at this stage. Optimal energy resolution requires the full containment of the showers
from high energy photons. For this reason, the thickness of ECAL was chosen to be 25 radiation
lengths [123]. On the other hand, the trigger requirements on the HCAL resolution do not impose
a stringent hadronic shower containment condition. Its thickness is therefore set to 5.6 interaction
lengths [124] due to space limitations.

The PS/SPD, ECAL and HCAL adopt a variable lateral segmentation (shown in figure 6.21)
since the hit density varies by two orders of magnitude over the calorimeter surface. A segmenta-
tion into three different sections has been chosen for the ECAL and projectively for the SPD/PS.
Given the dimensions of the hadronic showers, the HCAL is segmented into two zones with larger
cell sizes.

All calorimeters follow the same basic principle: scintillation light is transmitted to a Photo-
Multiplier (PMT) by wavelength-shifting (WLS) fibres. The single fibres for the SPD/PS cells are
read out using multianode photomultiplier tubes (MAPMT), while the fibre bunches in the ECAL
and HCAL modules require individual phototubes. In order to have a constant ET scale the gain in
the ECAL and HCAL phototubes is set in proportion to their distance from the beampipe. Since
the light yield delivered by the HCAL module is a factor 30 less than that of the ECAL, the HCAL
tubes operate at higher gain.
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Figure 6.46: Side view of the muon system.

Appropriate programming of the L0 processing unit (see section 7.1.2) allows the muon trig-
ger to operate in the absence of one station (M1, M4 or M5) or with missing chamber parts, al-
though with degraded performance (worse pT resolution).

The layout of the muon stations is shown in figure 6.47. Each Muon Station is divided into
four regions, R1 to R4 with increasing distance from the beam axis. The linear dimensions of the
regions R1, R2, R3, R4, and their segmentations scale in the ratio 1:2:4:8. With this geometry,
the particle flux and channel occupancy are expected to be roughly the same over the four regions
of a given station. The (x,y) spatial resolution worsens far from the beam axis, where it is in any
case limited by the increase of multiple scattering at large angles. The right part of figure 6.47
shows schematically the partitioning of the station M1 into logical pads and the (x,y) granularity.
Table 6.5 gives detailed information on the geometry of the muon stations.

Simulation

A complete simulation of the muon system was performed using GEANT4. Starting from the
energy deposits of charged particles in the sensitive volumes, the detector signals were created and
digitized taking into account detector effects such as efficiency, cross-talk, and dead time as well as
effects arising from pile-up and spill-over of events occurring in previous bunch crossings [167].
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Figure 6.47: Left: front view of a quadrant of a muon station. Each rectangle represents one
chamber. Each station contains 276 chambers. Right: division into logical pads of four chambers
belonging to the four regions of station M1. In each region of stations M2-M3 (M4-M5) the number
of pad columns per chamber is double (half) the number in the corresponding region of station M1,
while the number of pad rows per chamber is the same (see table 6.5).

A realistic simulation of the detector occupancy requires the detailed description of the cav-
ern geometry and of the beam line elements and the use of very low energy thresholds in GEANT4.
The CPU time needed for such a simulation would be prohibitive for the stations M2–M5 inter-
leaved with iron filters. The strategy chosen to overcome this problem was therefore to generate
once for all a high statistics run of minimum bias events with low thresholds. The distributions of
hit multiplicities obtained were parametrized and then used to statistically add hits to the standard
LHCb simulated events. The latter were obtained by running GEANT4 at higher thresholds and
with a simplified geometry of the cavern and the beam line [168]. Simulated events have been ex-
tensively used to evaluate the rates in the various detector regions in order to establish the required
rate capabilities and ageing properties of the chambers and to evaluate the data flow through the
DAQ system [169]. At a luminosity of 2⇥1032 cm�2 s�1 the highest rates expected in the inner
regions of M1 and M2 are respectively 80 kHz/cm2 and 13 kHz/cm2 per detector plane. In the de-
tector design studies, a safety factor of 2 was applied to the M1 hit multiplicity and the low energy
background in stations M2-M5 has been conservatively multiplied by a factor of 5 to account for
uncertainties in the simulation.

Detector technology

The LHC bunch crossing rate of 40 MHz and the intense flux of particles in the muon system [169]
impose stringent requirements on the efficiency, time resolution, rate capability and ageing char-
acteristics of the detectors, as well as on the speed and radiation resistance of the electronics.
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Figure 6.51: Exploded schematic view of a chamber showing the various elements.
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Figure 6.52: Cross section of a wire chamber showing the four gas gaps and the connection to the
readout electronics. SPB: Spark Protection Board; CARDIAC: FE Electronics Board. In this case
the hardwired OR forming the two Double Gaps (see text) is achieved in the SPB.

inside the Faraday cage to minimize electrical pickup. The HV is brought in through a custom-
made multipin connector and multiconductor cable. LVDS shielded cables are used for signal
transmission and control.

The general design and construction is the same for all chambers and is discussed in detail
in [183].

Chamber construction

Given the large number of chambers, the production was distributed among six production sites. A
great effort went into ensuring that all those sites had equivalent facilities and tooling, albeit with
some flexibility. The same stringent quality criteria and test protocols were adopted throughout to
ensure a constant quality of the produced chambers.
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inside the Faraday cage to minimize electrical pickup. The HV is brought in through a custom-
made multipin connector and multiconductor cable. LVDS shielded cables are used for signal
transmission and control.

The general design and construction is the same for all chambers and is discussed in detail
in [183].

Chamber construction

Given the large number of chambers, the production was distributed among six production sites. A
great effort went into ensuring that all those sites had equivalent facilities and tooling, albeit with
some flexibility. The same stringent quality criteria and test protocols were adopted throughout to
ensure a constant quality of the produced chambers.
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Figure 7.1: Scheme of the LHCb trigger.

ber of tracks, based on the number of hits in the SPD. With the help of these global quantities events
may be rejected, which would otherwise be triggered due to large combinatorics, and would occupy
a disproportionate fraction of the data-flow bandwidth or available processing power in the HLT.

A Level-0 Decision Unit (DU) collects all the information and derives the final Level-0 trigger
decision for each bunch crossing. It allows for overlapping of several trigger conditions and for
prescaling.

The L0 trigger system is fully synchronous with the 40 MHz bunch crossing signal of the
LHC. The latencies are fixed and depend neither on the occupancy nor on the bunch crossing
history. All Level-0 electronics is implemented in fully custom-designed boards which make use
of parallelism and pipelining to do the necessary calculations with sufficient speed.

In order to be able to reduce the event rate from 1 MHz down to 2 kHz, the HLT makes
use of the full event data. The generic HLT algorithms refine candidates found by the Level-0
trigger and divide them into independent alleys (see section 7.2). The alleys to be followed are
selected from the Level-0 decision. The alley selections are based on the principle of confirming a
previous trigger stage by requiring the candidate tracks to be reconstructed in the VELO and/or the
T-stations. Requiring candidate tracks with a combination of high pT and/or large impact parameter
reduces the rate to about 30 kHz. At this rate interesting final states are selected using inclusive
and exclusive criteria.

Generally speaking, selection cuts are relaxed compared to the offline analysis, in order to
be able to study the sensitivity of the selections and to profit from refinements due to improved
calibration constants. A large fraction of the output bandwidth is devoted to calibration and moni-
toring. In order to monitor trigger efficiencies and systematic uncertainties both trigger levels can
be emulated fully on stored data.
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Fig. 32.1: Stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a function of
βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in kinetic
energy). Solid curves indicate the total stopping power. Data below the break at βγ ≈ 0.1
are taken from ICRU 49 [4], and data at higher energies are from Ref. 5. Vertical bands
indicate boundaries between different approximations discussed in the text. The short
dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence of stopping power
on projectile charge at very low energies [6]. dE/dx in the radiative region is not simply
a function of β.

32.2.2. Maximum energy transfer in a single collision : For a particle with mass
M ,

Wmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (32.4)

In older references [2,8] the “low-energy” approximation Wmax = 2mec2 β2γ2, valid for
2γme ≪ M , is often implicit. For a pion in copper, the error thus introduced into dE/dx
is greater than 6% at 100 GeV. For 2γme ≫ M , Wmax = Mc2 β2γ.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron can
exceed 1 GeV/c, where hadronic structure effects significantly modify the cross sections.
This problem has been investigated by J.D. Jackson [9], who concluded that for hadrons
(but not for large nuclei) corrections to dE/dx are negligible below energies where
radiative effects dominate. While the cross section for rare hard collisions is modified, the
average stopping power, dominated by many softer collisions, is almost unchanged.
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Figure 32.11: Fractional energy loss per radiation length in lead as a function of
electron or positron energy. Electron (positron) scattering is considered as ionization
when the energy loss per collision is below 0.255 MeV, and as Møller (Bhabha)
scattering when it is above. Adapted from Fig. 3.2 from Messel and Crawford,
Electron-Photon Shower Distribution Function Tables for Lead, Copper, and Air
Absorbers, Pergamon Press, 1970. Messel and Crawford use X0(Pb) = 5.82 g/cm2,
but we have modified the figures to reflect the value given in the Table of Atomic
and Nuclear Properties of Materials (X0(Pb) = 6.37 g/cm2).

32.4.3. Bremsstrahlung energy loss by e± : At very high energies and except at the
high-energy tip of the bremsstrahlung spectrum, the cross section can be approximated
in the “complete screening case” as [43]

dσ/dk = (1/k)4αr2
e
{

(4
3 − 4

3y + y2)[Z2(Lrad − f(Z)) + Z L′
rad]

+ 1
9 (1 − y)(Z2 + Z)

}

,
(32.29)

where y = k/E is the fraction of the electron’s energy transferred to the radiated photon.
At small y (the “infrared limit”) the term on the second line ranges from 1.7% (low Z) to
2.5% (high Z) of the total. If it is ignored and the first line simplified with the definition
of X0 given in Eq. (32.26), we have

dσ

dk
=

A

X0NAk

(4
3 − 4

3y + y2
)

. (32.30)

This cross section (times k) is shown by the top curve in Fig. 32.12.
This formula is accurate except in near y = 1, where screening may become incomplete,

and near y = 0, where the infrared divergence is removed by the interference of
bremsstrahlung amplitudes from nearby scattering centers (the LPM effect) [45,46] and
dielectric suppression [47,48]. These and other suppression effects in bulk media are
discussed in Sec. 32.4.6.
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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
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The procedure starts with a «seed»7 in the VELO. These tracks are straight as there is no
magnetic field in the VELO. They determine the position and the slope. To fix the last
parameter (the momentum), a single point in the T-stations is needed8. The algorithm
therefore combines a VELO track with every hit in a x-plane in the T stations to recon-
struct a (possible) flight path. It then projects all measurements along this flight path in
the T-stations onto a plane at a fixed z-position. This transformation is called a «Hough
transform», see Fig. 3.4. The measurements corresponding to the particle of  the VELO
seed should cluster, while other measurements should follow a random distribution. In the
following, the hits in the cluster are fitted and outliers are removed using a χ2 criterium. In
this stage also hits from the stereo layers are searched for clusters, fitted and again selected
using χ2. Finally, the best track candidate is selected based on multiple track quality criteria.
It should be noted that TT hits have not been added up to now. This will be done in a
separate step and explained later in Sec. 3.6. Also note that a long track does not necessarily
need to have TT hits.

Hough plane

Hough space

Figure 3.4.: Sketch of  a Hough transform, with extrapolated track (solid, blue) and search
windows (dashed, blue). The hits are projected along the extrapolated track
onto the Hough space. Hits belonging to the same track cluster around the
position of  the extrapolated track while other hits are randomly distributed.

A different method to reconstruct particles that traverse the full detector is called «Track
Matching» [91] [92]. In a first step it combines all standalone tracks from the T-stations

7A seed is the starting point for every track and is constructed by collecting hits using very general principals
like physically possible angles. Often seeds are constructed in parts of  the detector without a magnetic
field. An example can be found in Ref. [78].

8The bending of  the flight path only occurs in the x-direction to first order. Therefore a single measurement
providing the x-coordinate is enough.
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are compatible hits within this window, triplets are formed. For each triplet, the doublet
is linearly extrapolated to the fourth layer. A reduced tolerance window is opened and
compatible hits are used to form quadruplets. If no quadruplets are formed from any of
the triplets, triplets are also searched for with the original doublet and hits in the fourth
layer. This process is repeated for every doublet combination.

In order to account for missing hits in the TT detector, if no quadruplets have been
formed the clustering sequence is run in reverse starting with a doublet in the third and
fourth layers.

The tolerance window in x around the extrapolated x position of the doublet was
tuned in simulation using simulated particles and their associated TT hits by looking at
the di↵erence between the linearly extrapolated x position of a doublet and the x position
of an associated hit in a given layer.

The hits in each cluster are added to the VELO track to form a VeloTT track candidate.
It is possible that there are many VeloTT track candidates formed from the same VELO
track. If at least one track candidate has four associated TT hits, the track candidates
with three hits are removed. This reduces the number of track candidates fitted using the
simple �

2 fit, described in Section 2.3.
The previous implementation used a Hough transform based on the distance of the

hit from linear extrapolation of the VELO track to find cluster candidates. It required
that all hits were located on one side of the extrapolated VELO track. While this is
a good assumption for low p tracks, it is not for high p tracks. This caused the track
reconstruction e�ciency to fall with increasing p.

TTa TTb TTa TTb TTa TTb

Hit

Doublet

Extrapolation

Search Window

x

z

Figure 4: A schematic view of the clustering of TT hit candidates. Doublets in the first two
layers are formed and then extrapolated linearly to the third and fourth layers to form triplets
and quadruplets.

2.3 Simple fit of VeloTT track candidates

The p-Kick method is used to estimate the momentum of the track. This method is based
on the idea that the e↵ect of the field can be described by an instant kick of the momentum
vector at the center of the ‘magnet’. In this case it is described by the formula:
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Figure 6: Tracking e�ciency for the 2011 data and weighted MC simulation for the combined
method (left) and long method (right) as a function of the momentum, p (first row), the pseu-
dorapidity, ⌘ (second row), the total number of tracks in the event, N

track

(third row), and
the number of reconstructed primary vertices, N

PV

(fourth row). The error bars indicate the
statistical uncertainty.

12

(a) (b)

�3 �2 �1 0 1 2 3
� [rad]

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

M
uo

n
Tr

ac
ki

ng
Ef

fic
ie

nc
y

2011
2012

(c)

0 100 200 300 400 500 600
SPD Multiplicity

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

M
uo

n
Tr

ac
ki

ng
Ef

fic
ie

nc
y

2011
2012

(d)

Figure 16: Muon Track Reconstruction e�ciency for 2011 and 2012 data as a function of (a) pT,
(b) ⌘, (c) � and (d) the SPD multiplicity.

(0.953±0.002) for 2011(2012) data which compares to 0.973(0.961)†† in MC11a(MC2012).

††Uncertainties are not quoted for the Monte-Carlo e�ciencies as they are lower than the least significant
digit shown.
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0 separation tool for simulation, the red curve, and data, the
blue curve (right).

The electron (positron) is selected on the basis of its electron PID variables and electron
confidence level, requiring a minimum pT value and an E/pc value within a selected range.
The algorithm only combines electron-positron pairs for which the associated clusters have
energy-weighted positions that are closer than 3� of cluster extent (and 200mm) in the
vertical plane, at the average z barycentre of clusters. Pairs are selected on the basis of
their transverse momenta, their di-electron masses and their reconstructed vertex positions.
The electron energy is corrected by including any bremsstrahlung photons measured by
the calorimeters that are compatible with the electron-positron pair.

Figure 33 shows the ratio of photon detection e�ciencies between converted and
non-converted photons coming from the decay of ⇡0 mesons for both simulation and
data. The simulation provides a good description of the photon reconstruction e�ciency
implying that the detector material where the conversions occur is modelled well, and
that the reconstruction algorithms work equally well in data and simulation. The level
of performance is illustrated by analyses that benefit from the good resolution obtained
using converted photons, such as �

c

! J/ � [79] or �
b

! ⌥� [80]. In the case of the �
c

,
for instance, the resolution on the mass di↵erence �M = M(µ+

µ

�
�)�M(µ+

µ

�) is about
5MeV/c2. With this resolution, the �

c0, �c1 and �
c2 states can be disentangled from one

another [79].

4.1.2 Electron identification

The identification of electrons in the calorimeter system uses information derived from
the ECAL, the PS and the HCAL. The procedure to combine these di↵erent sources of
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information is based on signal and background likelihood distributions constructed for each
sub-detector. In each case, reference histograms correlating the energy measurement with
the particle momentum are produced. For example, Figure 34 shows the E/pc distribution
in the ECAL for electrons and hadrons, produced using the first 340 pb�1 recorded in 2011.
The electron distribution has been produced using reconstructed electrons from photon
conversions and the hadron distribution using pions and kaons from D

0 meson decays.
From these distributions, the log-likelihood di↵erence between electrons and hadrons is
derived.

For the ECAL, the log-likelihood di↵erence for electron and hadron hypotheses
�logLECAL(e � h) is computed based on both E/pc and the �2

2D estimator defined in
Section 3.2. The electron hypothesis likelihoods for the PS, �logLPS(e�h) and the HCAL
�logLHCAL(e� h) are built using the energy deposits in each sub-detector. A combined
estimator is then formed for the calorimeter system by taking the sum of the individual
estimators from the PS, the ECAL and the HCAL,

�logLCALO(e� h) = �logLECAL(e� h) +�logLHCAL(e� h) +�logLPS(e� h) . (5)

Figure 35 shows the combined electron identification e�ciency defined above versus the
misidentification rate obtained by varying the selection criteria applied to the likelihood
di↵erence.

The electron identification performance is evaluated using the data recorded in 2011,
which are su�cient for it to be measured using a tag-and-probe method. This is applied
to B

± ! J/ K

± candidates with J/ ! e

+
e

�, where one of the electrons is required to
be identified by its electron ID (etag) while the second electron is selected without using

47

→ + −



L

/ / /

L

L



/ < < /
/ < < /

> /



Eur. Phys. J. C (2013) 73:2431 Page 15 of 17

Fig. 17 Kaon identification efficiency and pion misidentification rate
measured on data as a function of track momentum. Two different
! log L(K − π) requirements have been imposed on the samples, re-
sulting in the open and filled marker distributions, respectively

Fig. 18 Kaon identification efficiency and pion misidentification rate
measured using simulated events as a function of track momentum.
Two different ! log L(K − π) requirements have been imposed on the
samples, resulting in the open and filled marker distributions, respec-
tively

Fig. 19 Proton identification efficiency and pion misidentification rate
measured on data as a function of track momentum. Two different
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Figure 8. Muon efficiency (a) and misidentification probabilities for protons (b), pions (c) and kaons (d)
as a function of the particle momentum for the IsMuon requirement alone (black solid circles) and with the
additional cuts muDLL�1.74 (red triangles) and muDLL�2.25 (blue open circles).

The DLL benefits from RICH and calorimeter information, being more effective than the muon
DLL alone in separating pions and kaons from muons. After IsMuon, this is the most used particle
identification requirement used to select muons in LHCb and the actual cut value is usually chosen
according to the compromise between purity and efficiency needed for that specific study. The
average misidentification rates corresponding to a cut which provides an average decrease of 5%
(equivalent to the one obtained with muDLL�1.74, as previously shown) are around 0.65% and
0.38% for the kaons and pions, respectively.

5.4 Performance of selections based on hits sharing

As mentioned in section 3, after requiring IsMuon, an additional way of reducing the incorrect
identification probability of hadrons as muons, in particular at high occupancy, is the use of a cut
on NShared.
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Figure 1: Charged energy flow as a function of ⌘ for all event classes as indicated in the figures.
The corrected measurements are given by points with error bars, while the predictions by the
Pythia tunes are shown as histograms. The error bars represent the systematic uncertainties,
which are highly correlated between the bins. The statistical uncertainties are negligible. The
ratios of MC predictions to data are shown in addition.
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Figure 2: Charged energy flow as a function of ⌘ for all event classes as indicated in the figures.
The corrected measurements are given by points with error bars, while the predictions by the
cosmic-ray interaction models are shown as histograms. The error bars represent the systematic
uncertainties, which are highly correlated between the bins. The statistical uncertainties are
negligible. The ratios of MC predictions to data are shown in addition.
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til a given number of final branches, called leaves, are
obtained, or until each leaf is pure signal or pure back-
ground, or has too few events to continue. This descrip-
tion is a little oversimplified. In fact at each stage one
picks as the next branch to split, the branch which will
give the best increase in the quality of the separation. A
schematic of a decision tree is shown in Fig.1, in which
3 variables are used for signal/background separation:
event hit multiplicity, energy, and reconstructed radial
position.

What criterion is used to define the quality of separa-
tion between signal and background in the split? Imagine
the events are weighted with each event having weight
Wi. Define the purity of the sample in a branch by

P =

∑

s Ws
∑

s Ws +
∑

b Wb
,

where
∑

s is the sum over signal events and
∑

b is the
sum over background events. Note that P (1 − P ) is 0
if the sample is pure signal or pure background. For a
given branch let

Gini = (
n

∑

i=1

Wi)P (1 − P ),

where n is the number of events on that branch. The
criterion chosen is to minimize

Ginileft son + Giniright son.

To determine the increase in quality when a node is
split into two branches, one maximizes

Criterion = Ginifather − Ginileft son − Giniright son.

At the end, if a leaf has purity greater than 1/2 (or
whatever is set), then it is called a signal leaf and if the
purity is less than 1/2, it is a background leaf. Events
are classified signal if they land on a signal leaf and back-
ground if they land on a background leaf. The resulting
tree is a decision tree.

Decision trees have been available for some time[5].
They are known to be powerful but unstable, i.e., a small
change in the training sample can give a large change in
the tree and the results.

There are three major measures of node impurity used
in practice: misclassification error, the gini index and
the cross-entropy. If we define p as the proportion of
the signal in a node, then the three measures are: 1 -
max(p, 1-p) for the misclassification error, 2p(1-p) for
the gini index and -plog(p) - (1-p)log(1-p) for the cross-
entropy. The three measures are similar, but the gini
index and the cross-entropy are differentiable, and hence
more amenable to numerical optimization. In addition,
the gini index and the cross-entropy are more sensitive
to change in the node probabilities than the misclassifi-
cation error. The gini index and the cross-entropy are
similar.

S/B
52/48

B
4/37

S/B
48/11

S/B
9/10

S
39/1

S
7/1

B
2/9

PMT Hits?
< 100 ≥ 100

Energy?
< 0.2 GeV ≥ 0.2 GeV

Radius?
< 500 cm ≥ 500 cm

FIG. 1: Schematic of a decision tree. S for signal, B for back-
ground. Terminal nodes(called leaves) are shown in boxes.
If signal events are dominant in one leave, then this leave is
signal leave; otherwise, background leave.

B. Boosting

Within the last few years a great improvement has
been made[6, 7, 8]. Start with unweighted events and
build a tree as above. If a training event is misclassified,
i.e, a signal event lands on a background leaf or a back-
ground event lands on a signal leaf, then the weight of
that event is increased (boosted).

A second tree is built using the new weights, no longer
equal. Again misclassified events have their weights
boosted and the procedure is repeated. Typically, one
may build 1000 or 2000 trees this way.

A score is now assigned to an event as follows. The
event is followed through each tree in turn. If it lands
on a signal leaf it is given a score of 1 and if it lands on
a background leaf it is given a score of -1. The renor-
malized sum of all the scores, possibly weighted, is the
final score of the event. High scores mean the event is
most likely signal and low scores that it is most likely
background. By choosing a particular value of the score
on which to cut, one can select a desired fraction of the
signal or a desired ratio of signal to background. For
those familiar with ANNs, the use of this score is the
same as the use of the ANN value for a given event. For
the MiniBooNE experiment, boosting has been found to
be superior to ANNs. Statisticians and computer scien-
tists have found that this method of classification is very
efficient and robust. Furthermore, the amount of tuning
needed is rather modest compared with ANNs. It works
well with many PID variables. If one makes a monotonic
transformation of a variable, so that if x1 > x2 then
f(x1) > f(x2), the boosting method gives exactly the
same results. It depends only on the ordering according
to the variable, not on the value of the variable.

In articles on boosting within the statistics and com-
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Figure 5.1: Cross section in the (x,z) plane of the VELO silicon sensors, at y = 0, with the detector
in the fully closed position. The front face of the first modules is also illustrated in both the closed
and open positions. The two pile-up veto stations are located upstream of the VELO sensors.

5.1.1 Requirements and constraints

The ability to reconstruct vertices is fundamental for the LHCb experiment. The track coordinates
provided by the VELO are used to reconstruct production and decay vertices of beauty- and charm-
hadrons, to provide an accurate measurement of their decay lifetimes and to measure the impact
parameter of particles used to tag their flavour. Detached vertices play a vital role in the High Level
Trigger (HLT, see section 7.2), and are used to enrich the b-hadron content of the data written to
tape, as well as in the LHCb off-line analysis. The global performance requirements of the detector
can be characterised with the following interrelated criteria:

• Signal to noise1 ratio (S/N): in order to ensure efficient trigger performance, the VELO
aimed for an initial signal to noise ratio of greater than 14 [29].

• Efficiency: the overall channel efficiency was required to be at least 99% for a signal to noise
cut S/N> 5 (giving about 200 noise hits per event in the whole VELO detector).

1Signal S is defined as the most probable value of a cluster due to a minimum-ionizing particle and noise N as the
RMS value of an individual channel.
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