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Задача эксперимента LHCb:
исследование эффектов
CP-нарушения
в распадах B-мезонов

Вершинный детектор
Трековая система
Детекторы черенковских колец
Электромагнитный калориметр
Адронный калориметр
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LHCb detector

250 mrad

Triple-GEM detectors in for inner region (R1) of the first muon station (M1)

Trigger (Level-0) and muon pT measurements
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B-mesons collection
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B-mesons collection

LHCb can measure B-mesons
down to pT = 2 GeV/c
and has access
to a visible b cross-section
of about 230 μb.

ATLAS and CMS
have to raise the pT-threshold
to values around 6 GeV/c
in order to suppress background.
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Trigger is very component of the LHCb experiment

Most sub-detectors designs
are motivated by triggering considerations

The bunch-crossing frequency is 40 MHz

Every 25 ns a pp event can occur
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At L = 2×1032 cm−2 s−1

inelastic pp interaction (called minimum bias) happens
at rate 15 MHz

Inelastic proton-proton (pp) interactions are called "minimum 
bias" because they represent a broad selection of events, 
aiming to be as unbiased as possible towards the type of 
interaction occurring. These events are selected by a loose 
trigger, which primarily includes all inelastic collisions.

The ratio of the inelastic minimum bias and bb cross-section 
is about 100

The bb production rate is 150 kHz
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For every B event of interest there are 106 background events.
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The Muon System

Muon triggering and off-line muon identification
Muons are in final states of many CP-sensitive B decays

The muon trigger is based on a muon track reconstruction
and muon pT measurement with resolution of ∼ 20%
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The muon detector consists of five muon 
tracking stations placed along the beam axis.
The first station (M1) is placed in front of the 
calorimeter preshower, at 12.1 m from the
interaction point.
Therefore, the M1 position requires a 
radiation length of the detector materials 
below 10% of X0
The minimum momentum requested to 
traverse the 5 muon stations is 8 GeV/c. 

The chambers within the filter are allocated 
about 40 cm of space
and are separated by three shields
of 80 cm thickness.

The angular acceptances of the muon system 
is from 20 to 306 mrad in the bending plane
and from 16 to 256 mrad in the non-bending 
plane.

This provides a geometrical acceptance of 
about 20% of muons from b decays relative to 
the full solid angle.

The total detector area is about 435 m2.
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pT resolution contributions
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Each logical pad may group one or more physical pads,
whose dimension are limited by occupancy and capacitance
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The basic function of the LHCb Muon system:
identify and trigger muons

Fast triggering requirement

The muon Level-0 trigger (L0) is designed in such a way that 
information from all five muon stations is required, and 
looking for muon tracks with large pT
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Once track finding is completed, an evaluation of pT is performed for muon tracks

The pT is determined from the track hits in M1 and M2

The momentum measurement assumes a particle from the interaction point
and a single kick from the magnet
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Muon tracks



In order to improve the single station efficiency in 20 ns time window,
the M2-M5 stations consist of four independent detector layers, which are readout
as two double layers and then logically OR-ed (логическая схема “ИЛИ”)

Only two detector layers for the M1 station
in order to reduce material budget in front of the calorimeters

The efficiency for M2-M5 stations must be > 99%,
and > 96% for the M1 station, where only two detector layers are foreseen

As result of such stations efficiency requirement,
the L0 trigger efficiency comes out to be higher than 92%
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Trigger efficiency



Background environment
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Muon system detector technologies
The combination of physics goals and background conditions have determined
the choice of detector technologies for the various stations and regions.
The following parameters particularly affects the technology choice:
1. Rate capability: The selected technologies must tolerate the expected particle rate without
efficiency losses;
2. Ageing: The detector must tolerate, without damages or performance losses, the integrated
charge accumulated in 10 years of operation;
3. Time resolution: The muon system must provide unambiguous bunch crossing identification
with high efficiency. The requirement is at least 99% efficiency within 20 ns window for M2-M5 
stations.
For M1 station, as previously discussed, this efficiency is less stringent (> 96%);
4. Spatial resolution: A good spatial resolution is required, especially in M1 and M2, in
order to obtain an accurate pT evaluation (∼20%)

Based on the above considerations, the ∼ 99% of the area of the Muon system will be
equipped with Multi Wire Proportional Chamber (MWPC)

The innermost region (R1) of the first station (M1),
where a particle flux up to ∼ 500 kHz/cm2 is expected, will be instrumented
with triple-GEM detectors (Gas Electron Multiplier)

It should be stressed that the M1R1 region, of about ∼ 0.6 m2 area,
will trigger about 20% of the muons
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Rate capability (загрузочная способность)

MWPC : below 1 MHz/cm2

GEM    : up to 100 MHz/cm2
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The use of triple-GEM detector as a triggering device was a novelty (2005)
in the field of high energy physics.

The first application of GEM detectors in high energy physics
was the COMPASS experiment,
where triple-GEM used as a tracking device

The optimization of the time performance

Time resolution with an Ar/CO2 (70/30) gas mixture is about 10 ns r.m.s 
Task: improve this limit
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Triple-GEM detector



Discharge probability as a function of the gas gain
for a single, double and triple-GEM detectors in Ar/CO2 (70/30) gas mixture
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Due to statistical fluctuations of the total ionization and the gas gain, the ionization 
produced in the first transfer gap, and multiplied by the last two GEMs,
can induce a signal large enough to be read by the front-end electronics.

This effect, particularly important for the time performance of the detector,
has been called bi-GEM effect
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The bi-GEM signal for a triple-GEM detector (recorded in common stop):
time spectrum for 1 mm (red) and 2 mm (black) thickness of the first transfer gap
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For all gas detectors, the discharge effect can be minimized by adding a suitable fraction
of a quencher component to the gas mixture, although the quantity and the type are limited
by the degradation of the detector performance due to ageing processes

For a triple-GEM detector using a given gas mixture,
the discharge effect can be reduced by increasing the thickness of the second transfer gap.
Indeed, a larger gap allows to increase the electron diffusion in that region.
Since the transverse dimension of the electron clouds increases with the square root of the electron 
drift, the number of the holes involved in the multiplication process increase linearly with the thickness of 
a gap. Consequently, the diffusion allows the electron cloud to be spread over more than a single hole, 
reducing the probability of reaching the Raether limit in the third GEM
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The measure of the discharge probability,
as a function of the gas gain in the Ar/C02/CF4 (60/20/20) gas mixtures,
for two different thickness of the second transfer gap, 1 mm and 2 mm
respectively, has been performed with an 241Am (α) source

Taking into account
the maximum size required 
by the muon system for the 
whole detector thickness
and at the same time
the necessity to minimize 
the discharge effect,
transfer gap 2 mm
was set
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For a triple-GEM detector the intrinsic gain is an exponential function
of total voltage on the GEMs

The optimal configuration of the GEM voltages is

This GEM voltage configuration, reducing the discharge effect, allows also to improve
the detector time performance due to a decrease of the bi-GEM effect

The above GEM voltage configuration, together with 1 mm thick first transfer gap,
allow to reduce the bi-GEM down to 1%



Time performance
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The main request for triggering in LHCb Muon system:
provide a high efficiency in the bunch crossing time window



A high primary ionization and a fast gas mixture
should be chosen in order to improve the time performance of a GEM detector.

Simulation study of the gas mixture properties has been done by using the following 
simulation tools:

• Magboltz, which computes the electron drift velocity, the longitudinal and the transverse
diffusion coefficients;
• Heed, which calculates the energy loss through the ionization of a particle crossing the
gas and allows to simulate the cluster production process;
• Imonte, which computes the Townsend and attachment coefficients;

The intrinsic time resolution, which depends on the inverse of the product of the 
drift velocity and the specific primary ionization in the drift gap had been 
evaluated using Magboltz and Heed simulation tools
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Time performance



Simulated electron drift velocity for the studied gas mixtures
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Gas mixture properties in the simulation
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Intrinsic time resolution in the simulation



Intrinsic time resolution represents a lower limit.

In fact, taking into account
the limited collection efficiency of the first GEM,
the statistical fluctuation of the gas gain
and the finite threshold of the electronics,
it could happen that the signal
induced by the first cluster cannot be discriminated

In this case the successive pile-up of clusters is needed
to have a signal above the electronic threshold

This effect is the main limitation of the detector time resolution

In order to avoid or to reduce this effect, it is necessary to increase 
the single electron detection capability.

The use of a fast gas mixture, characterized by a high drift velocity 
at a relative low value of drift field, which ensures a large collection 
efficiency in the first multiplication stage, gives a high detection 
efficiency of the first cluster 39



Signal formation

In triple-GEM detector
the signal is completely induced by the electron motion in the induction gap

As the first electron emerges from the last GEM,
it starts to induce a current on the pads which stops when it is collected
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Higher induced signals have been achieved
by reducing the thickness of the induction gap and using a fast gas mixture
for induction field in the range 4.5÷5.5 kV/cm



The R&D activity on triple-GEM detector

Measurements performed in the R&D activity on GEM detectors 
operated with CF4 and isobutane based gas mixture

The use of such new gas mixtures have also required for the study of the detector 
capability to tolerate 10 years of LHCb running without damages or performance 
losses.

Prototype have been realized with three GEM foils 10×10 cm2 active area 
previously stretched and glued on FR4 frames. 

The anode readout has segmented in 6×16 mm2 pads

The cathode has made up of a kapton foil, with copper on one side, glued on a 
similar frame. All frames have then fixed to the FR4 box with nylon screws.

The pads have been connected to a fast preamplifier based on VTX-chip
with a sensitivity of 10 mV/fC, peaking time of 5 ns
and electronic noise charge of about 1300e− r.m.s at zero input capacitance
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The three GEMs
glued on the FR4 frames

of different thickness

Readout pads
mounted on the FR4 box
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The 10×10 cm2 triple-GEM prototype



The three GEMs stacked in the FR4 box
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The 10×10 cm2 triple-GEM prototype



Gain measurement

The gas gain measurement
has been performed by irradiating a triple-GEM prototype
with a high intensity 6 keV X-ray tube
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The effective gain of a triple-GEM detector



Effective particle rate as a function of total GEM voltage for various gas mixtures.
The different height of the plateau is due to the different cross sections of the photon 
conversion in the gas mixture
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Effective gain of a triple-GEM detector
as a function of total GEM voltage for various gas mixtures
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Rate capability

The rate capability of a detector depends on the time required by the ions to move from 
the avalanche region to the ion collection electrode.
In a GEM structure the ions produced inside the hole are mainly collected on the upper 
electrode of the GEM itself in a time of the order of few μs.

The detector rate capability
has been measured
with the Ar/CO2/CF4 (60/20/20)
gas mixture
at the gas gain of 2×104 

Gain stability was found
up to a particle rate
of 60 MHz/cm2,
showing a very high rate capability 
and well above the LHCb 
requirement (500 kHz/cm2).

This measurement
was limited by the maximum flux
of the X-ray tube
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Time and efficiency performances
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Several tests have been performed at the T11 beam facility of PS-CERN
with π beam of 3÷4 GeV/c.
These tests gave possibility to measure the time performance
and the efficiency in 20 ns time window

The best time distribution

for single detector

The gas gain was:

1×105 for the Ar/CO2 (70/30);

3×104 for the Ar/CO2/CF4 (60/20/20);

1×104 for the Ar/CO2/CF4 (45/15/40);

2×104 for the Ar/CF4/iso-C4H10 (65/28/7)



The electric field configuration
used during the tests of the gas mixtures
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Time resolution measurement for a single detector
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Time resolution measurement for two detectors logically OR-ed,
as foreseen in the LHCb experiment.
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The efficiency in 20 ns time window as a function of the effective gain
for a single detector
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The efficiency in 20 ns time window as a function of the effective gain
for two detectors logically OR-ed as foreseen by the experiment LHCb



Discharge probability per incident particle
as a function of the effective gain for a detector with 3/1/2/1 gap geometry
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Ageing tests

The chemistry of the ageing process has not been yet deeply studied thus a rigorous 
explanation of why certain chambers age and others do not cannot be yet discussed with 
certainty.

The approach to the ageing problem is still in most cases purely experimental.

It should be stressed that ageing test should be performed as close as possible to the 
real conditions.

Consequently, the irradiated area of the detector should be as large as possible
while the detector should be operated with a gas flow and radiation flux which are 
comparable to those foreseen in the experiment.

Of course for time constraints such tests must be accelerated, then a radiation flux 
several times higher than the foreseen one have to be used, often affecting the reliability 
of the results.
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Ageing tests



Normalized gain as a function of the integrated charge (PAD + G3 D)
for the Ar/CO2/CF4 (60/20/20) gas mixture
The detector gas gain has been set at 2×104

The red line indicates the integrated charge
corresponding to 10 years of operation at LHCb.
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Normalized gain as a function of the integrated charge (PAD + G3 D)
for the Ar/CO2/CF4 (45/15/40) gas mixture
The detector gas gain has been set at 6×103

The red line indicates the integrated charge
corresponding to 10 years of operation at LHCb.
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Normalized gain as a function of the integrated charge (PAD + G3 D)
for the Ar/CF4/iso-C4H10 (65/28/7) gas mixture
The detector gas gain has been set at 1×104

The red line indicates the integrated charge
corresponding to 10 years of operation at LHCb.
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Conclusions of the R&D activity on the triple-GEM detector 10×10 cm2 of active area

The detector shows very high rate capability above the maximum rate at LHCb.

Optimization to improve the detector efficiency in 20 ns time window

Time resolutions better than 5 ns are achieved with fast and high yield CF4 and iso-C4H10
based gas mixtures, considerably improving the results obtained in the past with the standard
Ar/CO2 (70/30) gas mixture (∼ 10 ns).

With these new gas mixtures, the detector achieves an efficiency in 20 ns time window above
the 96% at moderate gas gain, while keeping the discharge probability per incident particle
lower than ∼ 5×10−11 .

Gas Ar/CO2/CF4 (45/15/40) as the reference gas mixture for the GEM LHCb experiment
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The triple-GEM detector in LHCb
The total area of M1R1 region, about 0.6 m2, will be covered with 12 stations
composed by two triple-GEM detectors logically OR-ed pad by pad.
The active area of each station is 200×240 mm2.

Transverse view, with respect to the LHC
beam axis, of the geometrical envelope
of 2 out of the 12 stations, together with 
the chamber active area,
the panels and the electronics dimension

Sketch of the station arrangement in M1R1 region
in the x-y plane. The two sets of detector
stations, upstream and downstream the wall support 
structure, are shown with different colors.
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Station arrangement
in M1R1 region
in the z plane

The stations must fit
into the 37 cm space 
available between the RICH2
and the Preshower
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Detector requirements
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Material budget distribution in percentage of X0 in the overlap of three stations
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The pad readout: the gold-plated pad matrix of 200×240 mm2

represents the active area of the chamber.
A close view of the insert gas and the ground grid between the pads
is shown in the right picture

The pad-readout panel
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Station pad layout as view from the L0 muon trigger
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The GEM foil
In order to reduce the energy stored on the GEM and the discharge propagation,
one side of the foil has been divided in six sectors, while the other side is not segmented.
The separation between sectors is 200 μm

A GEM foil as seen from the segmented side.
The HV connections are visible on the right of the picture



68

Assembly
of triple-GEM detector
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The stretching of the GEM foil

The electrostatic attraction between the electrodes of two consecutive GEM foils 
could produce a sag of the foil itself, including electrostatic instability such as foil 
oscillation, and giving rise to possible discharges and local gas gain changes.

To avoid electrostatic instability and to achieve a good uniformity response,
we chose to stretch the GEM foil.
The mechanical tension applied to the GEM foil
and its behavior as a function of time have been investigated with various tests.

Electrostatic attraction effect

If electric field is 5 kV/cm
between two consecutive foils, 
then pressure due to
electrostatic force is ∼1 Pa
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To estimate the sag produced by 1 Pa on a GEM foil, previously stretched at 20 MPa,
a uniformly distributed load of 0.8, 1.6 and 2.4 N is applied.

Using the 3-D machine, the foil bending is measured on a grid of 25 points

Since a load of 1 N distributed over an area of 400×400 mm2 , equivalent to ∼ 6 Pa, gives a
sag of ∼ 100 μm and since the sag linearly depends on the mechanical pressure, the electro-
static pressure of ∼ 1 Pa will produce a sag of ∼ 15 μm.

It should be stressed that such estimation represents an upper limit for the actual sag
of a stretched foil because the two opposite forces, symmetrically applied to each GEM foil,
result in a vanishing sag.

Mechanical tension tests
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Measure of the bending of a GEM foil,
previously stretched at 20 MPa,
when a distributed load of 0.8, 1.6 and 2.4 N are applied
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Radiation effect on the mechanical stretching

The radiation effects on the mechanical stretching of the GEM foil and the epoxy resin, 
used to glue the GEM on the fiberglass frame,
have been studied at the γ irradiation facility of the ENEA Casaccia.

For this test, a 20×24 cm2 GEM foil has been stretched at 20 MPa and then framed.
To characterized the GEM foil before the test, a distributed load of 1 N,
corresponding to a mechanical pressure of 20 Pa, has been applied,
resulting in a sag of ∼95 μm.

After 10 days of irradiation at 20 Gy/h (equivalently to 4 years of LHCb),
a sag of 120 μm has been measured for a mechanical pressure of 20 Pa.

Therefore, a mechanical tension loss of ∼ 20% has been observed at the end of the 
test, which in our case correspond to a negligible effect
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Mechanical variation

The uniformity of the chamber performances, such as the efficiency and the gas gain,
depends on the mechanical tolerance on each gap.

In fact, since the tolerance on the GEM hole diameter
is by construction very tight, ± 2.5 μm,
and the gas gain saturates for the hole range of 40÷70 μm,
the effect on the gain due to hole diameter disuniformity is practically negligible.

Taking into account the planarity of the PCB panels, the possible disuniformity of the various 
gluing, the precision of the frame thickness, we estimate a global mechanical tolerance of 
∼100 μm for each gap of the chamber.
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Effective gain of a GEM detector is the product of the intrinsic gain and the electron 
transparency, which depends on the electric field inside the GEM holes and the electric 
field of the various gaps.

Since the electric field can be assumed constant across the gap, its value is done by the 
ratio of the voltage difference applied to the electrodes and the thickness of that gap (V/d).

Therefore, a local variation of the gap thickness (δgap) will correspond to a variation of the 
electric field in the gap (δE gap ) and consequently to a variation of the effective gain,
δGeff , through the changes induced on the electron transparency, T :

Gap width variation

Since the effective gain represents the charge collected on the the pads readout,
the measurements of the effective gain has been performed measuring the current 
induced on the pads.
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Gap width variation

Normalized pad current
of the detector
as a function of the drift field. 
The red dotted line indicates the value chosen 
for the drift field, while the black lines indicate 
the range of variation (±0.1 kV/cm) 
corresponding to a mechanical tolerance
of ± 100 μm. The resulting effective
gain variation (δG drift ) is ± 1%.

Electron drift velocity as a 
function of the drift field for 
Ar/CO2/CF4(45/15/40) gas.
The maximum drift velocity is 
reached when the drift field
is set at 3.5 kV/cm
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Влияние вариации толщины промежутков
на вариации коэффициент газового усиления
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Conclusions on full size detector investigations

The full size detector operated with the fast Ar/CO2/CF4 (45/14/40) gas mixture,
demonstrate to be suitable to operate in the harsh environment around the beam pipe
and largely fulfills the requirements of the region M1R1 of the LHCb experiment

The full size detector, constituted by two coupled 20×24 cm2 triple-GEM detectors,
have been extensively and successfully tested at the T11-PS CERN facility,
confirming the results obtained in the R&D phase with the small prototypes

A novel GEM foil assembly technique based on the stretching of the GEM foil itself
was developed

The detector construction does not show any critical points
and the construction of the 24 triple-GEM detectors has been started
in the two INFN production sites of Cagliari and Laboratori Nazionali di Frascati
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После апгрейда 2018 - 2022 годов

станцию М1 из детектора LHCb убрали



Side view of the LHCb upgrade detector.
The Scintillating Fibre Tracker will be installed
in the tracking stations located downstream of the LHCb dipole magnet
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Масштаб времени

2000 – 2008 Строительство LHC

2008 – 2010 Настройка ускорителя

2010 – 2013 Run 1

2013 – 2015 Long Shutdown 1

2015 – 2018 Run 2

2018 – 2022 Long Shutdown 2

2022 – 2026 Run 3 80


