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The LHCb experiment
General purpose forward detector 

Focus on flavor physics 
➡ 25% of !  production with 4% of solid angle  

✦ 2 ≤ η ≤ 5 

➡ 100k b-hadrons produced every second
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Hugely successful Runs 1 and 2

!3

Including latest ATLAS results [ATLAS-CONF-2019-009]

Combination of ATLAS results (
p
s =7, 8 and 13 TeV):

�s = �0.076± 0.034(stat)± 0.019(syst) rad
��s = 0.068± 0.004(stat)± 0.003(syst) ps�1

New HFLAV average
�s = �0.0544± 0.0205

��s = 0.0762± 0.0033 ps�1

Thanks to the HFLAV team!

Andrea Contu (INFN) Mixing and CPV in b and c at LHCb 25 Mar 2019 10 / 25

LHCb still ahead...

• ... thanks to updates from J/!"+"− and J/!K+K−

• ... but it was a close-run thing. We can (in general) beat the 
GPDs, but (in general) we need Run2 data to do so.  6

Forward top pair production cross section Most precise measurement of φs R(D*) from B → D*τν

LHCb has demonstrated emphatically that the LHC is an ideal laboratory for particle physics 
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Figure 74.2: Proper time distribution of B0
s æ D≠

s fi+ candidates tagged as mixed (red) or unmixed
(blue) in the LHCb experiment, displaying B0

s –B
0

s oscillations (from Ref. [54]).

of Ref. [55]. Using the measurements of Eqs. (74.15) and (74.17), one can extract
----
Vtd

Vts

---- = 0.2054 ± 0.0004(exp) ± 0.0029(lattice) , (74.19)

in good agreement with (but much more precise than) the value obtained from the ratio of the
b æ d“ and b æ s“ transition rates observed at the B factories [52].

The CKM matrix can be constrained using experimental results on observables such as ∆md,
∆ms, |Vub/Vcb|, ‘K , and sin(2—) together with theoretical inputs and unitarity conditions [52,56,57].
The constraint from our knowledge on the ratio ∆ms/∆md is more e�ective in limiting the position
of the apex of the CKM unitarity triangle than the one obtained from the ∆md measurements
alone, due to the reduced hadronic uncertainty in Eq. (74.18). We also note that the measured
value of ∆ms is consistent with the Standard Model prediction obtained from CKM fits where no
experimental information on ∆ms is used, e.g., 17.25 ± 0.85 ps≠1 [56] or 16.70 +0.73

≠0.45
ps≠1 [57].

Information on ∆≈s can be obtained from the study of the proper time distribution of untagged
B0

s samples [58]. In the case of an inclusive B0
s selection [59], or a flavor-specific (semileptonic or

hadronic) B0
s decay selection [20, 60–62], both the short- and long-lived components are present,

and the proper time distribution is a superposition of two exponentials with decay constants ≈L,H =
≈s ± ∆≈s/2. In principle, this provides sensitivity to both ≈s and (∆≈s/≈s)2. Ignoring ∆≈s and
fitting for a single exponential leads to an estimate of 1/≈s (called e�ective lifetime) with a relative
bias proportional to (∆≈s/≈s)2. An alternative approach, sensitive to first order in ∆≈s/≈s, is
to determine the e�ective lifetime of untagged B0

s decays to pure CP eigenstates; measurements
exist for B0

s æ D+
s D≠

s [61], B0
s æ K+K≠ [62, 63], B0

s æ J/Â÷ [64], B0
s æ J/Âf0(980) [65],

B0
s æ J/Âfi+fi≠ [51, 66], B0

s æ J/ÂK0

S
[67], and B0

s æ µ+µ≠ [68]. The extraction of 1/≈s and
∆≈s from such measurements, discussed in detail in Ref. [69], requires additional information in
the form of theoretical assumptions or external inputs on weak phases and hadronic parameters. In
what follows, we only use the e�ective lifetimes of decays to CP -even (D+

s D≠
s , J/Â÷) and CP -odd
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New J. Phys. 15, 053021 (2013)

double-charm background over the signal after the
detached-vertex requirement. Figure 3 shows the 3π mass
data distribution after the detached-vertex requirement,
where peaking structures corresponding to the Dþ → 3π
decay and Dþ

s → 3π decay—a very important control
channel for this analysis—are clearly visible.

2. Background from other sources

Requirements additional to the detached vertex are
needed to reject spurious background sources with vertex
topologies similar to the signal. The various background
sources are classified to distinguish candidates where the 3π
system originates from a common vertex and those where
one of the three pions originates from a different vertex.
The background category, where the 3π system stems

from a common vertex, is further divided into two different
classes depending on whether or not theD"− and 3π system

originate from the same b hadron. In the first case, the 3π
system either comes from the decay of a τ lepton or a D0,
Dþ, Dþ

s or Λþ
c hadron. Candidates originating from b

baryons form only 2% of this double-charm category.
In this case, the candidate has the correct signal-like vertex
topology. Alternatively, it comes from a misreconstructed
prompt background candidate containing a B0, Bþ, B0

s or
Λ0
b hadron. The detailed composition of these different

categories at the initial and at the final stage of the analysis
is described in Sec. III G. In the second case, the D"− and
the 3π systems are not daughters of the same b hadron. The
3π system originates from one of the following sources:
the other b hadron present in the event (B1B2 category); the
decay of charm hadrons produced at the PV (charm
category); another PV; or an interaction in the beam pipe
or in the detector material.
The 3π background not originating from the same vertex

is dominated by candidates where two pions originate from
the same vertex whilst the third may come directly from the
PV, from a different vertex in the decay chain of the same b
hadron, from the other b hadron produced at the PV, or
from another PV. Due to the combinatorial origin of this
background, there is no strong correlation between the
charge of the 3π system and the D"− charge. This enables
the normalization of the combinatorial background with the
wrong-sign data sample.

3. Summary of the topological selection requirements

The requirements applied to suppress combinatorial and
charm backgrounds, in addition to the detached-vertex
criterion, are reported in Table I. These include a good
track quality and a minimum transverse momentum of
250 MeV=c for each pion, a good vertex reconstruction
quality for the 3π system and large χ2IP with respect to any
PV for each pion of the 3π system and for the D̄0 candidate,
where χ2IP is defined as the difference in the vertex-fit χ

2 of a

FIG. 1. Topology of the signal decay. A requirement on the
distance between the 3π and the B0 vertices along the beam
direction to be greater than four times its uncertainty is applied.
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FIG. 2. Distribution of the distance between the B0 vertex and
the 3π vertex along the beam direction, divided by its uncertainty,
obtained using simulation. The vertical line shows the 4σ
requirement used in the analysis to reject the prompt background
component.
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FIG. 3. Distribution of the 3π mass for candidates after the
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s mass peaks are
indicated.
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Vertexing and 
tracking are the 
cornerstones of 

these results

50 100 150 200
 [fb]ebX)µ→t t→(ppσ

5000 10000 15000
 [fb])tt→(ppσ

LHCb
 = 13 TeVs

data
POWHEG
aMC@NLO
MCFM

Figure 5: Graphical comparison of the measured cross-sections with the predictions from the
aMC@NLO, POWHEG and MCFM generators. For the data, the inner error band represents
the statistical uncertainty, and the outer the total, while for the theoretical predictions, the
inner band represents the scale uncertainty and the outer represents the total. The prediction is
shown (above) for the muon, electron and jet fiducial, and (below) for the top quark fiducial
region.

capabilities of the LHCb detector in future upgrades [31, 32], measurements in the µeb
final state will no longer be statistically limited, and have the potential to achieve the
highest precision on the measurement of the tt production cross-section at LHCb.
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Limitations of LHCb

!4

42 The LHCb detector at the LHC

(a) (b)

Figure 2.7: (a) Instantaneous luminosity during a long (15h) LHC fill comparison between ATLAS,CMS
and LHCb. (b) Pile-up µvis and peak luminosity recorded at LHCb during Run I data taking period.
The violet dashed line corresponds to the designed value (µvis = 0.6); it has been demonstrated that
performances are not degraded if the value is kept at 1.6 (at

p
s = 8 TeV) [63], which is the value used

for data taking corresponding to a peak luminosity of 4 ⇥ 1032cm�2 s�1. Figures taken from [63].

of the vertex signature as mentioned before and of the final state high transverse momentum
(pT). Therefore, an excellent tracking system, particle identification and trigger strategy are
the key ingredients for LHCb. The LHCb tracking system is composed by a VErtex LOcator
(VELO, details given in Sec. 2.3.1) positioned at few mm from the pp interaction point, a dipole
magnet (see Sec. 2.3.2) and tracking stations placed upstream and downstream of the dipole
(see Sec. 2.3.3,Sec. 2.3.4 and Sec. 2.3.5). The tracking system is designed to reconstruct different
types of tracks among which the so called long tracks are the most relevant for physics
analysis. Long tracks leave signatures in the whole spectrometer and they are associated
to charged particles produced close to the interaction point flying throughout the whole
detector. Other important tracks in LHCb are the downstream tracks and they are associated
to the large fraction of tracks originating from long-lived particles decay (such as KS and
⇤0). Downstream tracks are produced outside the VELO, therefore they can be reconstructed
using only the upstream and the downstream trackers.

Details on the tracking system are provided in Sec. 2.3 while tracking strategies will be pro-
vided in the dedicated upgrade section (see Sec. 4.1) when describing the track reconstruction
for the upgrade phase. Particle identification (see Sec. 2.4) is ensured for electrons and photons
by a silicon pad detector (SPD), a preshower (PS) and an electromagnetic calorimeter (ECAL),
while for charged hadrons the hadronic calorimeter is used (HCAL) (see Sec. 2.4.2). Different
types of hadrons are distinguished through the two Ring Imaging CHerenkov detectors (see
Sec. 2.4.1) placed upstream and downstream of the dipole magnet covering different hadron
momentum ranges. Muons are identified by muons stations composed of alternating layers of
iron and multiwire proportional chambers (see Sec. 2.4.3) placed downstream the calorimeter
system.

Leveling luminosity at 
4×1032 cm-2s-1 since 2011

Have been 
luminosity leveling 
since 2011 

➡ Data sample limited to     
1-2 fb-1/year 

74 The LHCb upgrade

leading to a huge boost of the physics capabilities of the experiment.

3.2 Detector Upgrade: motivations and plans
In order to fully exploit the LHC capabilities, LHCb detector optimal running conditions
should try to fully benefit from the large cross-sections for b� and c� quark productions, be
able to perform analysis in a clean environment (e.g. high signal purity and significance) and
maximise as much as possible the trigger efficiencies and capabilities. These three aspects
have a strong interplay among each others. For example, one could run LHCb at higher lumi-
nosities and take advantages of larger pile-up (µ, measured as the average number of visible
interactions per crossing) to increase the physics yield. Nevertheless, the previous statement
implies an increased background contamination as well as higher detector occupancies which
lead to drop in track reconstruction efficiencies.

The studies performed in 2010 for the proposal of the LHCb upgrade were not yet account-
ing for the excellent performance shown by the LHCb experiment in Run I. At that time, the
nominal luminosity decided for the LHCb upgrade was 1033 cm�2 s�1 with a pile-up of 2.5 and
extrapolations were made to account for the spill-over effects of 25 ns bunch spacing, which
has been reached only in Run II. At that time also the technological solutions to adopt for the
detector upgrade were not yet decided as well as a trigger strategy. Nonetheless, it was already
clear that to fully benefit from higher luminosities the LHCb hardware trigger would represent
a serious bottleneck to perform optimal triggering of events, especially for hadronic modes.
Another important aspect taken into account was the increase of the sub-detector occupancy

Figure 3.1: Evaluation of the trigger yields as a function of the instantaneous luminosity at LHCb for
some selected decay modes. The green triangles represents the trigger yields scaling as a function of the
luminosity for the Bs ! J/ � mode for which the muon L0 trigger is used. For all the other modes, the
hadronic L0 trigger selection is used. It is clear that the hardware (HW) based L0 trigger for hadronic
decays efficiency flattens out at higher luminosity implying an important loss in physics yield. Figure
taken from [95].

Leptonic

Hadronic

Limitations for higher luminosity of 2011-2018 detector 
➡ Overall performance degrades quickly for high occupancy 
➡ Low efficiency for hadronic decays at higher lumi due to hardware trigger 
➡ Radiation hardness of trackers 

Upgrade I being installed will remove these constraints
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2021 - 2029

UT
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M3 M4 M5
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SciFi 
Tracker

Magnet

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Upgrade I

!5

9 fb-1

Upgrade II to be 
covered by Martin 
Van Beuzekom on 

Thursday 

L0
Hardware

HLT
Software

12.5 kHz (0.6 GB/s)
Events on disk

1.1 MHz
Detector 
readout

40 MHz
pp 

collisions

Runs 1 and 2

Goal: 50 fb-1Upgrade I

HLT
Software

100 kHz (2-5 GB/s)
Events on disk

40 MHz
pp 

collisions
Detector 
readout

Upgrade I (being installed)

All electronics upgraded to send every hit to           
flexible software trigger 

Increase granularity and longevity of 3 new trackers 
New RICH optics, lower PMT gain in CALO
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Tracking upgrade
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VELO performances
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Figure 4.5: Ghost rate and e�ciency of the Forward pattern recognition algorithm on samples
of simulated Bs ! �� events in upgrade running conditions at ⌫ = 7.6, for both the current
detector and the upgrade detector. For the e�ciency a cut of the track momentum of p > 5
GeV/c is applied.

as function of ⌘ of the tracks at the primary vertex (Fig. 4.7). It can be seen that the
algorithms have di↵erent working points. One is optimised to work in a low occupancy
environment while the other one is optimised for a reasonable e�ciency and ghost rate in
high occupancy events. The e�ciency as function of ⌘ illustrates the better performance
of the SciFi Tracker compared to the OT (2 < ⌘ < 4), but shows as well the advantage of
the additional y segmentation in the range of the IT (4 < ⌘ < 5.)

4.2.4 Track Matching

The track Matching algorithm takes T and VELO tracks as input. It extrapolates them all
to the focal plane of the magnet and checks for a matching pair of tracks. The output of the
algorithm are long tracks. This algorithm is an alternative approach to the Forward pattern
recognition. The Forward algorithm is however the main algorithm used to reconstruct
long tracks for physics analysis and for the trigger in the current experiment, and will also
be the main algorithm in the upgrade experiment.

The performance of the Matching algorithm to reconstruct long tracks, including
ine�ciencies and ghost rates from the VELO and the Seeding algorithm, is given in

170

Not only able to withstand 50 fb-1 + 40 MHz 
readout, but improved performance 
➡ Better 3D impact parameter resolution 

✦ Translates to improvements of 10-15% in the B decay time resolution 

➡ Better pT resolution 
➡ Dramatic reduction of ghost rate 

Significant speed up in reconstruction time 
➡ Make possible the software-only trigger

LHCb tracking detectors

Vertex Locator (VELO)

- silicon pixel

- precision tracking

around IP

Upstream Tracker (UT)

- silicon strip

- tracking before magnet

SciFi

- scintillating fibers

- tracking after magnet

20

VELO 
Silicon strips

Pixel VELO 
Silicon pixels

UT 
Silicon strips

TT 
Silicon strips

IT + OT 
Silicon strips + straw tubes

SciFi 
Scintillating fibers

UT performances

pT resolution
at upgrade conditions

#

Ghost rate with and
without UT hits
at upgrade conditions

#

CERN/LHCC 2014-001
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µ = 5.2 in Run 3µ = 1.1 in Run 2
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Pixel VELO overview
In vacuum as close to IP as possible 

➡ Crucial for vertexing and tracking

!8
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VELO Status Report

LHCb 
acceptance

103 cm

55 cm

VELO Pixel VELO
Years of operation 2010 – 2018 2022 – 2030
Sensors 173k R-φ 41M pixels
Number of layers 23 26
Distance from IP 8.2 mm 5.1 mm
Fluencemax [1 MeV neq cm-2] 4.3×1014 8×1015

HV Tolerance 500 V 1000 V
ASIC Readout 1 MHz Data driven
Data Rate ~150 Gb/s 2.8 Tb/s
Power ~0.8 kW ~1.6 kW
Operating temp. -8°C -25°C
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Pixel VELO overview
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New RF foil
RF foil separates beam/VELO vacua and 
shields electronics 

Largest contributor to material budget 
Initial proposal to reduce thickness from 
300 to 250 μm 
➡ Decided last year to chemically etch it to 150 μm! 

RF now milled and etched 
➡ Extensive metrology campaign

!10

Micro-channels

Impact on Physics

I Foil has a corrugated shape: clearance from Modules

I Particles often traverse foil multiple times before first measuring point

I This impacts the physics performance ) multiple scattering

I Only free variable: foil thickness

I Simulation shows 10% improvement on key physics parameters
when reducing thickness from 250µm to 150µm

RF foil

substrate
cooling

sensors
ASICs

hybrids

RF boxconn.
cooling

other

LHCb simulation

0Xtotal material: 21.3%

Impact Parameter Resolution Background rejection Decay Time Resolution Electron Energy Loss
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RF foil

substrate
cooling

sensors
ASICs

hybrids

RF boxconn.
cooling

other

LHCb simulation

0Xtotal material: 21.3%

Impact Parameter Resolution Background rejection Decay Time Resolution Electron Energy Loss

Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 8 / 23

Significant improvement on 
impact parameter resolution

Chemical etching the innermost 
region with NaOH

Milled from 
Aluminum 

block 
Beautiful 

video

RF foil

VELO sensor
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Sensors and ASICs

200 μm-thick silicon sensor 
➡ n-in-p built by HPK 

✦ Lifetime fluence of 8×1015 1 MeV neq/cm2, 400 Mrad 

➡ 768×256 pixels, each 55×55 μm2 

Three VeloPix ASICs per sensor (tile) 
➡ Thinned to 200 μm, 130 nm CMOS technology 
➡ Each bump-bonded to 256×256 pixels 
➡ 400 Mrad and SEU tolerant 
➡ Readout of every hit 

✦ 800 Mhits/s → 50 khits/s/pixel 

➡ Up to four output lines at 5.12 Gbps each 
➡ Power consumption < 2 W

!11
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Readout electronics
ASICs wirebonded to FE hybrids 
➡ 20 data links at 5.12 Gbps 

✦ Up to 4 links/ASIC on innermost ASICs 

GBTx hybrids deserialize control signals 
➡ Charge-pump current increase fixes GBTx relocking, used through LHCb 

OPB outside vacuum and high radiation zone 
➡ FEASTMP DC/DC converters, 10 VTTx and 3 VTRx

!12

Prototype Read-Out Chain

 Air | Vacuum !

Proton Beam�

Module
@

@@I

B
BBN

?

High Speed Data Tapes

6

LV

6

Vacuum
Feedthrough

�� 
Opto & Power Board

-Optical Fibres

Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 16 / 23

Tsensor < -20° C for longevity
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Micro-channel cooling
4 tiles (12 ASICs) on each module 

Cooled by evaporative CO2 in 
micro-channels 
➡ Etched in 500 μm-thick silicon 
➡ Excellent thermal efficiency  
➡ No thermal expansion mismatch with 

silicon ASICs/sensors 

!13

60 × 60 µm2

120 × 200 µm2

Increase in cross section between the restriction 
and the main channels triggers the boiling 

Micro-channels

Tubes (old backup)

Minimal material 
budget!

https://indico.cern.ch/event/590227/contributions/2613957/attachments/1487154/2310012/VELO_Microchannels.mp4
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Cooling integration and performance
ASICs glued to micro-channels 
➡ Innermost sensors have 5 mm 

overhang 

Demonstrated power 
dissipation up to 30 W with 
small ΔT on the sensor 
➡ Even by end of life (27 W), Tsensor               

well below -20°C

!14

60 × 60 µm

3

Micro-channels substrates

Data cables

CO2 input
CO2 output

Tiles

Hybrids

CO2 pipes soldered to 
metallization on micro-channels 

Leak tight, keep planarity,  
pressure up to 186 bar

C. Bertella 17-October-2019 20

CS
O

CO2 plant set-
point~-32℃ 

Flow~0.3g/s

NSI

NL
O

CLI

Power dissipation performance of  
a pre-production module

-30° C

-25° C

CO2 at -32°C and 0.3 g/s flow

Long R&D campaign 
proved great 

robustness, quality, 
and performance of 
the substrate, micro-
channel production 

finalized

C. Bertella 17-October-2019 5

VELO for upgraded LHCb 
‣ Silicon pixel modules around the LHC 

beam interaction region  

‣Closest distance to LHC beam: 5.1 
mm 

‣ 50 fb−1 integrated luminosity for LHC 
Runs 3 & 4  

‣Very high radiation environment  

‣Max. fluence: 8×1015 MeV · neq/cm2  
‣ LHCb has trigger-less readout - full 

detector readout @ 40 MHz 

‣Cooling requirement 

‣ Sensor tip temperature <-20℃ 

‣ Power dissipation  per module 
~30W 

‣Operating in vacuum 

‣ Low material: 5mm of the silicon 
sensor are not glued on the cooling 
substrate  (innermost part) 

✤Four sensors per 
double sided module 

✤Each sensor (43 x 15 
mm) bonded to three 
VeloPix ASIC’s  

✤Detector Active area 
= 0.12 m2

Hybrid not to scale

Hybrid not to scale
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Glue crisis...
During module QA in September 
2019, a strange T-dependence 
observed 

➡ Tile detached after removing wirebonds! 

Exhaustive testing campaign 
discovered  catalyst absorbed 
moisture during deposition 

➡ Catalyst 9 rather hygroscopic

!15

VELO module production meeting18 February 2020 !3

Why are we here? 

• Strange behaviour of M76 at Manchester, 

huge increase in tile temperature when 

powering  

• Further inspection at CERN showed 

detachment of the tile from the substrate 

• After removing wire bonds 

C. Bertella 17-October-2019 20
CS
O

CO2 plant set-
point~-32℃ 

Flow~0.3g/s

NSI

NL
O

CLI

Power dissipation performance of  
a pre-production module

Detached tile

VELO module production meeting18 February 2020 !12

Treating the patient

No heat 
treatment

20 seconds 
heating

60 seconds 
heating

No heat treatment

VELO module production meeting18 February 2020 !12

Treating the patient

No heat 
treatment

20 seconds 
heating

60 seconds 
heating

VELO module production meeting18 February 2020 !12

Treating the patient

No heat 
treatment

20 seconds 
heating

60 seconds 
heating

20 s treatment

60 s treatmentMoisture can be 
greatly reduced by 

re-heating the 
catalyst → Part of 

the solution
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Glue crisis... and resolution!
Several options studied 

➡ Aging simulated with thermal 
cycling 

➡ Irradiation of Stycast + 23LV 
➡ Peel tests with double-cantilever 

beam setup at CERN 
➡ Shear tests at Manchester

!16

26-February-2020 11

Glue properties
 

Glue propriety Stycast 2850FT CAT 9 Stycast 2850FT CAT 23LV Araldite 2011 EPO-TEC T7109-19

Manufacturer Henkel Henkel Huntsman Epoxy Technology

Adhesion properties Shear and peel tests in general high, but this and adhesion checked for our case (see next slides)

Filler Alumina Alumina — Boron

Glue thickness 60-80 μm 60-80 μm 70-100 μm 30-50 μm

Thermal conductivity 1.25 W/mK 1.1 W/mK 0.22 W/mK 1.3 W/mK

CTE (℃-1) 35 ppm 39.4 ppm 85 ppm 59 ppm

Mix ratio 100:3.5 100:7.5 100:80 100:15

Working time 45 min 60 min Many hours 120 min

Viscosity 58000 5600 45000 50000-70000 

Cost Low Low Low Medium

Shore number D96 D92 D74 D41

Radiation tested Yes No Yes Yes

Enviroment 
consideration

Humidity Humidity — —

Other comment Retracts on curing

26-February-2020 33

Summary
 

Production for the VELO made good progress 

‣RF Foils production/etching/coating was 
successful and they are ready for installation 

‣Electronics production / inspection proceed 
well 

‣Micro-channels assemble proceed well 

‣Glue decision made 
‣Production will re-start in the coming weeks

New Glue

VELO assembly and commissioning  

‣Pipe installation and valve almost there for C side 

‣Setup for pressure test: ready to go 

‣Loom installation well advanced  

‣Procedure for cooling pre-commissioning agreed 

… But LUCASZ-D is contaminated from silicon oil 
‣DT group is working for putting in place a 

procedure for cleaning 

‣Many thanks for the collaboration

26-February-2020 33

Summary
 

Production for the VELO made good progress 

‣RF Foils production/etching/coating was 
successful and they are ready for installation 

‣Electronics production / inspection proceed 
well 

‣Micro-channels assemble proceed well 

‣Glue decision made 
‣Production will re-start in the coming weeks

New Glue

VELO assembly and commissioning  

‣Pipe installation and valve almost there for C side 

‣Setup for pressure test: ready to go 

‣Loom installation well advanced  

‣Procedure for cooling pre-commissioning agreed 

… But LUCASZ-D is contaminated from silicon oil 
‣DT group is working for putting in place a 

procedure for cleaning 

‣Many thanks for the collaboration

LHCb week February 2020

10-30% samples 
broke after         
100 N･cm

Chosen 
solution

Low thermal 
conductivity and 
difficult to work 

with

Potential delay due 
to bleeding and new 

procedures

Catalyst reheated Catalyst reheated
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COVID-19 impact
COVID-19 shut down most activities in March 

➡ Work on documentation, database, procedure optimization 

RF foil installation one of CERN's pilot projects 
➡ Zoom-supervised and completed in May!

!17

Pandemic slows down everything 
➡ Bubble working, quarantines, difficulty of travel 
➡ eg, significant effort designing micro-channel 

transport box since it is not easy to fly anymore

0.5 mm-thick micro-channels
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First post-COVID-19 modules
Module production 
resumed over the summer 
➡ Improved procedures 

On track to meet updated 
LS2 schedule

!18

& -free module from Nikhef & -free module from Manchester

No PPE shortage will stop the VELO production



Upstream 
Tracker (UT)

Readout chip

SALT (Silicon ASIC for LHCb Tracking)128 channels, 6-bit ADC (5 bit and polarity), 40MHz readout
total of 4192 chips

M. Artuso et al, First Beam Test of UT Sensors with the SALT 3.0 Readout ASIC,

DOI:10.2172/1568842

8
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UT overview
Placed between VELO and dipole magnet 

➡ Crucial for triggering and long-lived particle reconstruction 

4 layers of silicon strips with same 
arrangement as TT 

➡ Vertical/stereo layers provide x-y position 

Improved performance 
➡ 40 MHz readout 
➡ Finer granularity 

✦ Close to the beam 187.5 μm pitch → 93.5 μm 

➡ Larger coverage (closer to beampipe) 
➡ Reduced material budget

!20

66.8 mm 

13
38

 m
m

 

1528 mm 

1719 mm 
UTbX 

UTaU 

UTbV 

UTaX 

Y 

X 
Z 

Figure 2.7: Overview of UT geometry looking downstream. The di↵erent sensor geometries are
colour coded.

1526mm in X and 1336mm in Y, corresponding to ✓x between ± 317mrad, and ✓y between
± 279mrad. The UTbX plane covers wider in X of 1717 mm. Its angular coverage is
± 314mrad and ± 248mrad in X and Y directions, respectively.

The radius of the circular cutout in the innermost sensors is determined by the size
of the beam-pipe, the thickness of thermal insulation layer, and the clearance required.
The outer radius of the existing beam-pipe at UTbX is 27.4mm. The current design of
thermal insulation, presented in Ref. [19] is 3.5mm thick aerogel heat shield. We allow
for 2.5mm clearance. These considerations lead to an inner radius of the silicon sensor of
33.4mm. Due to the 0.8mm guard ring, the active area starts at 34.2mm. The central
hole leads to an acceptance starting at roughly 14mrad for straight tracks from the centre
of the interaction region. We have verified by simulation that for the typical B decay of
interest, we lose only about 5% of the events because one track is in the beam-pipe hole,
when compared with tracks reconstructed in the VELO and the outer tracker.

Each UT sensors is composed of 250 µm thick silicon and a 10 µm metalisation layer.
The sensors positions are shown as coloured squares in Fig. 2.7. In the central area the
track density is very high. To deal with the high density, sensors of thinner strips, and
also shorter lengths are used. Sensors shaded in yellow have nominal length, and 95µm
pitch, half that of the nominal sensor. Sensors shaded in pink have both half the nominal
pitch and the half nominal length, being about 5 cm long in Y direction. Thus, the central
two staves have sixteen sensors each, instead of fourteen. Each of these fine pitch sensors

14

2021 - 2029

UT

M2
M3 M4 M5

Muon stations

HCAL
ECAL

Calorimeters

SciFi 
Tracker

Magnet
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Sensors

in the inner-most region finer segmentation and radiation hardness

Sensor Type Thickness Pitch Length Strips # sensors

A p-in-n 320µm 187.5µm 99.5mm 512 888

B n-in-p 250µm 93.5µm 99.5mm 1024 48

C n-in-p 250µm 93.5µm 50mm 1024 16

D n-in-p 250µm 93.5µm 50mm 1024 16

512 strips

Type A

1024 strips

Type B

1024 strips

Type C

1024 strips 

 Type D 6

Silicon sensors
Optimization with 4 designs 
➡ Outer region with p-in-n, 187.5 μm pitch 

✦ Cost effective 

➡ Inner region with n-in-p, 93.5 μm pitch 
✦ Radiation-hard and good granularity

!21

Sensor Type Pitch Length Strips # sensors
A p-in-n 187.5 μm 99.5 mm 512 888
B n-in-p 93.5 μm 99.5 mm 1024 48
C n-in-p 93.5 μm 50 mm 1024 16
D n-in-p 93.5 μm 50 mm 1024 16

The sensorsDesign features

Embedded pitch adapters HV contact on top side Cutout around beam pipe

All features working well!

M. Rudolph 10 / 28

Circular cutout 
near the 
beamline

Embedded 
pitch adapters
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SALT: Silicon ASIC for LHCb Tracking
4192 ASICs with 128 channels each 
➡ 130 nm-TSMC with 30 MRad radiation tolerance  

Wire-bonded to sensors 
➡ Input pitch 80μm 

Allow for 40 MHz readout of UT 
➡ Up to 5 SLVS e-links @ 320 Mbps

!22

Readout chip

SALT (Silicon ASIC for LHCb Tracking)128 channels, 6-bit ADC (5 bit and polarity), 40MHz readout
total of 4192 chips

M. Artuso et al, First Beam Test of UT Sensors with the SALT 3.0 Readout ASIC,

DOI:10.2172/1568842

8

Pulse-shape Scan 

21st	July	2020	 LHCb	Tuesday	Meeting	 31	

400V,	+5°C		
after	trim	DAC	scan	
after	MCM,	±5	ADC	

Fast shaping time/return to baseline 
➡ Tpeak ≤ 25 ns, less than 5% after 2 Tpeak  

6-bit ADC (1 for polarity) 

DSP featuring  
➡ Pedestal and common mode subtraction 
➡ Zero-suppression 
➡ Data formatting  

On-chip memory 

After a bumpy road 
and a few iterations, 
performance is now 

more than 
satisfactory!

S/N on hybrid  . as in test beam

October 23, 2018 The 27th International Workshop on Vertex Detectors 15

ASIC0ASIC3 ASIC2 ASIC1

Total Noise
CMS Noise

Total Noise
CMS Noise

Total Noise
CMS Noise

Total Noise
CMS Noise

Response to calibration signal ~1 MIP

3 2 1 0Sensor Type D: ASIC3 has lower CD than other ASICs
Operating with: default bias, ADCs active on all ASICs
S/N: ~ 20, some oscillations
“Ground” for ASIC0: noisier, inductive

Large coupling in first designs

Much reduced now
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Sensor+ASIC characterization
Beam test at Fermilab (March 2019) 

Type A unirradiated sensor 
➡ 99.5% efficiency and SN ~ 12 

Type B sensor irradiated to 2x maximum dose 
➡ 94% efficiency and SN ~ 11 

✦ Partly due to readout limitation, most efficiency will be recovered with 
LHCb readout

!23

M. Artuso et al, "First Beam Test of UT Sensors with the 
SALT 3.0 Readout ASIC" (2019) DOI:10.2172/1568842 
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Figure 12: Peak of the Landau fit and e�ciency of the Type A unirradiated UT sensor versus

the applied bias voltage.

middle and charge is shared between the strips.307

Figure 15 shows the e�ciency as a function of the interstrip position. As with the308

collected charge, the e�ciency is seen to be flat versus the interstrip position, indicating309

even when the track points in the middle between the two strips, and charge is shared310

between the two strips, there is little or no loss of e�ciency.311

The studies performed on the type A sensor indicate that it meets the needs of the312

LHCb upgrade. Most of the type A sensors receive very low irradiation, and therefore we313

do not expect a significant degradation in the signal-to-noise performance over the life of314

the sensor. An e�ciency of about 99% is achieved in this beam test. Due to the issue of315

packet loss in MiniDAQ1, we know about 0.5% comes from this source. We therefore find316

that the e�ciency of the Type A sensor in the testbeam is at least 99.5%.317

14

Unirradiated sensor

99.5% efficiency

S/N ~ 12

3.3 Results for the the Type B sensor318

Similar studies were performed with the Type B sensor that was irradiated to 6.2⇥1013
319

neq/cm2, which is about twice the maximum expected fluence anticipated for Type B320

sensors in the UT. The threshold for the results presented here is also ADC�6, which321

is the same as for the type A sensor results. The results of the bias scan are shown in322

Fig. 16. It is seen that the e�ciency reaches a plateau of about 94%, while the charge323

collected has a most probable value of about 10.3 ADC.
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Figure 16: Peak of the Landau fit and e�ciency of the Type B UT sensor versus the applied

bias voltage. The sensor was irradiated to twice the maximum expected fluence prior to the

beam test.

324

Figure 17 shows the charge collected in each of the four time bins for the data taken325

at 350 V bias, for DUT clusters matched to charged tracks. The best time bin is time bin326

0, the top left. As before, we see there is one best time bin, one worst time bin, and two327

somewhere in between. For the remaining plots, the focus should be on the results for328

time bin 0.329

Figure 18 shows the Landau fit to the cluster charge distribution with a bias of 350 V.330

The peak of the Landau is at about 10.3 ADC counts, which corresponds to about 9%331

less charge collected by the irradiated Type B sensor compared to the unirradiated Type332

A sensor. This loss of charge collection is expected due to defects in the crystal lattice,333

which lead to charge trapping [11].334

Figure 19 shows the (left) �x distribution and (right) number of strips in the cluster,335

for clusters matched within 0.5 mm of a track (approximately 10 times the strip pitch).336

The UT sensor bias voltage is 350 V. The vertical red lines show the width of a strip.337

Almost all hits are within ±0.5 of the strip pitch, and most hits are single-strip hits.338

Figures 20, 21 and 22 show the average cluster size, average cluster charge and339

18

Irradiated sensor (2x nominal)

94% efficiency

S/N ~ 11

clock. However, it can be shown that in the worst case scenario, there is a beam particle133

no further than 3 ns away from the edges labeled FE sampled. Given the pulse shape134

after the shaper in SALT 3.0, a 3 ns o↵set should not reduce the detected signal more135

than a few percent from the optimal value. Because of the repetitive pattern, we can136

categorize the beam particles into four unique time bins (TB) TBi = (n53MHz

clock
) mod(4),137

where n
53MHz

clock
is the number of cycles of the 53 MHz clock, and the mod(4) represents138

modulo 4. In this way, TB0 picks out clocks 0, 4, 8, .., TB1 selects clocks 1, 5, 9, ... and139

so on. We then choose the best time bin as the one which has the largest charge collected.140

All data were taken with the UT sensor plane perpendicular to the direction of the141

beam particles, apart for possible a very small rotation of the UT test box relative to the142

beam. The angular spread of the beam is small, well below 1 mrad.143

2.1 Threshold settings for UT144

The initial setup of the UT system showed that there was a very high level of noise145

in the testbeam environment. Total noise in the system was approximately 7 ADC146

counts. A large number of grounding configurations were tried, and the best performance147

achievable in the limited time available yielded a total noise of about 3.5 ADC counts,148

and a common-mode subtracted noise level of about 1 ADC count. It was also observed149

that the total noise decreases substantially when the UT box was moved away from the150

telescope, leading to the conclusion that the UT was picking up coherent noise from the151

Fermilab telescope hardware. Due to the issues with the MiniDAQ1 discussed above, most152

of the data were taken at a threshold of 6, which corresponds to ADC� 7. Some data was153

taken at a threshold of 5, corresponding to ADC� 6. We emphasize that this threshold154

Type A sensor
at Testbeam

Type A sensor
on bench at SU

Figure 5: Total noise and common-mode subtracted noise for the Type A sensor (left) while in

the FTBF testbeam and (right) after the testbeam on the bench at Syracuse.

6

Final system expected to 
have single-hit high 

efficiency (> 99%) and 
good signal-to-noise 

ratio throughout 
experiment lifetime

Charge(ADC)
0 10 20 30 40 500

500
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1500

 0.018± =  0.713 3Γ

 0.027± =  11.108 
3
µ

 0.031± =  1.354 3σ

Figure 11: Distributions of collected charge (in ADC counts) for the Type A sensor at 300 V

bias, for the best time bin. See text for details.

clock. It is seen that the average cluster size increases and reaches about 1.1 when the299

track passes through the middle between two strips. This increase is expected, since at the300

middle there is a greater chance for splitting the charge and forming a two-strip cluster.301

When the track hits directly on top of a strip, the average cluster size is very close to 1.302

This narrow region of charge sharing occurs due to the electric field profile and di↵usion303

within the bulk of the silicon4.304

The average charge5 collected versus the interstrip position is shown in Fig. 14. The305

charge collected is seen to be uniform across the strip, even when the track is near the306

4
See Ref. [11], and in particular Figure 15(a), which shows the simulated drift paths of electrons and

holes.
5
Here, for convenience the average charge is shown, and not the peak of the Landau. Since they are

correlated and we are mainly interested in trends, this is not an issue.
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SALT SEU vulnerability
At PSI and MGH beam tests (Aug 2019), observed some SEU sensitivity in certain 
configuration registers 

Simulated vulnerability and found window as large as 3 ns 
➡ Only 12% of clock cycle, so could be mitigated by adjusting phase 

✦ Beam background concentrated around bunch crossing  

New SALT version with more synchronizers, reduced logic, no register grouping  
➡ Negligible VW in simulation, to be confirmed in beam test 
➡ To be used at least in innermost sensors

!24

4

Logic around single D� in TrimDac registers

D Q Error 
+ 

Voter
out[127:0]

baseline_cfg_part0_tmrError

baseline_cfg[100]
from I2C slave 

(also other  
unconnected inputs)

TmrA

TmrA from other bits 
+ TmrB and TmrC

• Very complicated input logic
– only error and voted value feedbacks are shown
– /oating gates inputs are connected to I2C block  

• Large block “Error+Voter” at output is common for all bits in 
registers group

Issue tracked down to 
➡ Increased combinatorial logic when moved 

from RTL Compiler/Encounter to Genus/Innovus 
✦ Eg, synthesized A&(A|B) instead of A 

➡ Some registers grouped for SEU self-correction
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Hybrids and flex cables
ASICs mounted on hybrid flex boards 

➡ 4 (A sensor) and 8 (BCD sensors) ASIC variants 

Hybrids then readout by flex cables 
➡ 100 Ω differential input impedance traces 
➡ Up to 1000V between adjacent lines 
➡ Less than 500 mV roundtrip voltage drops

!25

Stave

1.6m x 10 cm low-mass support

integrated Ti pipe for CO2 cooling

low-mass Kapton flex for readout, power and grounding

sensors on front and back face overlap

11
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Integration into stave
︎Modules (hybrids+sensors) and flex cables are mounted onto a stave 

➡ Low-mass support of 1.6 m x 10 cm 

Overlap between sensors on the front and back 

Integrated titanium pipe for CO2 cooling

!26

Stave

1.6m x 10 cm low-mass support

integrated Ti pipe for CO2 cooling

low-mass Kapton flex for readout, power and grounding

sensors on front and back face overlap

11

Stave 
Flex cable 
Hybrid + ASICs 
Sensor

Stencil application of TIM, 
epoxy, silicone pedestal

Heat TIM, place module, 
overnight curing

Another module 
on the stave!
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Peripheral electronics (PEPI)
A flexible pigtail cable connects the stave to PEPI 
Backplane distributes balanced load to DCBs 

DCBs optically send data to LHCb DAQ 
➡ Bandwidth: 248 DCBs × 3 VTTx/DCB × 2 links/VTTx × 4.8 Gb/s = 7.1 Tb/s 
➡ Also control system via VTRx

!27

Pigtail flex 
cable

GBTx GBTx

GBTx GBTx

VTTx VTTx VTTxVTRx
Each DCB (Data Control Board) has 

7 GBTx (rad-hard serdes ASIC),      
3 VTTx (twin optical transmitter), 

and 1 VTRx (optical TX/RX)

Due to space constraints, 
backplane ended up being an 
ultra-dense board with 28 layers 
at the limit of manufacturability

Pigtail connectors

DCB connectors
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UT integration

!28

Integration

17

CO2 COOLING TESTS 

Contamination		
Cleaning	
Orifice	Testing	

21st	July	2020	 LHCb	Tuesday	Meeting	 23	

Michael	Brodski	
Simone	Coelli	
Aravindhan	Venkateswaran	
+	CERN	EP/DT	
+	CERN	TE/VSC	

Staves cooled by CO2, 
tested between -30° and 20°

PEPI cooled by water, boxes sit 
directly on top and below staves

LV and HV regulation 
at the service bays
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COVID-19 impact and project status
Operations severely impacted by lockdowns set 
up to stop the spread of COVID-19 

➡ Some activities such as design or fw/sw development continued 

Most components delivered 
Ongoing activities 

➡ Hybrid and readout electronics qualification 
➡ Module production and stave assembly 
➡ Cabling, soldering, and mechanics assembly/procurement 

Key challenges 
➡ Inner ASIC and 8-ASIC hybrid designs to be validated 
➡ Manpower at CERN for installation and commissioning 

On track to meet updated LS2 schedule, but no 
contingency!

!29
21st	July	2020	 LHCb	Tuesday	Meeting	 8	

INFN	Milano	@	home	
Testing	electronics	for	burn-in	

INFN	Milano	@	home	
Shipping	hub!	

INFN	Milano	@	home	
Testing	electronics	for	burn-in	

INFN Milano 
home shipping 

hub

Maryland home firmware 
development station 

Key contributions from piano 
stand and breadmaker box
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Summary

LHCb undergoing a significant upgrade to increase data taking rate 5× 
➡ Remove hardware trigger → All hits are read out 
➡ Increase detector longevity 
➡ Improve performance 

Pixel VELO and UT have overcome                                                                   
all major challenges 

➡ Final stages of production and installation 

Significant impact from COVID-19 
➡ Challenging schedule but still broadly on track
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Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

9 fb-1 Goal: 50 fb-1Upgrade I
Upgrade II to be 

covered by Martin 
Van Beuzekom on 

Thursday 


