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Introduction & timeline

The LHCb experiment will run at
increasingly high luminosity to acquire
more statistics and make optimal use of
the HL-LHC. Especially during Run 5&6.

2022 will be an exciting year when the
LHCb Upgrade | (Run 3) detector is
started up. This presentation will outline
the various challenges, trends and
plans on how this detector will evolve
during Upgrade II.

A particularly interesting novel feature of

the detector will be picosecond time
resolution: LHCb as a 4D experiment.
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Upgrade | employs a full
software trigger and is

currently being installed.

Year

Upgrade Il will involve a
major detector redesign to
prepare for the large

increase in luminosity.

LS3 enhancements (“Upgrade [b”)

are foreseen to improve performance in Run
4 and prepare for Upgrade Il. Relatively long

period to consolidate the detector.
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https://arxiv.org/abs/1808.08865

Physics performance prospectives

“The LHCb Upgrade Il will fully exploit the flavour-physics
opportunities of the HL-LHC, and study additional physics
topics that take advantage of the forward acceptance of the

LHCb spectrometer.”

» The sensitivity is generally limited by statistics,
rather than systematics or theory uncertainties.

> Motivates to take high-luminosity data in LHCb.
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2018 physics case

The luminosity challenge faooi_.w. .....................................................................................................................................
Factor 7.5 increase in particle multiplicity and rate. 4005. c ﬁ 0

> 42 expected interactions per crossing. s | B

» 2000 charged particles within the LHCb acceptance. - ;o °

Good for statistics, challenging for the detector. e I R
Overall aim is to retain (and improve) the physics S SRS VRS SRS SRS P

performance of Run 3 in this much harsher environment. o
High Energy Hadron fluence (7.0 TeV/beam, 50fb’! integrated luminosity) with shielding wall

A) Need more precise detectors to help the event

reconstruction to cope with the ‘packed’ events.

» Improved granularity. e c

» Fast timing information. € 2000 £

B) Need more robust detectors to withstand the increased )

radiation levels.

> Integrated Circuits in < 65 nm silicon technologies. ool ]

1 1 H z (beam direction) [cm]

» Stringent power and cooling requirements. =SS 5159558

C) Strong non-uniform track or photon occupancies [ = £ e N

in most sub-detectors requires modular approach with ™« N . M

various resolutions. o
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Global changes to the detector

Overall layout of the forward spectrometer remains similar (it works well!), except:

» HCAL (mostly contributed to hardware trigger, obsolete from Run 3) gets replaced by iron shield.
» Addition of TORCH detector in front of RICH 2.

» Addition of tracking stations in the LHCb magnet.

However, each sub-detector will make huge (technological) advances.
A wealth of R&D is ongoing and planned to prepare for LS3 and LS4.
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Novel feature of the LHCb detector: fast timing

A new dimension will be added to the LHCb experiment.

Timing information with a few tens of ps resolution per particle will allow
charged tracks and photons to be associated to the correct interaction vertex.

VELO, RICH, ECAL and TORCH will be fast timing detectors.

» Adds a new dimension to the information exchange between sub-detectors.

» Could all contribute to the same estimate of the track time as it passes the detector.
» Opens up new avenues for data suppression in front-end hardware and in software trigger.
> Sets challenging R&D requirements particularly for sensor technologies and front-end ASICs.
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Picosecond timing to reduce combinatorial background

The interactions within an LHC bunch crossing
span a time of about 1 to 2 ns.
» To capture all primary vertices (PVs),
the LHCDb ‘shutter time’ must be of this order.
» A sub-nanosecond resolution is required to
differentiate individual PVs.
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Main benefit of fast timing is to suppress significantly the

combinatorial background of tracks from multiple vertices.

» Shown in this example from the RICH sub-detector:
isolating a time gate / ‘slice’ has the greatest effect on the
combinatorial background in the region between

. 1 ns and 100 ps.

> Sets the target for better than 100 ps time resolution for the
sensors and readout electronics.

102 10°
Time gate [ps]
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https://www.repository.cam.ac.uk/handle/1810/298766

LHCb Tracking system

Vertex Locator (VELO), Upstream Tracker (UT), Magnet Stations (new addition “to close the gap”) and
the Mighty Tracker (combined SciFi + inner silicon modules).

» Higher occupancies necessitate increased detector granularity.
> Rate of incorrect matching of upstream and downstream track segments needs to be minimised.
» Forms the basis to change from strip to pixel technology and add fast timing.

Obtained track and momentum resolutions also play an important role for the particle ID performance.
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Vertex Locator (VELO)
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https://www.repository.cam.ac.uk/handle/1810/298766

VELO technology requirements

- Project page

3D silicon sensors are a promising technology,
especially the use of trenches instead of pillars as
developed by the TIMESPOT project.

» Fast carrier collection in uniform electric field.

Alternatives are planar silicon sensors or LGADs.
» LGADs have a larger dead region between the pixels.

Readout ASIC: need time resolution of ~ 30 ps at low power.
> (On-chip or back-end) corrections for time-walk and non-uniformities.
> Exploring 28 nm CMOS technology node for radiation hardness

(> 25 MGy for U2) and faster on-chip data rates.
» High data throughput (~ 100 Gbps per ASIC).
» Closest example is Timepix4 chip in a 65 nm technology,

with 55 um pixels, a TDC bin size of 195 ps (56 ps RMS)

and a readout bandwidth of 23 Gbps/cm?.

07.07.21 LHCb - Floris Keizer 9


https://web.infn.it/timespot/index.php

IP, resolution (um)

VELO - RF foil

The VELO is positioned closest to the interaction point.
> High fluence up to 10'" n.,/cm? at the end of detector lifetime.

» May be practical to pull modules slightly outwards (fluence has a steep gradient radially), but this also
requires (a) smaller pixels and (b) less material for the same IP resolution (dominated by RF foil).

» R&D ongoing to see if RF foil can be replaced by wires / strips to carry the beam mirror currents.
» Increases outgassing constraints and would require vacuum tank redesign.

doi:10.7566/JPSCP.34.010014

100 - —
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https://journals.jps.jp/doi/10.7566/JPSCP.34.010014

MAPS sensors technology (UT and Mighty tracker)

Monolithic Active Pixel Sensors integrate front-end electronics and sensitive
detector volume in one silicon substrate: improved complexity and handling.
» 180 nm HV-CMQOS process results in a good intrinsic radiation hardness.
HV-MAPS > 10" ny,/ cm?

Small pixel sizes give better resolution and lower parasitic capacitance.
Low material budget reduces multiple scattering.

LV-MAPS have small collection electrode, lower noise, power consumption
and cross-talk, but also longer charge collection time.

ATLASPIx3 HV-MAPS: ~ 5 ns time resolution at 160 mW/cm? power
consumption and 50 um x 150 um pixel size.

Y VVYVY

Preferred technology for UT and MT detectors.
Thinner MAPS sensor

HV_CMOS charge signal LV'CMOS charge signal

___PMOS NMOS PMOS NMOS

T

(]

p-substrate ‘\@

Large collection electrode Small collection electrode

p-substrate
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https://indico.cern.ch/event/896051/sessions/344250/attachments/2008775/3355633/ChipSpecifications_9.pdf

Upstream Tracker (UT)
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Novel MAPS pixel detector is proposed for the UT to add precision information in the y-projection
(where the trajectory is straight). Standalone reconstruction studies for efficiency and ghost rate for
various pixel sizes show that the Run 3 performance (strip design) can be achieved.
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Mighty Tracker

SiPMs operated at negative
temperatures and outside
the LHCb acceptance.

Outer region contains SciFi
(Scintillation fibre) mats.

Silicon inner and
middle tracker regions.

07.07.21
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Mighty Tracker

Occupancy and radiation damage is a key
challenge for Run 5.
> 6 x 10 ny cm=2in the inner region.

» Degrades the performance to about 50% tracking

efficiency and nearly 100% ghost rate.

» R&D for new nano-organic luminescence (NOL)
materials. Attenuation length is wavelength dependent
and is smaller for green- than for blue-emitting fibres.
Promising results obtained (1.3 ns decay time).

> Possibly reduce the number of fibre layers per mat.

» CMOS-pixel modules at the centre (‘middle’ MT and

‘inner’ IT) of the plane.
Baseline pixel size of 50 pm x 150 um.
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https://cds.cern.ch/record/2744243/files/20201112_LHCbMightyTracker_FCCWorkshop.pdf
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Magnet stations

»
e

Upgrade |

»
)

Magnet chambers can extend the kinematic reach of the

tracking system from LS3 onwards.

» 5 mm side triangular scintillator bars with embedded
wavelength-shifting fibres readout by SiPMs.

» SiPM boxes kept outside acceptance in low radiation
environment (water cooling only).

w
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Upgrade | + MS

pseudorapidity

N
w
L

N
o
L

=
(O]

» Readout based on SciFi PACIFIC boards. R A

1/pr (GeV/c)™t

» For Upgrade I, new custom ASIC foreseen including TDC
information to reject slow particles spiralling inside the magnet.
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SiPM technology (SciFi and RICH)

Highly attractive technology for Upgrade II.

>
>

>
>

Good single photon time resolution.
High photon detection efficient in the
green wavelength region

+ photon counting capability due to
SPAD structure.

Low operating voltage.

Not affected by magnetic field.

However, high DCR after irradiation.

>

>

Requires cooling, neutron shielding,
annealing during detector down-time.
Micro-lensing reduces the silicon
area and improves DCR, capacitance
and time resolution.
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SiPM channel view:

A regular array of pixels
covers the channel
(1.62mm x 0.25mm) with
240 pixels

Detailed view:
Micro-lens implemented
on one pixel in two

Simulation parameters:
'.ens diameter: r,

-ens height: h;
Residual height: H,.,
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https://cds.cern.ch/record/2706959/files/untitled.pdf
https://www.mdpi.com/1424-8220/19/2/308

Particle identification system

Ring-lmaging Cherenkov detectors (RICHs) perform charged hadron ID from 3 GeV/c (veto mode)
to 65 GeV/c using C4F20 in RICH 1 and 15-100 GeV/c using CF4 in RICH 2.

The brand-new TORCH (Time of internally reflected Cherenkov light) will cover the lower momentum
range from 2-10 GeV/c by combining the time-of-flight and time-of-propagation techniques.

The electromagnetic calorimeter (ECAL) performs photon, electron and nt® identification and is
separated from the muon detectors by a 1.7 m-thick iron shield.

There is a strong interplay between the tracking and particle ID systems, as the tracking resolution
should match the particle ID resolutions, notably in the photon-ring searches of the RICH detectors.

Side View
The use of SiPMs could Maonet Stations i TOKCH
. . . Silicoh . L.RICH2
allow magnetic shielding \%“'k —=
around RICH 1 to be e 'S
removed. N o B J
. /y \; :
Phgse-II Upgrad; .
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Ring-Imaging Cherenkov (RICH)

RICH1 peak occupancy | MaPMT | SiPM and geometry update
Run 3 35 % 3.9 %
Upgrade II > 100 % 18 %

A range of modifications foreseen to reduce the photon occupancy and
improve the Cherenkov angle resolution.

> Improved granularity to 1.0 x 1.0 mm? pixels avoids the peak
photon occupancy from exceeding 100 %.

» SiPM with enhanced sensitivity in the green wavelengths
reduces the chromatic error.
Additional studies ongoing on MCP-based detectors and next
generation MaPMTs.

> Redesign of the optics with lightweight flat mirrors placed inside
the LHCb acceptance reduces emission point error.

Configuration Overall | Chromatic | Emission pt. | Pixel | Yield
mrad mrad mrad mrad
MaPMT 0.80 0.52 0.36 0.50 63
RICH1 | SiPM 0.40 0.11 0.36 0.15 47
SiPM & geometry 0.22 0.11 0.12 0.15 34

doi:10.1016/j.nima.2018.12.025

07.07.21 LHCb - Floris Keizer
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https://www.sciencedirect.com/science/article/pii/S0168900218318229?via%3Dihub
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Fast timing in the RICH detectors RICH? i
Owing to the prompt Cherenkov radiation and focusing mirror geometry, :Ej 6* *
all photons from a given track arrive at approximately the same time at the af- ]
photon detector plane. i i
» Using reconstructed parameters in the RICH algorithms and g ]

the PV t-zero, can predict the detector hit times to within 10 ps.

> Time gate around the predicted time significantly reduces combinatorial
background and helps to recover the Run 3 particle ID performance.

> Faster detectors are better, as in practice the photon detector resolution

will dominate the width of the time gate.
Aiming for a resolution better than 100 ps.

| - Upgrade I (no time)

T
200 ps
70 ps R1, 500 ps R2
100 ps

50 ps

Absolute numbers elimi
but trend is clear:™

80 90 100
Kaon ID Efficiency / %
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https://www.repository.cam.ac.uk/handle/1810/298766

RICH digital readout enhancements for fast timing .. . ... oo

=

= Backboard

Baseboard | FEBS
- =

Sensor FE ASIC e NZS Felo (2111l NZS | Back-end [ ZS 5 it Magnetic

shield

LHC Run 3: MAPMT CLARO Kintex-7 GBT Versatile Link PCle40

Run 4 & 5: Sensor FE ASIC ZS el 1ML ZS | Back-end [ ZS . it | time
) SiPM / MAPMT/ MCP FastIC+TDC IpGBT Versatile Link+ PCle40++

S m—
1-inch gAro 0
MAPMTs readput ASIC

During LSS, propose to replace the FE ASIC and FPGA by a single ASIC
with integrated TDC and direct connectivity to optical links.
» During Run 4, can estimate the PV times using the RICH by

Versatile
Link

measuring the photon times on the Cherenkov ring. _
FastIC ASIC development by CERN EP-ESE and ICCUB.
» RICH specifications are input for a custom FastlC+TDC adaptation.
» Constant Fraction Discrimination and ns time gate to optimise bandwidth.
» Additional FastlIC+TDCPix development for 2D pixel detector readout A
tlghtly integrated Wlth SIPM X2IXB I CLUSTER OF 4 CHANNELS :
25 ps FE ASIC for MAPMT, SiPM or MCP-based detectors. | pin: ||F5=—— {2 oo [
> 65nm CMOS. —I e | (| S
» 8 channel prototype, 16/32 channel planned. E’"gy ---------- T L I8 %ig:n:{%w
» > 50 MHz channel with non-inear ToT. s %ETW; el ToT repons: —
> 1.2V power with 6 mW/ch. | ey g AL gg;a; EILI
» Single-ended signalling possible. | marersmtezee e i
» Dynamic range 5 uA to 20 mA. ffs‘;sf&n':ff;g:'m) ____4 e L !
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https://cds.cern.ch/record/2770576
http://icc.ub.edu/news/607

Electromagnetic calorimeter (ECAL)

Radiation hardness of the modules is essential.

» Expected dose in Upgrade Il up to 1 MGy. Current modules have a
40 kGy operational limit, requires inner region to be replaced in LS3.

» Radiation tolerance can be met by crystal fibres, leading to a
‘Spaghetti’ Calorimeter (SpaCal) in the central region,
whilst keeping Shashlik modules in the outer region.

Peak luminosity of Upgrade Il will lead to overlapping showers.

250

200

ECAL doses
---4x10% Gy
—1x10* Gy

12x12

150

100

> Finer cell sizes and decrease of Moliére radius required in the inner region.

Test beam campaign ongoing with SpaCal module in image.
Additional R&D for Si-W sampling calorimeter (operated with cooling).

C—— scintillator @@ mirror
@G absorber @ light guide

' '
1 Fomos
y GAGG |

front back
—» Beam direction

07.07.21 LHCb - Floris Keizer

Si planes
chamfer

W absorber

scintillator

wavelength shifter

21



Fraction of events [%]

ECAL timing & MCP/LAPPD technology

Run 5 luminosity leads to an unacceptably large combinatorial background.
> Fast timing information will be essential to associate the candidates to individual pp interactions.
> ldea is to split the SpaCal modules longitudinally in two sections at around the shower maximum,
and read both the front and back sections to improve clustering, reconstruction and particle ID.
This improves the intrinsic SpaCal time resolution.
> A dedicated timing layer can be inserted in between using MCP-based LAPPD technology
(large area picosecond photon detector) or a three-layer silicon detector.
R&D campaign foreseen targeting a single plane resolution of 50 ps or better.
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https://cds.cern.ch/record/2244311?ln=en
https://indico.cern.ch/event/868940/contributions/3813871/attachments/2081423/3498487/Michael_Foley_Production_of_LAPPDs_ICHEP2020_Final1a.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/15/09/C09046

TORCH (Time of internally reflected Cherenkov light)

Novel detector combines time-of-flight and detection of internally |/ E ; / |

reflected Cherenkov light techniques.
» ~ 10 m from the collision point, ’ ,

At ~ 35 ps for 10 GeV/c kaons and pions. .
> Results in single photon requirement of about 70 ps. -

TORCH prototype half-sized module constructed, and beam
tests performed. Measured results approach desired time
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resolution and improve with the number of detected photons. \
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https://pos.sissa.it/364/140

TORCH and MCP-PMT technology

The micro-channel plate (MCP) PMT tailored to the TORCH application has been developed.

> Exceptional time resolution of typically 30 ps combined with a low dark-count rate.

> A drawback of the MCP-family is the restricted lifetime, despite significant improvements using
atomic-layer deposition (ALD) coating. MCPs were demonstrated to survive > 5 C/cm?.

» TORCH MCP-PMT has 64 x 64 pixel achieving 8 x 128 effective pixels through charge sharing,
but Upgrade Il will require a finer granularity in the central modules.

Synergy with other sub-detectors such as the ECAL timing plane (LAPPD) and the RICH detector
(fast photon sensors and FastlIC+TDC readout ASIC).
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https://www.sciencedirect.com/science/article/pii/S016890021831800X

Muon detector

Similar to other detectors, the inner region is exposed

to challenging increase in occupancy.

» Mitigate by introducing ‘structured’ shield in front.

» M-RWELL technology (GEM principle) is a
promising next-gen MPGD for detection rates of
several MHz/cm? and has been tested during
beam tests. ~ 95 % efficiency in 25 ns window.

For the lower rate outer region, extensive ageing
campaign to confirm the possibility to use MWPCs up
to the end of the experiment lifetime.

> R&D for alternatives include RPCs (~ 10 kHz/cm?)

or scintillating pads with WLS fibres and SiPMs. oi10.1088/1748-0221/14/05/P0501 4
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https://iopscience.iop.org/article/10.1088/1748-0221/14/05/P05014

DAQ and online processing

The software trigger is a novel and core part of the LHCb
Upgrade |, and will have to cope with the increase in data
rates and detector complexity in the HL-LHC.

» Addition of fast timing information helps for pile-up
suppression: hits not associated with a pp interaction
of interest are immediately discarded.

» Processing sequence will need to be re-optimised to
combine multiple sources of fast-timing information.

High-Level Trigger (HLT) comprises:
» HLT1: reconstruction to identify inclusive beauty- and

charm signatures as well as high-pT muons on GPUs.

» HLT2: full (HLT2) reconstruction of “offline quality” on
CPUs (in Run 3).

Range of R&D options including:

Upgrade HLT

Future Upgrade: Time

1. Velo tracking [ j
X oo gl
2 [ Velo-UT tracking ] g e s
Pt > 200 MeV, 3p/p ~ 15% Time in the tracking detectors benefits
G the track-matching efficiency
Forward tracking : and reconstruction speed.
3. pr > 500 MeV, 3p/p ~ 0.5% S
PV time ~1t ::" 3
G Online-on| | G
Rate reducing cuts G e S R S
5. ( Output < 1 MHz l , The TORCH and RICH detectors no longer ,
O need to compute the PV time,
Online-onl which improves speed.
6. ( Muon Identification ) T U ‘ T
- e : - H The PV time is critical for the TORCH |
7. Simplified Kalman fit | particle ID. In the RICH detector, itis |
‘U’ | used to reduce combinatorial

8. Particle Identification 1

background and improve speed.

> FE higher speed links suitable for the high radiation environment.
> FE: local processing e.g. clustering, track-stub creation (RETINA) and a readout + tracking FPGA board.

» Disk buffer: the use of solid-state technology.

» Online: co-processors, such as FPGAs or IPUs, to complement the present CPUs and GPUs.
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Conclusion

The HL-LHC Run 5 allows LHCDb to acquire more statistics and make optimal use of the HL-LHC.

The high luminosity leads to a challenging increase in track and photon multiplicity in the detector.

In order to mitigate this effect, LHCb will transform into a 4D (x,y,z,t) detector and take the approach of:
> Improving the granularity and time resolution of the sensors.

» Transitioning to robust, integrated, low-power technologies.

» Introducing better modularity to address the non-uniform occupancies.

A wealth of R&D is ongoing for detector designs and next-generation technologies.

The picosecond time information will add a new dimension to the experiment,
with high synergy between the sub-detectors to improve resolutions and to share technologies.



