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- %I\i INTRODUCTION

* Physics programme limited by detector, NOT by LHC
* Hence, clear case for an ambitious plan of upgrades

Upgrade II Upgrade | Upgrade I

ey e
- Lpeak = 1.5x10%% cm™?2 s Run | Run 2 Run 3 Run 4 Run5S _ Run6

- Lint = ~300 fb™" during
Run 5 & 6, Install in LS4
(2033)

- Some smaller detector
consolidation and

enhancements in LS3 . .
(2026) J010 2020 2030

Year

schedule updated beginning of 2022
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- Potentially the only general purpose flavour physics facility in world on this timescale



- %{7] INTRODUCTION

Observable Current LHCb Upgrade 1 Upgrade 11
(up to 9fb~1) (237 1)  (50fb~1)  (300fb 1)
CKM tests
v (B — DK, etc.) 4° 1.5° 1° 0.35°
¢s (B2 — Jhvo) 32 mrad 14 mrad 10 mrad 4 mrad
[Vasl /| Vel (A) = puw,,, etc.) 6% 3% 2% 1%
at (B" = D~utv,) 36 x 10~ 8x107* B 10~ 2 104
aly (BY = D, p'vy) 33 % 1074 10x107* 7x107* 3 eI+
Charm
AAcgp (D° - K+K—,7tr~) 29 x 1079 3107 BxI10~" 88x107°
Ar (D° - KtK—,ntn™) 11 x 107 (38! 5x107% 82%10~> 1:2%10~°
Az (D° - KOn+7™) 18 x 107° 6.3x107° 41x107° 1.6x107°
Rare Decays
B(B® = utp™)/B(B? = ptu~) 69% 41% 27% 11%
Sup (B = ™) — — — 0.2
AD) (B° - K*V¢ten) 0.10 0.060 0.043 0.016
AR (B » K*%te) 0.10 0.060 0.043 0.016
AZL(BY = ¢) Wi 0.124 0.083 0.033
Sy (B = ¢) 0.32 0.093 0.062 0.025
ay(A) = Ay) g s 0.148 0.097 0.038
Lepton Universality Tests
Ry (BY - K*tete) 0.044 0.025 0.017 0.007
Ry~ (B® = K*0¢te) 0.12 0.034 0.022 0.009
R(D*) (B® — D* () 0.026 0.007 0.005 0.002

Framework TDR, LHCb-TDR-023
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- %I\a INTRODUCTION

Pb-Pb collisions @ \/SN =5 TeV 2015 data
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=0FE | LHCb prelimin
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%{7] THE PROPOSED UPGRADE

Targeting same performance as in Run 3, but with pile-up ~40!

—— . Same spectrometer
Slde View ungsten . . .
Magnet & ECAL M3 M4 M fOOtprlnt, |nnovatlve

SciFi TORCH Nevion
&Silicon .__RICH2 :"" o e

Magnet Stations

v detector and data
| 1 | processing
L -
e Key ingredients:
\

- granularity
- fast timing (few tens of ps)

- radiation hardness

Run 3: pile-up ~6

y (mm)
8850388

.Y (mm)
3830388

Upgrade II: pile-up ~42




- % THE TRACKING SYSTEM UPGRADE

Magnet

VELO
Pixel with timing

Upstream Tracker
From strip to CMOS Magnet stations Combine SciFi & CMOS

Mighty Tracker

Tracking on magnet sides
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- % THE TRACKING SYSTEM UPGRADE

Magnet

VELO
Pixel with timing

Upstream Tracker
From strip to CMOS

Magnet stations
Tracking on magnet sides

Mighty Tracker
Combine SciFi & CMOS
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Efficiency

Efficiency for HLT2 L = 1.5x10%, long tracks, p
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- %Cl\i MIGHTY TRACKER

SciFi Enhancements

Major improvement seen cryogenic cooling to allow to run below -120 °C

e Essential to maintain reasonable noise rate for SiPMs after irradiation

* Should allow to reduce the cluster thresholds while keeping acceptable dark count rate

106
105
104
103
102
10!
10°
101
10?2
10~.§

DCR (Hz/mm?)

E |Cell size = 25 um

[ esF-av

y | *SF-6V o
--LF-4V

F | mLF-6V

!’ -

[

r

[

4

0 50 100 150 200 250

Temperature (K)

Additional interface
~ 16 % loss in light

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:
Lens diameter: r,

Lens height: h,
Residual height: H,,

o ihL
HI’ES ‘

Side view:
Residual height and
spherical micro-lens

Better SiPMs and micro-lensing should compensate for
light loss

13



MIGHTY TRACKER

HV-CMOS

* One of the main drivers of
the project is the size of the
silicon area

* MAPS chips are limited to
~2x2 cm? (foundry)

* The most critical points are:
* In Time Efficiency
* Power Consumption
* Radiation Tolerance

One Layer 3m?
2 Layers per station
6 Layers in total

Modules co-cured flex

Layout for MightyPix1
(1/4 of full size)

Pixel size <100 pm x 300 pm Short sub-module Long sub-module
In-time efficiency > 99% within 25 ns window
Timing resolution ~ 3 ns within 25 ns window * One Iayer consists of 4 sub-modules

Radiation tolerance |6 x 10**1 MeV n_ /cm?

* 28 modules per layer (2 short)

i 2 - - -
Power consumption | < 150 mW/cm * One sub-module is a electrical unit

Data transmission 4 links of 1.28 Gb/s each

Compatibility with the LHCb readout system * Build Chlp'mOdmes to save space

* Co-cured service flex for power/signal distribution

LHCb-INT-2019-007, 2019

14



s e

Problems with MightyPix1

*There was a mistake in the MP1 design B B

*‘New 12C interface and the well tested shift

register interfered I
-One load signal not connected (Bias block)
*Sadly the simulation tested after config block
*An error message was overlooked

5:0
VPDelDclMux  5:0  6'd30
VNDelDclMux  5:0  6'd30
VPDelDcl
VNDelDel £
VPDelPreEmp 5:0  6'd30
VNDelPreEmp 5:0  6'd30

5:0

*Things happen. We will now concentrate on
what to do!

VNLVDSDel 50  6'd10
VPPump

VNCPe
VNVCOc

VPRegCasc 50
VPSmallFine 50  6'd20
VNComp )0
VPFoll
VPBiasRec
VNBiasRec

15
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Resubmission

MightyPix1.1/MightyPix1 FIB

e KIT offered to resubmit a -&
ﬁXEd MightVP'Xl.l .Testteam

Testbeam Analyis
MightyPix1.1

* Consider using repaired o

Irrad. Lab tests

sensors (Focused lon Beam

Testbeam Analyis
FI B) . TDR LS3

* Maybe wafer scale or more kil
FIB is possible

am

MightyPix 1 F

(=]

Testbeam Analysis

. Irradiation Run2021/TeleRix
Irrad. Lab test
. TDR LS3

p3/04 23/05 23/06 23/07 23/08 23/09 23/10 23/11 23/12 24/01 24/02 24/03 24/04 24/05 24/06 24/07




- % THE TRACKING SYSTEM UPGRADE

Magnet

VELO
Pixel with timing

Upstream Tracker
From strip to CMOS

Magnet stations
Tracking on magnet sides

Mighty Tracker
Combine SciFi & CMOS

17
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Project in very early stage
Proto-collaboration including labs from China and France

. /5 =~
@ 2%5 L/w @j ‘f‘ﬂ#&%’if\#)n’z‘m;{
N anmn b
a4 t-;::-‘..? [
:“ ‘

LPNHE (&)

R&D is only starting and the main technological choices are still open
Could certainly benefit from synergy with the Mighty Tracker project

Next major milestones:

- Scoping document: September 2024
« TDR: end of 2025

18
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From the present UT...

The UT detector in phase-I upgrade (P1UG) consists of 4 planes of silicon strips, The design
was optimized for a peak luminosity of L=2x10% cm-2s~' (max occupancy of 1.4%) and can
handle a data rate of x1.5 higher

Sensor ]

A B C D
Type p-in-n | n-in-p | n-in-p | n-in-p
Thickness(um) | 320 | 250 | 250 | 250
Pitch (um) 187.5| 93.5 | 93.5 | 93.5
Length (mm) ~100 | ~100 | ~50 | ~560
Strips/sensor 512 | 1024 | 1024 | 1024
SALTs/sensor 4 8 8 8
Numbers 888 48 16 16

-~ ~1700mm ———| UTbX

UTbV

»
"
.<

UTau
UTaX

N

-—

oo

3

3
~1350 mm

_

~1500 mm

Stave

19
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From the present UT...

- The UT detector in phase-l upgrade (P1UG) consists of 4 planes of silicon strips, The design

was optimized for a peak luminosity of L=2x10% cm-2s~' (max occupancy of 1.4%) and can
handle a data rate of x1.5 higher

... to a high luminosity concept — ‘ o —

pp collisions

» Instantaneous luminosity 2 x 1034 cm-2s™"
67% of BX have beam-beam collisions
0(10) tracks per pp collision
Average hit rate in UT: 5.9 hits/cm?/BX_, - 6 S - ]
Pb-Pb collisions 56w 20 020 4o e B 10 10° o33 a0 50 60

10 20 30 40 50 60
. X [cm] R [cm]
» Instantaneous luminosity up to 1028 cm-2s~'

Hit density, central Pb Pb
Pile-up: negligible
0(1000) tracks per central Pb—Pb collision
Average hit rate in UT: 2.9 hits/cm2/BX_,
Maximum hit rate in UT: 52.5 hits/cm?

Lighter ion collisions
» Allow larger integrated luminosity

Still no significant pile-up (except 0-0) ST AU
Smaller track density than Pb-Pb X [cm]

Hits / cm? / BX

10" 10"

Hits / cm? / BX

10"

ST\ 5 P N EN R [ S B
0 10 20 30 40 50 60

R [cm]

20
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Preliminary specifications

- Concept presented within the F-TDR: well received by the LHCC
- First tentative list of specifications
- To be further consolidated and detailed: work in progress

Characteristics Specification

160 MHz / cm? pp
(~52.5 hits / cm? / BX for Pb/Pb)

Hit rate in hot event and region

Time resolution O(1 ns) for BX tagging
Pixel size 0O(30x30 um?)
Power consumption 0O(100-300 mW/cm?)
Radiation dose for 350 fb-! 3x10" 1-MeV n./cm?, 240 Mrad

Close to ATLAS CMOS outer layer specifications



.

A lot of requirements to be consolidated
* Pixel size

* Occupancy

« Space (— momentum) resolution

» Tracking performances (ghost rate)

- ap/p (uncertainty on pVELo_UT) dependence on UT x and y pixel size (x_MIT=y_MIT=100 um)
1.4 . . Worst case scenario
N B foici 5 GeV S 0.4aF e
- cficiency, p>3 e ] Somp st
12+ [ efficiency,p <=5 GeV — -
_ B chost rate i 0421
1 — 0.4
- - 0.38|—
08 ] —
- 0.36—
0.6 0.34|—
0.4 0.32
03
0.2 -
T 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1
0.28 50 100 150 200 250

50x50 um? 100x100 um?2 200x200 um? 300x300 wm? Strip Pixel size (um)

22



- %{9’ INVESTIGATION OF CMOS TECHNOLOGIES

https://indico.cern.ch/event/1285479/contributions/5417480/attachments/2651634/4591280/2023-05-23 Migthy-UT_CMOS.pdf

» MightyPix (AMS180nm)
Most advanced sensor : almost full functionality prototype
Designed specifically for LHCb (readout)
With the present demonstrated specs: not fully suitable for UT (readout rate, radiation dose)
Interest in China to participate to the qualification and tests

» MALTA family (TJ180nm)
Pixel size : 36.4 x 33 um?
98% “in-time” tagged data from test-beam without ToT ( = less data to be sent - thd)
Proven 3 x 10™ 1-MeV ngq/cm?, 100 Mrad @ -20°C
Malta 2 (2021): enlarged transistors for lower noise and higher gain
Malta 3 (ongoing design): on-chip time tagging, serial output, daisy chain readout
Strong interest from developers to include UT specifications
Irfu participated to the chip qualification, LLR is joining the effort

» DPTS (TJ65nm)
Large development group at CERN involved for ALICE ITS3
Proven working after 1 x 10™ 1-MeV ny,/cm? @ room temperature
Test vehicle for digital asynchronous readout
Working point ~ 99% efficiency at acceptable fake-hit rate
Strong interest from Irfu (and IPHC) to submit in ER2 (mid 2024)

23
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- % BASIC LAYOUT

A lot of requirements to be consolidated
* Pixel size Chip
« Chip size, detector position, number of planes

« Dead areas (keep below 1%) — efficiency

« Tracking performances

« Data rate (also depending on the readout scheme)

Stave

Plane

Module

36 modules, ~1355 mm

36 modules, ~1355 mm

=  Similar layout for small pixel or large pixel CMOS solutions
» The UT system consists of 4 (or 3) planes

12 staves, ~1672 mm

24
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Hm pz,!tﬁlt Data rate of the hottest chip

A lot of requirements to be consolidated
* Pixel size

. . g w 30 30 2
- Chip size, detector position, number of planes HIT X S HM 4.72.cm 15,3 betls
- Dead areas (keep below 1%) — efficiency G B NG 19,8 Gbits
3 50 um x 300 ym 29 19,66 cm? 27,2 Gbit/s

« Tracking performances
« Data rate (also depending on the readout scheme)

Data rate [Gbit/s] of the hottest chip for different configuration of detectors

Pixel size (30 pm x 30 pm) Pixel size (50 pm x 150 pm)

Pixel size (50 pm x 300 pm)

12
1024 ] 118 €cm? 1024 1024
4.64
10
59 cm
512 2.46 512 512
8
=3 =3 =3
= = =
S S S
< < =
T ).29 cm < b=
= 256 151 £ 256 = 256 6
s s s
» @ P
4 4 ]
< < <
= =] =]
Fa
143 0.16 cm? 0.33cm? 0.52cm? 0.66 cm? SIS 2Ce 143 s
0.96 1.64 24745) 2515 4.55
F2
128 0.15cm? 0.29cm? 0.47 cm? 0.59 cm? 118 cm* 128 128
1 0.96 1.43 73745 74745 4.27
T v v v T Lo
128 256 404 512 1024

Colons of pixel in chip Colons of pixel in chip Colons of pixel in chip 25



A lot of requirements to be consolidated

* Pixel size

« Chip size, detector position, number of planes
« Dead areas (keep below 1%) — efficiency
« Tracking performances

« Data rate (also depending on the readout scheme)

A box corresponds a 7x2-Chip module

1888 IpGBTs (data)
1312 IpGBTs (control)
1312 VTRx+

4512 Optical fibers

36 modules

Ring 5
e-links / chip 1
Gbps / e-link 0.32
IpGBT / module 0.5

Num of modules

1312

Num of data IpGBTs

656

12 staves >

The configuration will be further optimized with sensor
chip development and better simulation studies.

Num of ctrl IpGBTs

656

Dual-module
(for IpGBT efficiency)

!

1 All
2-7
1.28
14/10
32 | 1728
384 | 1888
144 | 1312




A lot of requirements to be consolidated

Pixel size

Chip size, detector position, number of planes
Chip thickness and global material budget
» Position (— momentum) resolution, multiple scattering

https://indico.icc.ub.edu/event/163/contributions/1626/attachments/663/1321/LHCbU2 WS2023 UT.pdf

.
°o

.
°o

Detector description has been developed for the large
electrode solution. It can be modified easily for the
small electrode solution.

It was initially created based on DDDB. The DD4HEP
version now has been well debugged.

Plane

(4 planes are identical for now)

Extremely crowded for the inner modules

Module

7x2 Sensor Chips

VTRx+ .
IpGBT

27


https://indico.icc.ub.edu/event/163/contributions/1626/attachments/663/1321/LHCbU2_WS2023_UT.pdf

A lot of requirements to be consolidated
Pixel size

Chip size, detector position, number of planes
Chip thickness and global material budget

» Position (— momentum) resolution, multiple scattering
https://indico.icc.ub.edu/event/163/contributions/1626/attachments/663/1321/LHCbU2_WS2023_UT.pdf

Sizes and materials are preliminary.
More precise values will be used

when available.

(Unit: mm ) | Thickness WxL
Pixel Sensor 0.200 20.2x21.4
IpGBT 1.250 9x9
VTRx+ 4.000 10 x 20
HybridFlex 0.300 142 x 75
Kapton Tape 0.100 142 x full
BareStave 4.000 142 x full

7x2 Sensor Chips / Module §\°\'

Number of components varies
from module to module.

Optical fibers not included yet 603\8

IpGBT|

HybridFlex l

Kapton tapes for HV & LV

Support / BareStave

View from side

| HybridFlex
IpGBT|

VTRX

28
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A lot of requirements to be consolidated
* Pixel size
« Chip size, detector position, number of planes
« Chip thickness and global material budget
» Position (— momentum) resolution, multiple scattering

https://indico.icc.ub.edu/event/163/contributions/1626/attachments/663/1321/LHCbU2 WS2023 UT.pdf
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- % THE TRACKING SYSTEM UPGRADE

Magnet

VELO
Pixel with timing

Upstream Tracker
From strip to CMOS

Magnet stations
Tracking on magnet sides

Mighty Tracker
Combine SciFi & CMOS
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* 40% drop in light yield after 10 kGy on covered fibers (P1 sample)
« Expect < 2kGy radiation after 50 fb-" on the clear fibers running on top an

bottom of the magnet.

» Panel and fiber ribbon replacement is an option for Run5.

Exotic hadron search
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Detector Baseline

(kCHF)
VELO 14800
UT 8900
LHCb - ﬁ;grsletFStations 23288
54 -SciFi
UPGRADE Il ; MT-CMOS 19500
< RICH 15600
A TORCH 9900
(:'E) ECAL 34800
—l Muon 7100
RTA 17400
Online 8900
Infrastructure 13500
Total 175100
Techn A Detector Countries involved
VELO BR, CERN, ES, FR, IT, NL, PL, RU, SE, UK
Approved March 2022 UT CN, FR
Magnet Stations PL, US
- Detector design and technology options X;é};;y Aickeci{Heiilif. MAED) ggRgHIrll?F;)LESRSESP I:;K
- R&D program and schedule TORCH CERN, UK, SI
- Cost for baseline, options for descoping fﬁ‘;’; ;\TU’R%SRN i ON; 18, ER, HU IT; RU, U8
- National interests RTA BP:, CERN, CN, DE, ES, FR, IT, NL, PL, RU, UK, US

Online CERN, FR




- %{7] COST AND DESCOPING

LOwW
~120 MCHF

conservative

all FTDR descopes

MEDIUM
~150 MCHF

optimistic, but not
completely unrealistic

some FTDR descopes

FTDR

~175 MCHF

clearly above what can be achieved

by present collaboration

full FTDR option
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Next step: SCOPING DOCUMENT

Estimated cost scenarios (baseline and
descoped) with analysis of physics
performances, person-power and funding
profiles, project organisation and milestones, list
of TDRs and project schedule

LHCC: "Some elements of this have
been fulfilled by LHCb with FTDR”

Need to complement with more detailed plans
on the descoping option, and with a matrix of
participations (person-power and funds)
discussed with the funding agencies

This is needed before proceeding
with sub-detector TDRs

Target is to produce the
Scoping Document within 2024
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Scoping Document

2022 1 2026 2029 2033 2035

__Run3 __LS3 | Run4 LS4 Run5&6

Detector R&D Ull Infrastructure

Ull TDRs
Ull detectors construction

Installation

Constraints on Upgrade Il plans
- All detector components fully ready at beginning of LS4, in 2033
- LS4 duration of 2 years will be fully needed for Upgrade Il installation

— Start detector element construction during LS3
— Anticipate some LHCDb detector infrastructure work to LS3
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- %] CALORIMETRY

5D Calorimetry: Precision timing

« Goal: achieve energy resolution and > scintillator e mirror
. G absorber @ light guide
reconstruction eff. ~ to Run1&2 ,

— pile-up, radiation up to 1MGy &5
« Requires: granularity, precision timing
Em)

 Different technologies in different regions
« Crystal fibres R&D for highest fluence regions

front . back
. ——3» Beam direction
 Extensive R&D
; ; . . r ; . 5 . 5 i . 45x45 mm? 'a‘ 60 N
.8 C ' ' 2 - ® —a— SpaCal Pb/Poly - DESY II
g 500 :_ Upgrade II Er>2.5GeV 5 50— ——— SpaCal Pb/Poly - CERN SPS
Lg *0., w/o time cut =1 ~ e —e— Shashlik - DESY II
00 E- B K '}/ —— At/ot(comb) < 3 ol § - & —&— Shashlik - CERN SPS
: + h @ Fu ‘Testbeam Results
300 - i =
- - B 5 /
& # + “+++++ t 3D printed W-absorber 30: o A i 5pS’ 100/0/
200 |~ by, ot Y s ittty " 500 m wal Mckness n .
*,,*,g m M‘H N ¢ 4 ' Im“om,.ﬂfﬂm 20— -
100 E ; PR . : R
o LI 10 . ‘
e s sl s - s -
00 5000 6000 7000 W0 ‘ =
— 1 1 1 | 1 1 1 | 1 1 1 | 1 l 1 1 1 |
M(K*my) [MeV/c?] =% 20 40 60 100

Beam Energy [GeV]
Chris Parkes, LHCb Upgrade I .




Hadron partlcle identification key to LHCb
unique physics capabilities

RICH 1 & 2 geometry maintained
Time of flight TORCH system
— Cover wide momentum range

In both systems precision timing is crucial
for Upgrade |l performance

RICH: Time-stamping each photon with a
resolution of few tens of ps

TORCH: 10-15 ps time resolution per track
Synergy on electronics readout

Pion MisID Efficiency / %

10

N 200 ps
100 ps

L 50 ps

70 ps R1, 500 ps R2

| Upgrade | (no time)

70 80 90 100

Chris Parkes, LHCb Upgrade II
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Online & Offline TR

LHCb Upgrade Il data throughput: 200 Tb/s

Novel trigger system for Upgrade |

10’ v R HC — Fully software trigger

YIENE A — HLT1 based on GPUs

% 10 RA,C- « Similar concept planned for Upgrade Il

5 . | - But at 200Tb/s!

2 o ZE — Further exploitation of hybrid architectures:
e CPU, GPU, FPGA...

Offline computing requirements are significant
— Upgrade | model not sustainable

— LHCb Upgrade Il in Run 5 issues similar to
ATLAS & CMS Phase Il of Run 4

— Coordination with WLCG and the HEP
Software Foundation on mitigation

Chris Parkes, LHCb Upgrade Il

Event-builder architecture




- %Cl\a FRENCH IMPLICATION

» The population of physicists is relatively stable over 10 years:

physique de la saveur
_II\IIIIIIIIIIIII TT
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i u owill
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T T LI B |
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mmm Enseignant-chercheur |

2015 2016 2017 2018 2019 2020 2021 2022 2023
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» The LHCb Upgrade II project attracts newcomers from the ALICE collaboration:
— SUBATECH, 4 physicists with expertise in the ALICE / MFT detector
— LPC, 3 physicists have expressed their interest in joining LHCb by LS3

— IRFU, 3 physicists with expertise in the ALICE / MFT detector. Interested by
the R&D of LV CMOS sensors for UT Upgrade 11
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