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Vertex Locator (VELO): Detector

I 21 module in each half
I First active strip at r ≈ 8 mm
I Sensors retractable for

injection
I Sensors kept in a secondary

beam vacuum separated by an
undulated aluminum foil

I ∼ 172k readout channels

Figure 6: Vertices of hadronic interactions in the LHCb VELO material. (top left) Full VELO
system with entrance and exit regions visible in data. (top right) Zoom in to a group of sensors
downstream from the interaction point in data. (bottom left) the same region reconstructed
using simulation events. (bottom right) Zoom onto an pile-up module consisting of a single
R-sensor to check the distance between the sensor and foil.
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Vertex Locator (VELO): Sensor

I Two single-sided silicon micro
strip sensors (n+-on-n by
Micron; n+-on-p in the most
upstream module)

I r -sensors: four 45◦

quadrants
I Φ-sensors: two regions (inner

and outer)

I Thickness: 300 µm;
Strip pitch: 38-102 µm

I Double metal layer for signal
routing

I Sensors at ∼ −10◦ C
I 99.6 % of channels working

The VELO sensors 

6 14th February 2013 13th Vienna Conference on Instrumentation 

!  300 µm n+-on-n sensors (Micron). 
!  One module with n+-on-p (Micron). 

!  R-sensors: 
!  45 degree quadrants 
!  Pitch = 40-101.6 µm. 

!  Φ-sensors: 
!  2 regions (short/long strips) 
!  Pitch = 35.5-96.6 µm 

!  2048 strips / sensor 
!  172,032 strips in total 

!  Double metal layer for signal routing. 

!  First active strip @ R ≈ 8 mm. 
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The Tracker Turicensis (TT)

I Silicon micro strip sensors
(p+-on-n by Hamamatsu
Photonics K.K.)

I Thickness: 500 µm;
Strip pitch: 183 µm

I Readout strips length up to
37 cm⇒ up to 60 pF

I ∼ 144k readout channels
I Total area: 8 m2

I Sensors at ∼ 8◦ C
I 99.7 % of channels working

(averaged over Run I)
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The Inner Tracker (IT)

I Silicon micro strip sensors
(p+-on-n by Hamamatsu
Photonics K.K.)

I Twelve layers
I Thickness: 320 (1 sensor,

11 cm) or 410 µm (2 sensors,
22 cm); Strip pitch: 198 µm

I ∼ 130k read out channels
I Total area: 4.2 m2

I Sensors at ∼ 8◦ C
I 98.6 % of channels working

(averaged over Run I)
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Signal-to-Noise Ratio (VELO) [JINST 9 (2014) P09007]

Measured with 1-strip clusters assigned to VELO tracks
Ratio of most probable ADC value to 1-strip common-mode subtracted
noise

ADC counts: clusters on tracks
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Figure 15: Noise in ADC counts averaged across the 42 installed R (left) and � (right) sensors,
with the error bars indicating the RMS of the distribution.

dependence of the noise on the strip length is visible when comparing Fig. 15 (left) with
the sensor layout shown in Fig 2. The R sensor is divided into four approximately 45�

segments, and the strip length increases with increasing strip number in each segment.
The � sensor has two zones with inner and outer strips. The inner strips are shorter but
have additional routing line contributions to their capacitance. In the outer zone every
alternate strip is under the routing line for an inner strip so the capacitance for these
strips is larger. The noise in these three types of � sensor strips is shown in Fig. 15 (right).
Larger noise is also clearly visible in both the R and � sensors every 32 channels, this is
due to inter-symbol cross-talk from the digital header information into the first channel in
each analogue readout link. A suppression algorithm for this inter-symbol cross-talk has
been implemented in the FPGAs, but is not currently used due to the small size of this
cross-talk and the large signal to noise ratio.

The average signal to noise ratio, computed as the average MPV of single strip clusters
divided by their strip noise, for the VELO is around 20:1. It is higher for the � sensors
than the R sensors and shows a variation on the sensor radius as shown in Fig. 16.

4.2 Resolution

The hit resolution in silicon devices depends on the inter-strip readout pitch and the
charge sharing between strips. The charge sharing varies with operational bias voltage
and the projected angle of the track. The bias voltage was 150 V throughout the physics
data taking in 2010–2012. The projected angle provides information on the number of
strips that the particle crosses while it traverses the thickness of the silicon sensor. It
is defined as the angle between the track and the perpendicular to the sensor, in the
plane perpendicular to the sensor and containing the perpendicular to the strip. Initially
the resolution improves with increasing angle, due to the charge sharing between strips
allowing more accurate interpolation of the hit position. The optimal resolution is obtained

27

Impact of routing lines on 1-strip common-mode subtracted noise
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Signal-to-Noise Ratio (VELO) [JINST 9 (2014) P09007]

Measured with 1-strip clusters assigned to VELO tracks
Ratio of most probable ADC value to 1-strip common-mode subtracted
noise
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Figure 15: Noise in ADC counts averaged across the 42 installed R (left) and � (right) sensors,
with the error bars indicating the RMS of the distribution.

dependence of the noise on the strip length is visible when comparing Fig. 15 (left) with
the sensor layout shown in Fig 2. The R sensor is divided into four approximately 45�

segments, and the strip length increases with increasing strip number in each segment.
The � sensor has two zones with inner and outer strips. The inner strips are shorter but
have additional routing line contributions to their capacitance. In the outer zone every
alternate strip is under the routing line for an inner strip so the capacitance for these
strips is larger. The noise in these three types of � sensor strips is shown in Fig. 15 (right).
Larger noise is also clearly visible in both the R and � sensors every 32 channels, this is
due to inter-symbol cross-talk from the digital header information into the first channel in
each analogue readout link. A suppression algorithm for this inter-symbol cross-talk has
been implemented in the FPGAs, but is not currently used due to the small size of this
cross-talk and the large signal to noise ratio.

The average signal to noise ratio, computed as the average MPV of single strip clusters
divided by their strip noise, for the VELO is around 20:1. It is higher for the � sensors
than the R sensors and shows a variation on the sensor radius as shown in Fig. 16.

4.2 Resolution

The hit resolution in silicon devices depends on the inter-strip readout pitch and the
charge sharing between strips. The charge sharing varies with operational bias voltage
and the projected angle of the track. The bias voltage was 150 V throughout the physics
data taking in 2010–2012. The projected angle provides information on the number of
strips that the particle crosses while it traverses the thickness of the silicon sensor. It
is defined as the angle between the track and the perpendicular to the sensor, in the
plane perpendicular to the sensor and containing the perpendicular to the strip. Initially
the resolution improves with increasing angle, due to the charge sharing between strips
allowing more accurate interpolation of the hit position. The optimal resolution is obtained

27

Impact of routing lines on 1-strip common-mode subtracted noise
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Signal-to-Noise Ratio (VELO) [JINST 9 (2014) P09007]

Measured with 1-strip clusters assigned to VELO tracks
Ratio of most probable ADC value to 1-strip common-mode subtracted
noise
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Figure 16: Signal to noise (S/N) ratio from the MPV of the signal for single strip clusters on
tracks divided by the noise of that strip. Shown are the S/N values for sensor 40 (R) and sensor
104, the � sensor of the same module, as a function of impact point radius.

when the tracks cross the width of one strip when traversing the 300µm thickness of the
sensor. For the VELO the optimal projected angle varies between about 7� at the lowest
inter-strip pitch of 40µm, to about 18� for the largest 100 µm pitch strips. Above the
optimal angle the resolution begins to deteriorate due to the fluctuations in the charge on
the strips and because the signal to noise ratio on individual strips may drop below the
clustering threshold.

The clustering algorithm and charge interpolation method is described in Sect. 3.3. The
VELO reads out analogue pulse-height information from the strips, and this information is
used o✏ine to calculate the cluster position using the weighted average of the strip ADC
values. Including the track angle dependence in the clustering algorithm is found to give a
small improvement in precision. The results presented here rely on the o✏ine recalculation
of the position, while the trigger relies on the lower resolution (3-bits) calculation (see
Sect. 3.3.4). The estimated resolution in the simulation is parameterised and fitted as a
function of both track angle and strip pitch. This resolution estimate for each hit is then
used in the Kalman fit tracking algorithm.

The hit resolution is determined from the hit residuals which are evaluated using the
LHCb Kalman filter track fit [24] and include a correction for multiple scattering and
energy loss dependent on the track momentum. The residual is defined by the distance
between the hit measurement and the extrapolated point of the fitted track to that sensor.
As the hit for which the residual is being determined is included in the track fit this gives
rise to a bias in the residual which must be corrected for. The bias correction used to
determine the residual is

p
VM/VR [25] where VM is the variance of the measurement and

VR is the variance of the residual. The evaluation of this correction is implemented in the
Kalman fit.

28

Impact of routing lines on 1-strip common-mode subtracted noise
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Signal-to-Noise Ratio (TT + IT)

Measured with clusters assigned to tracks with p > 5 GeV/c
Ratio of most probable ADC value to 1-strip common-mode subtracted
noise
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Hit Resolution (VELO) [JINST 9 (2014) P09007]

Hit resolution dependent on strip pitch and projected angle

Unbiased track residuals used to determine the resolution
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Figure 17: (left) The VELO resolution for two projected angle bins for the R sensors as a
function of the readout pitch compared with binary resolution. (right) Resolution divided
by pitch as function of the track projected angle for four di↵erent strip pitches.

The resolution has been determined as a function of the strip pitch and of the projected
angle. For each bin, the resolution has been determined from the sigma of the fit of
a Gaussian function to the distribution of the corrected residuals. The resolution is
evaluated using tracks that have hits in the tracking stations behind the magnet and
hence for which the momentum measurement is available. The tracks are required to have
a momentum greater than 10 GeV/c to reduce the dependence on the estimation of the
multiple scattering e↵ect, and a number of other track quality criteria are applied to reject
fake tracks. The results are presented here for the R sensor. The � sensor results are
compatible but the almost radial geometry of the strips means that tracks primarily have
small projected angles.

The measured hit resolution has a linear dependence on the strip pitch in projected
angle bins, as shown in Fig. 17 (left). The hit resolution at small projected angles, almost
perpendicular to the sensor, has a resolution which is close to that which would be obtained
from a binary system. This is to be expected as the charge sharing between strips at this
angle is minimal. A significantly better resolution is obtained for larger projected angles,
where the fraction of two strip clusters increases and the analogue readout of the pulse
height in each strip is of benefit. The hit resolution as function of the projected angle is
shown in Fig. 17 (right) and the fraction of one and two strip clusters as a function of the
projected angle and strip pitch are shown in Fig. 18. The best hit precision measured is
around 4 µm for an optimal projected angle of 8� and the minimum pitch of 40 µm.
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Figure 17: (left) The VELO resolution for two projected angle bins for the R sensors as a
function of the readout pitch compared with binary resolution. (right) Resolution divided
by pitch as function of the track projected angle for four di↵erent strip pitches.

The resolution has been determined as a function of the strip pitch and of the projected
angle. For each bin, the resolution has been determined from the sigma of the fit of
a Gaussian function to the distribution of the corrected residuals. The resolution is
evaluated using tracks that have hits in the tracking stations behind the magnet and
hence for which the momentum measurement is available. The tracks are required to have
a momentum greater than 10 GeV/c to reduce the dependence on the estimation of the
multiple scattering e↵ect, and a number of other track quality criteria are applied to reject
fake tracks. The results are presented here for the R sensor. The � sensor results are
compatible but the almost radial geometry of the strips means that tracks primarily have
small projected angles.

The measured hit resolution has a linear dependence on the strip pitch in projected
angle bins, as shown in Fig. 17 (left). The hit resolution at small projected angles, almost
perpendicular to the sensor, has a resolution which is close to that which would be obtained
from a binary system. This is to be expected as the charge sharing between strips at this
angle is minimal. A significantly better resolution is obtained for larger projected angles,
where the fraction of two strip clusters increases and the analogue readout of the pulse
height in each strip is of benefit. The hit resolution as function of the projected angle is
shown in Fig. 17 (right) and the fraction of one and two strip clusters as a function of the
projected angle and strip pitch are shown in Fig. 18. The best hit precision measured is
around 4 µm for an optimal projected angle of 8� and the minimum pitch of 40 µm.

29

Hit resolution of 4 µm achieved for small pitch and optimal angle

September 15, 2014 LHCb Silicon Detectors - Christian Elsasser Page 9

http://iopscience.iop.org/1748-0221/9/09/P09007/


Spatial Alignment (VELO): Sensors [JINST 9 (2014) P09007]

I Optical and mechanical
measurements before
installation

I Software alignment based on
I the Millipede method

[NIM A596 (2008), 157]
I the residuals of a Kalman

filter fit
[NIM A600 (2009), 471]

⇒ alignment precision for sensors
better than 4 µm

Figure 27: Example unbiased sensor residuals as a function of the � coordinate using only the
survey information (left) and using the track-based software alignment (right). Results are given
for two di↵erent example sensors. (top) A significant improvement in the residuals is seen in this
sensor with the track-based alignment. (bottom) In this sensor the alignment quality using the
survey information is already good.

of the system. The system was surveyed at room temperature, but is normally operated
with the cooling system operated at -30�C. Comparing track-based alignments performed
with the cooling temperature set to +8�C and -30�C a change of distance between the
two halves of about 170 µm was measured. Laboratory measurements were also made
by heating individual modules and an expansion of approximately 1 µm per degree along
the x direction of the carbon fibre that supports the modules was found. Hence, even
when using materials with a low coe�cient of thermal expansion it is important to control
temperature changes when aiming for µm level precision. This is achieved in the VELO
by maintaining the mounting base plate of each VELO half at 20�C and operating with a
stable cooling system temperature.

The improvement obtained after the track-based alignment procedure over the precision
of the survey is illustrated in Fig. 27. The shapes of the residual distributions as a function
of the azimuthal coordinate are characteristic of particular sensor misalignments. The
precision obtained after the track-based alignment is better than the best hit resolution
of the detector with an alignment at the few µm level obtained for the x and y module
translations.

Fitting the position of the PV separately with tracks in the two halves of the VELO
allows the misalignment between the two halves to be determined. This is shown in Fig. 28
over a period of four months of operation. The variation between runs shows the accuracy
with which the position in each fill is measured. The excellent stability of the alignment of
the system is also clear.

45

Survey Software Alignment

VELO Alignment 

 
 

17th September 2012 13 

 Survey before installation: 
– Relative sensor-sensor position: 3 μm (translations in x,y), 20 mrad (rotations around x,y) 
– Relative module position in each half: 10 μm (translations in x,y) 
– Position of two halves: 100 μm and 100 μrad. 

 Module and half alignment based on Millipede. 
– NIM A596 (2008) 157 and 164. 

 Global  χ2 minimisation based on Kalman track fit residuals 
– NIM A600 (2009) 471 

 
 

Sensor misalignment better than 4 μm. 

Survey Track alignment 
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Spatial Alignment (VELO): Halves [JINST 9 (2014) P09007]

Centering of the VELO required
due to the closing of the VELO at
the beginning of each fill
Based on the x- and y -
measurement of the reconstructed
primary vertices in each half
Fully automated and done within
210 s after stable beams
⇒ stability of the alignment within
5 µm
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Figure 28: Misalignment between the two VELO halves in each run, evaluated by fitting the
PV separately with tracks in the two halves of the VELO. The run numbers shown here span
the period of the last four months of operations in 2010.

5.3 Primary vertex resolution

The accurate measurement of decay lifetimes is required for the primary physics aims of
the LHCb experiment in CP violation and rare decay studies. Precise vertex reconstruction
is therefore of fundamental importance, in order to resolve production and decay vertices.

The PV resolution is strongly correlated to the number of tracks N used to reconstruct
the vertex. The analysis is performed on an event-by-event basis. The principle is to
reconstruct the same PV twice, and to determine the di↵erence between these two PV
positions. This is achieved by splitting the track sample of each event into two and making
vertices from each independent set of tracks. The method was verified in the simulation
by comparing the reconstructed and generator level information.

The track splitting is done entirely at random, with no ordering of tracks and no
requirement that the same number of tracks is put into each set. The vertex reconstruction
algorithm is applied to each set of tracks. Vertices are ‘matched’ between the two sets
by requiring that the di↵erence in their z position is < 2 mm. Then, if the number of
tracks making a pair of matched vertices is the same, the residual is calculated. Repeating
for many events yields a series of histograms of residuals in (x, y, z) for varying track
multiplicity.

In practice, the number of tracks making a vertex ranges from 5 (the required minimum)
to around 100. However, given the track splitting method roughly divides the total number
of tracks in two, it is di�cult to measure the resolution past 40 tracks. Each residual
histogram is fitted with a Gaussian distribution. The resolution for each particular track
multiplicity is calculated as the � of the fitted Gaussian divided by

p
2, as there are two

uncorrelated resolution contributions in each residual measurement.
The resolution is fitted with a function which parametrises it in terms of N as follows:

�PV =
A

NB
+ C, (1)

46

Vertex 2013, Lake Starnberg, Germany, 16 Sep. 2013 29/39 Eduardo Rodrigues 

Alignment – VELO halves 

2010 2010 

 Reminder: for each fill, halves are closed and centred 
    around beam once beams declared stable 
    - Fully automated procedure (~210 s) 

 Beam position determined from vertex reconstruction 
    with tracks in right or left half 

 Misalignment from distance between 
    the 2 reconstructed vertices 

 Stable within ±5 m (x) 

 Example from 2010 (2011&12 figures to be released soon): September 15, 2014 LHCb Silicon Detectors - Christian Elsasser Page 11
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Spatial Alignment (TT + IT)

Tracking stations are aligned by minimising
all track residuals from a Kalman filter fit
[NIM A600 (2009), 471]

Mass constraints (J/ψ(1S)→ µ+µ− and
D0 → K±π∓) used to suppress weak
modes.
[NIM A712 (2013), 48]

TT hit resolution (incl. alignment): 53.4µm
(Binary resolution: 53µm)
IT hit resolution (incl. alignment): 54.9µm
(Binary resolution: 57µm)
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Running Conditions

date
Apr Jul Oct Dec

]
-1

L
um

in
os

ity
 [

pb

0

500

1000

1500

2000

2500
2010 (10x)
2011
2012
Delivered
Recorded

Integrated luminosity in 2010-2012: 3.5 fb−1

Delivered integrated
luminosity:
2010: 0.04 fb−1

2011: 1.22 fb−1

2012: 2.21 fb−1

Designed lifetime of TT and IT: 10 years with 2 fb−1/year
Designed lifetime of VELO: 5 years with 2 fb−1/year

September 15, 2014 LHCb Silicon Detectors - Christian Elsasser Page 13



Running Conditions

FLUKA simulation tuned to dose measurements in the cavern:

2013 JINST 8 P08002
(a) (b)

Figure 4. a) The fluence from 1fb�1 of integrated luminosity versus radius for two VELO sensors, as seen
in simulated proton-proton collisions at a 7 TeV centre-of-mass energy. Top b) In each sensor, the fluence
as a function of radius is fitted with the function Ark. The fitted exponent, k, is shown as a function of
the sensor z-coordinate, where z is the distance along the beam-axis that a sensor is from the interaction
region. The distribution of the fluence across the sensor is seen to become flatter with increasing distance
from the interaction region. Bottom b) The fluence at the innermost radius of the sensor against the sensor
z-coordinate.
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Figure 5. The leakage current against sensor z-coordinate after 1.20fb�1 of integrated luminosity, nor-
malised to 0 �C. The data are in agreement with predictions, represented by the shaded region. The two
VELO halves are referred to as the A and C sides of the VELO.
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Maximal 1 MeV neutron equivalent flux:

VELO
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TT
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IT
9.2× 104 cm−2s−1
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Radiation Damage Monitoring

Leakage Currents:

I Change in the band structure of the silicon (bulk current)

Depletion Voltage:

I Change in the effective doping concentration induced by irradiation
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Radiation Damage Monitoring

Leakage Currents:

I Change in the band structure of the silicon (bulk current)

Ileak = α · Φ · V

Temperature dependence of the bulk current:

Ileak(T1)

Ileak(T2)
=

(
T1

T2

)2

· exp

(
− Eg

2kB

( 1
T1
− 1

T2

))
Eg : band gap of silicon

T1,2: temperatures
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Leakage Currents (VELO) [JINST 8 (2013) P08002]

Figure 23: Currents measured for each sensor as a function of time (bottom). The integrated
luminosity delivered to LHCb and the average sensor temperature is shown over the same time
scale (middle and top). Increases in the delivered luminosity are matched by increases in the
sensor currents. The evolution of the mean measured current agrees well with the prediction
from simulation. The mean measured value excludes sensors that are surface-current dominated.

evolution of the observed currents in the sensors with delivered integrated luminosity are
in good agreement with the expectation (see Fig. 23).

4.6.2 E↵ective doping concentration

The n-bulk sensors undergo space-charge sign inversion under irradiation, and hence their
depletion voltage initially reduces with irradiation. This continues until type inversion
occurs, after which it increases with further irradiation. In order for the charge collection
e�ciency of the sensors to remain reasonably high, the sensors must be close-to or fully
depleted during operation. As all of the VELO sensors are operated at a constant voltage
over long periods, monitoring the sensor depletion voltages is a useful experimental
technique for ensuring that the CCE for a particular sensor does not decrease significantly
due to the sensor being under-depleted. In practice, this is achieved by monitoring the
e↵ective depletion voltage (EDV), which is derived using the following method. Here we
report results for the n-type sensors, but note that one p-type module is also installed in
the VELO and is studied in Ref. [30].
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⇒ Good agreement between measurements and predictions
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Leakage Currents (VELO): Temperature scans
Temperature scans allow to measure contributions from surface and bulk
currents

Expected exponential variation of bulk currents
Surface currents in the VELO behave ohmically and anneal with particle
fluence
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Leakage Currents (TT + IT)
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Data normalised to a temperature of 8◦ C (Eg = 1.21 eV)
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Leakage Currents (TT + IT)
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Leakage Currents (TT + IT)
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Depletion Voltage

Charge Collection Efficiency (CCE) scans:
Dedicated runs (3-4 times per year) with scanning of bias voltage in
VELO/tracking stations

z

y

VELO TT Magnet IT/OT
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Depletion Voltage

Charge Collection Efficiency (CCE) scans:

ADC Counts
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Depletion Voltage (VELO) [JINST 8 (2013) P08002]

2013 JINST 8 P08002
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Figure 7. a) The EDV against sensor radius for an n+-on-n type sensor for each of the CCE scans. The
dashed line shows the mean EDV across all radius regions prior to sensor irradiation, where some 0fb�1 data
points are not present due to low statistics. b) A similar plot for the n+-on-p, f -type sensor. The minimum
EDV is ⇠40V, which is significantly higher than the minimum at ⇠20V observed for the n+-on-n type
sensor.
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Figure 8. The EDV against fluence for VELO sensors of various initial EDV. The EDV from data is com-
pared to depletion voltages predicted by the Hamburg model, with good agreement observed prior to, and
after sensor type-inversion.

linear fit to the data gives a voltage increase with fluence of (1.35±0.25)⇥10�12 V/1MeVneq.
For the n+-on-p type, the initial decrease in EDV occurred up to a fluence of approximately
2⇥1012 1MeVneq. After this the EDV has increased with further fluence. The rate of increase
is measured to be (1.43±0.16) ⇥10�12 V/1MeVneq, similar to that of the type inverted n+-on-n
type sensors.

The EDV of the n+-on-p type sensors begins to increase having received significantly less

– 10 –

I Type inversion of sensors at Φ1-MeV-n eq = (1.0− 1.5)× 1013 cm−2

I Good agreement with the Hamburg model [NIM A426 (1999) 87]

I Sensors can be operated up to 500 V.
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Depletion Voltage (VELO) [JINST 8 (2013) P08002]Radiation damage – EDV – type inversion  

A.Obłąkowska-Mucha  16 

Change in EDV for a single sensor at  
different delivered luminosities 

▸ type inversion starts at 
inner radial region 

the recent data with 
division into radial regions 

IPRD13           07.10.2013 

I Type inversion of sensors at Φ1-MeV-n eq = (1.0− 1.5)× 1013 cm−2

I Good agreement with the Hamburg model [NIM A426 (1999) 87]

I Sensors can be operated up to 500 V.
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Depletion Voltage (TT): Pulse Shape

Thicker sensor⇒ larger ballistic deficit

High bias voltage (400 V):
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Depletion Voltage (TT)
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I No type inversion so far

I Good agreement with the Hamburg model (also for considering
annealing and reverse annealing terms for single sensor)

I Sensors can be operated up to 500 V.
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Depletion Voltage (TT)
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I No type inversion so far

I Good agreement with the Hamburg model (also for considering
annealing and reverse annealing terms for single sensor)

I Sensors can be operated up to 500 V.
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Depletion Voltage (TT)
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I No type inversion so far

I Good agreement with the Hamburg model (also for considering
annealing and reverse annealing terms for single sensor)

I Sensors can be operated up to 500 V.
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Work during LS1

Detectors perform very well

⇒ No major intervention on all three sub-detectors
I Replacement of the TT/IT chiller and maintenance of the cooling

system
I Maintenance of the VELO vacuum system
I Scheduled maintenance of HV/LV supplies
I Minor repair work on the electronics (DAQ, Slow control)
I Restructuring of ECS software (e.g. transition from PVSS to WinCC)
I Installation of alignment monitor system in IT based on two BCAMs

(Brandeis CCD Angle Monitor) per station
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50 ns → 25 ns Transition

Aim for 25 ns bunch spacing⇒ Higher spill-over hit rate

Possible modifications:
I Modification of

sampling time and
signal shaping

I Usage of “spill-over” bit
to identify tracks
reconstructed from
spill-over hits

A.3 400V Data, near strip

19

25 ns
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Summary & Conclusion

I Excellent performance of LHCb’s silicon detectors during Run I
I excellent hit resolution
I measured signal-to-noise ratios close to expectations
I contributing to very precise impact parameter
I . . . and invariant mass measurements

I Radiation damage monitored via leakage currents and Charge
Collection Efficiency scans also in good agreement with predictions

I No significant degradation of the physics performance observed
I Standard maintenance work performed during LS1
I Possible changes in the operation due to 25 ns bunch spacing
I VELO, TT and IT are looking forward to LHC Run II
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Backup



Material Budget (VELO)

High vertex resolution⇒ less multiple scattering⇒ small amount of
material between the interaction point and the first measurement

]° [φ
-100 0 100

η

1.5

2

2.5

3

3.5

4

4.5

5 0
X

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
0XLHCb VELO   average = 0.042 

Dominated by the 300 µm thin aluminum foil separating the primary and
the secondary beam vacuum
September 15, 2014 LHCb Silicon Detectors - Christian Elsasser Page 26



Material Budget (VELO)
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TT Module
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Detector Readout

Front end (Beetle Chip) on
the detector
< 1 Mrad in 10 years

Digitisation in Service Boxes
near the detector
∼ 10 krad in 10 years

TELL1 readout boards in the
counting house
(Common mode noise and
pedestal subtraction, zero
suppression)
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Hit Efficiency (IT)

Analysis of tracks from D0 → K +K− decays (p > 10 GeV/c)
Extrapolate each track to the sensors and search hit within a certain
window Average hit efficiency ε > 99 %

Hit e�ciency

Use daughter tracks from D0 ! KK decays.

Gives us a very pure sample of tracks, ptrack > 10GeV .

For each track, extrapolate where we expect them in the
silicon. Use isolation criteria.

Within some search window, ✏ = #hits found
#hits expected

.

Two sectors have high common mode noise (✏ > 98%).

✏ > 99%
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sc
a
le
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Cluster Size (VELO)

Dominating cluster size (1-, 2-, 3- or 4-strip cluster) dependent on
projected angle and strip pitch
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Figure 18: The percentage of one (left) and two (right) strip clusters as a function of the track
projected angle for four di↵erent strip pitches.

4.3 Occupancy

The detector occupancy is a key parameter in the performance of the pattern recognition and
tracking algorithms of the experiment. High occupancy can lead to the mis-identification
of hits on tracks and increase the number of hit combinations decreasing the speed of
the algorithms. The occupancy shown here is for clusters. The cluster seeding thresholds
and masking of noisy strips in the FPGA data processing algorithms ensure that the
contribution to the occupancy from noise is negligible compared with that from particles;
in the absence of circulating beams the observed occupancy is below 0.01%. The typical
cluster occupancy during 2011 operations is shown in Fig. 19 (top plots). Only events
from particle beam crossings are utilised in the computation, and this data sample has
an average number of visible interactions per beam crossing, µ, of 1.7. The occupancy is
shown computed with data collected using two di↵erent triggers. Data from a random
trigger on beam crossings are used as this represents the average occupancy in the events
observed by the detector. The occupancy for events passing the high level trigger is
also given, this is higher as events with heavy flavour production are typically of higher
multiplicity than the average. The distribution for events passing the high level trigger is
not fully symmetric around the collision point due to the preference of selecting events in
the LHCb acceptance.

The cluster occupancy has a dependence on the position of the sensors along the
beam-line, as shown in Fig. 19 (left). The location of the interaction region is clearly
visible from the dip in the occupancy distribution. The highest occupancy of 1.1% for
events passing the trigger is at around the end of the closely spaced region of sensors in
the VELO, where the occupancy is 44% larger than at its minimum.

The occupancy also varies across the sensor, increasing closer to the beam as seen

30

September 15, 2014 LHCb Silicon Detectors - Christian Elsasser Page 31



Cluster Finding Efficiency (VELO)

Cluster Finding Efficiency decreases with increasing irradiation and bias
voltage

Possible explaination based on
charge collection by the routing
lines on the 2nd metal layer

Radiation damage – CFE – second metal layer  

A.Obłąkowska-Mucha  19 

A possible explanation lies in sensor design 

n+-on-n type (82 sensors) ▸ 2nd metal layer carries signal to 
read-out electronics 
▸ Routing lines in R-sensors are 
perpendicular to strips 

Routing lines map for R-type sensor 

▸ Charge is deposited also on routing lines 
▸ Effect visible when distance to routing lines is less 
than to strip (outer region) 

No measurable effect on tracking efficiency 

IPRD13           07.10.2013 

Radiation damage – CFE – second metal layer  

A.Obłąkowska-Mucha  19 

A possible explanation lies in sensor design 

n+-on-n type (82 sensors) ▸ 2nd metal layer carries signal to 
read-out electronics 
▸ Routing lines in R-sensors are 
perpendicular to strips 

Routing lines map for R-type sensor 

▸ Charge is deposited also on routing lines 
▸ Effect visible when distance to routing lines is less 
than to strip (outer region) 

No measurable effect on tracking efficiency 

IPRD13           07.10.2013 Efficiency depends on distance to nearest strip and nearest routing line

No measurable effect on the tracking
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Time Alignment (TT + IT)

Synchronis ation of trigger and con-
trol signals in the entire LHCb detec-
tor necessary
(time of flight, cable length)

Samples spaced by 25 ns with in-
ternal shift of sampling point by
−6, 0,+6,+12 ns
Extract most probable value from
distribution of ADC counts and fit
pulse shape

Timing alignment of TT and IT with
collision data better than 1 ns

Timing calibration (1)

Optimise charge collection

Di↵erent cable lengths for di↵erent
detector parts.

Time of flight di↵erent per station.

Trigger and control signals must be
synchronized for the entire LHCb
detector.

Time delay scan for each service box

Read out samples spaced by 25ns.

Fit Landau ⌦ Gaussian to charge
distribution for each sample.

Shift sampling point by �6, +6, +12ns.

Synchronised scenario

8 / 19
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Broken Bond Problem (TT)

I Breaking of bonds between
pitch adapter and readout chip

I Only inner most row affected
height used was too low so new hybrids were constructed with an increased
distance between the pitch adaptor and the chip. A total of nine modules
were removed from the detector and repaired during the shutdown in 2010.
No problems have been seen since they were reinstalled.
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Figure 7: The noise for each channel in a sector with broken bonds between
the last readout chip and the pitch adaptor. The broken bonds are observed
on every fourth channel from 2944 to 3068.

4.3 High Currents in TT

Abnormally high currents were observed during the early data taking in 2010
and 2011. The leakage current was expected to be below 10 µA but currents
of the order of hundreds of µA were seen. The current would rise suddenly
and then decrease slowly over the course of a fill as shown in Fig. 8. In the
most extreme case, this caused a number of high voltage channels to trip in
the power supply leading to large dead regions in the detector. This e↵ect
was only observed for the modules in the layers closest to the walls of the
detector box.

It was also observed that the spikes in the current were partially corre-
lated with the instantaneous luminosity as shown in Fig. 9. This e↵ect was
seen in the early data taking period where the LHC was running with lower
instantaneous luminosities than the nominal value. This could have limited
the ability of the experiment to collect data with a high e↵eciency at higher
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Despite extensive module testing/temp cycling:

• on 6 TT-hybrids bon wires on Beetle input broke

• detected via  noise pattern

• affects innermost of four bond rows 

one module has been 
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so far the damage could not 
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temp variations etc..)

accidental damage excluded

under further investigation
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• on 6 TT-hybrids bon wires on Beetle input broke
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• affects innermost of four bond rows 

one module has been 
removed and is extensively 
tested

so far the damage could not 
be reproduced in lab (i.e. 
temp variations etc..)

accidental damage excluded

under further investigation
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High Voltage Problem (TT)

I Abnormally high currents (far above 10 µA)
I Correlation with instantaneous luminosity
I Sectors which are closest to the wall of the detector box are affected

⇒ Installation of Kapton shielding on the detector box walls and bias
voltage kept on in between fills
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High Voltage Problem (TT)

No High Currents after installation of the Kapton shielding:
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Depletion Voltage (TT + IT)

High bias voltage (400 V):
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Residual background from missed extrapolation or ghost tracks

Photon conversion taken into account
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Depletion Voltage (TT + IT)

High bias voltage (400 V):
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Depletion Voltage (TT + IT)

July 2011:
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January 2013:
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Depletion voltage Vdepl extracted from a third-order spline as the voltage
where the fit function reaches about 95 % of its maximal value (calibration
with measurements from the first CCE scan and Vdepl measured after
production)
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Depletion Voltage (TT + IT)
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Also good agreement between Vdepl values measured from CCE scans
and estimated from the Hamburg model and running conditions in less
irradiated sensors.
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Depletion Voltage (TT + IT)

Change in the depletion voltage:

July 2011:
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Average fluence for the six innermost sensors is not equal.
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Model Parameters for Leakage Currents

Parameter Value
α0 (6.67±0.09)×10−17 A/cm
α1 (7.23±0.06)×10−17 A/cm
k0 (4.2 ±0.5 )×1013 s−1

Ea (1.11±0.05) eV
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Model Parameters for Depletion Voltage

Parameter Value
NC0 · c (7.5 ±0.6 )×10−2 cm−1

gc (1.60±0.04)×10−2 cm−1

ga (1.40±0.14)×10−2 cm−1

gY (5.70±0.09)×10−2 cm−1

k0,a (2.4 ±1.0 )×1013 s−1

k0,Y (1.5 ±1.1 )×1015 s−1

Eaa (1.09±0.03) eV
EY (1.31±0.03) eV
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Impact Parameter and Decay Time Resolution

B+

µ+

µ–
K+

decay time [ps]
0 1 2 3 4

ca
n
d
id

at
es

 /
 (

0
.1

 p
s)

0

200

400

Tagged mixed

Tagged unmixed

Fit mixed

Fit unmixed

LHCb

Figure 2: Decay time distribution for the sum of the five decay modes for candidates tagged as

mixed (di↵erent flavour at decay and production; red, continuous line) or unmixed (same flavour

at decay and production; blue, dotted line). The data and the fit projections are plotted in a

signal window around the reconstructed B0
s mass of 5.32 – 5.55 GeV/c2.

The information provided by the opposite-side and same-side taggers for the signal is
combined to a single tagging decision q and a single mistag probability !(⌘OST, ⌘SST) using
their respective calibration parameters p0OST/SST

and p1OST/SST
. The individual background

components show di↵erent tagging characteristics for candidates tagged by the OST or
SST. The b hadron backgrounds show the same opposite-side tagging behaviour (q and
!) as the signal, while the combinatorial background shows random tagging behaviour.
For same-side tagged events, we assume random tagging behaviour for all background
components. We introduce tagging asymmetry parameters to allow for di↵erent numbers
of candidates being tagged as mixed or unmixed, and other parameters to describe the
tagging e�ciencies for these backgrounds. As expected, the fitted values of these asymmetry
parameters are consistent with zero within uncertainties.

All tagging parameters, as well as the value for �ms, are constrained to be the same
for the five decay modes. The result is �ms = 17.768 ± 0.023 ps�1 (statistical uncertainty
only). The likelihood profile was examined and found to have a Gaussian shape up to
nine standard deviations. The decay time distributions for candidates tagged as mixed
or unmixed are shown in Fig. 2, together with the decay time projections of the PDF
distributions resulting from the fit.

8

I Impact parameter and decay time resolution are important feature for
B physics (identification of b hadrons and oscillation/CP
measurements)

I Impact parameter resolution of about 25 µm for a track with
pT = 2 GeV/c

I Primary vertex resolution of about 13 µm (x /y ) and 80 µm (z) (vertex
with 25 tracks)
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Impact Parameter and Decay Time Resolution
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I Impact parameter and decay time resolution are important feature for
B physics (identification of b hadrons and oscillation/CP
measurements)

I Impact parameter resolution of about 25 µm for a track with
pT = 2 GeV/c

I Primary vertex resolution of about 13 µm (x /y ) and 80 µm (z) (vertex
with 25 tracks)
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Invariant Mass Resolution
Very good mass resolution an essential ingredient for precision
measurements and high signal-to-background ratio

LHCb performed the most precise mass measurements for several B
hadrons.

5.6 5.8 6 6.2 6.4 6.6
0

10

20

30

40

50

60

6.2 6.25 6.3 6.35
0

5

10

15

20

25

B+
c ! J/ D+

s

m(J/ D+
s )

⇥
GeV/c2

⇤

C
an

d
id

at
es

/(
10

M
eV

/c
2
)

C
an

d
id

at
es

/(
25

M
eV

/c
2
)

m(J/ D+
s )

⇥
GeV/c2

⇤

LHCb

Figure 1: Mass distributions for selected J/ D+
s pairs. The solid curve represents the result

of a fit to the model described in the text. The contribution from the B+
c ! J/ D⇤+

s decay is
shown with thin green dotted and thin yellow dash-dotted lines for the A±± and A00 amplitudes,
respectively. The insert shows a zoom of the B+

c mass region.

Figure 2: Mass distributions for selected J/ D+
s pairs. The solid curve represents the result

of a fit to the model described in the text. The contribution from the B+
c ! J/ D⇤+

s decay is
shown with thin green dotted and thin yellow dash-dotted lines for the A±± and A00 amplitudes,
respectively. The insert shows a zoom of the B+

c mass region.

rate, f±±, the slope parameter of the exponential background and the yields of the two
signal components, NB+

c !J/ D+
s

and NB+
c !J/ D⇤+

s
, and of the background. The values of

the signal parameters obtained from the fit are summarized in Table 2. The fit result is
also shown in Fig. 2.

To check the result, the fit has been performed with di↵erent models for the signal:
a double-sided Crystal Ball function [30, 31], and a modified Novosibirsk function [32].
For these tests the tail and asymmetry parameters are fixed using the simulation values,
while the parameters representing the peak position and resolution are left free to vary.
As alternative models for the background, the product of an exponential function and
a fourth-order polynomial function are used. The fit parameters obtained are stable with
respect to the choice of the fit model and the fit range interval.

The statistical significance for the B+
c ! J/ D+

s signal is estimated from the change in
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Figure 2: Invariant mass distribution for (a) ⇤0
b ! J/ ⇤, (b) ⌅�

b ! J/ ⌅� and (c) ⌦�
b !

J/ ⌦� candidates. The results of the unbinned maximum likelihood fits are shown with solid
lines.

greater than 0.3 ps and the �2/ndf smaller than 5 (no requirement on the �2
IP is made).

The possibility of a cross-feed background between ⌅�
b and ⌦�

b is investigated using
simulation and found to be negligible in comparison with the combinatorial background.

The invariant mass distributions of the selected ⇤0
b , ⌅

�
b and ⌦�

b candidates are shown
in Fig. 2. In each case, the mass is measured by performing an unbinned extended
maximum likelihood fit. The ⇤0

b , ⌅
�
b , ⌦�

b candidates are retained for the mass fit if their
invariant mass lies in the range 5500–5750, 5600–6000, 5800–6300 MeV/c2, respectively.
The signal component is described with a single Gaussian function (or the sum of two
Gaussian functions with common mean in the case of the ⇤0

b baryon) and the background
is modelled with an exponential function. The widths of the ⇤0

b and ⌅�
b signals are left

unconstrained in the fit. Due to the low expected yield for the ⌦�
b signal, the width of

the Gaussian function describing the ⌦�
b signal is fixed to the measured ⌅�

b signal width
multiplied by the ratio of ⌦�

b and ⌅�
b widths from the simulation (8.2 MeV/c2 for ⌦�

b and
8.9 MeV/c2 for ⌅�

b ). The fit results are given in Table 1.
The statistical significance of the ⌦�

b signal is determined using simulated pseudo-
experiments with background only. We determine the probability that, anywhere in the
mass range between 5800 and 6300 MeV/c2, a peak appears with the expected width and
a yield at least as large as that observed in the data. This probability corresponds to 6
standard deviations, which we interpret as the statistical significance of the ⌦�

b signal.

4

Most precise mass resolution among the LHC experiments for particles
with masses below the Z mass
J/ψ → µ+µ−: 12 MeV/c2, D0 → K−π+: 7.5 MeV/c2
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