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Align and calibrate detector In
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LHCb - past, present, and future

Align and calibrate detector In Enhance PID with precise
quasi-real time, full detector timing and improved granularity,
reconstruction and pileup explore enhanced readout
suppression in trigger boards with fast tracking

Run 1 Run 2 Run 3 Run 4 Run 5
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041

9 b1 23 fb- 50 fb-1 >300 fb-1

ltworks!iConceptiof Greatly improved tracker & PID
detectorvalidated; many. granularity, 30 MHz detector
readout & GPU tracking trigger




LHCb - past, present, and future

ﬂIgi)@iIﬂ@m]}@[Eﬁi) Enhance PID with precise
q;gﬂ. al time, full detector timing and improved granularity,
reconstruction and @ﬂmp explore enhanced readout

@ﬂmbi)ﬁi)ﬁn gger boards with fast tracking

Itworks!'"Gonceptofiforward Greatly improved tracker & PID Deploy 4D tracking, PID, and
flavour. detectorvalidated; many. granularity, 30 MHz detector calorimetry + a highly granular

pixel tracker to be processed by

world=bestmeasurements readout & GPU tracking trigger -
a heterogenous trigger




LHCDb in 2024: twice doubled data

LHCb-FIGURE-2024-030
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Doubled the recorded integrated luminosity thanks to excellent detector&LHC performance
More than doubled the efficiency for hadronic signals thanks to 30 MHz GPU tracking trigger


https://lbfence.cern.ch/alcm/public/figure/details/3837

LHCDb prospects for Run 3

Observable OldLHCb ~—LHCB U1 Oy i W e s 7=  MsTh ebr
(up to 9fb™ ) (23 b~ ) . SRRRRRRN Il N 1 SRR 7 A, o y

CKM tests SN R T

v (B = DK, etc.) 2.8 [18,19]  L.3°

¢s (B2 — Jhpo) 20 mrad [22] 12 mrad

Vol /IVa| (AY — pu~v,, ete.) 6% [55, 56] 3%
Charm

AAcp (DO — KYEK—, ntn=)  29% 107° [25] 13 x 107

Ap (D - KtYK— nt7n7) 11 x 1072 [29] 5x107°

Az (DY — Kdrntn™) 18 x 107° [57] 6.3 x107°

Rare decays
B(BY — putu™)/B(BY — utu) 69% [30,31] 41%
Syp (B = ptu™) 7 —

AR (B0 = K0eter) 0.10 [58] 0.060
Sm(BO — ) 0.32  [59] 0.093
o, (A) = Ay) s [60] 0.148

Beyond-luminosity-scaling improvements in sensitivity expected in many observables
due to the full detector readout and 30 MHz tracking trigger

Thanks to a new automated analysis production system terabytes of physics-ready
ntuples are already being analysed across the working groups — prepare your spoons!



LHCb prospects for Run 3

Observable Old LHCb ~— LHCb U1
(up to 9fb™")  (23fb™ 1) o
CKM tests ) 141 cumulative data processed [PB] 1200 g
v (B — DK, etc.) 2.8° [18,19] 1.3° 0. 19| Dataprocessed per day [PB] V| c
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AR (BY & K*0¢ter) 0.10 [58] 0.060 S S S 5 S = 5
S4 (B — ¢7) 0.32  [59] 0.093 © °. <2 ° < < <
o, (A) = Ay) s [60] 0.148 ¥isd

Beyond-luminosity-scaling improvements in sensitivity expected in many observables
due to the full detector readout and 30 MHz tracking trigger

Thanks to a new automated analysis production system terabytes of physics-ready
ntuples are already being analysed across the working groups — prepare your spoons!
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LHCb prospects for Run 3
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Beyond-luminosity-scaling improvements in sensitivity expected in many observables
due to the full detector readout and 30 MHz tracking trigger

Thanks to a new automated analysis production system terabytes of physics-ready
ntuples are already being analysed across the working groups — prepare your spoons!



Why another LHCb upgrade?

Physics case

Physics Case
for an
LHCDb Upgrade |l

Opportunities in flavour physics,
and beyond, in the HL-LHC era
i

Expression of Interest

LHCC-2017-003 LHCC-2018-027

CERN Research Board  september 2019

“The recommendation to prepare a framework TDR for the LHCb
Upgrade-I1I was endorsed, noting that LHCb is expected to run
throughout the HL-LHC era.”

European Strategy update 2020

“The full potential of the LHC and the HL-LHC, including the
study of flavour physics, should be exploited.”

Framework TDR

o U g o
™

Detector design and
technology options
LHCb

LI R&D program and
schedule

Cost for baseline,
options for descoping

National interests

Technical Design Report

LHCC-2021-012

Approved by LHCC March 2022

"The LHCC recommends that LHCb continue the R&D
necessary to complete technical design reports on the
proposed schedule, ...”

"The LHCC recommends the continued investigation
of descoping and other cost-saving possibilities. ...”

"The LHCC recommends that a well-defined process to
establish the financial envelope prior to the preparation of
TDRs be set up and notes that close coordination with
funding agencies will likely be required in this process.

Scoping document

LHCb
Scoping Document

Ll - p WSS e T

Technical Design Report

Submitted to LHCC
(Sept 2024)
Under review




Why another LHCb upgrade?

LHCb Upgrade 2 Scoping Document

Observable Old LHCDb Upgrade I Upgrade 11
(up to 9fb™")  (23fb7")  (50fb™")  (300fb~")

CKM tests
v (B — DK, etc.) 2.8° [18,19]  1.3° 0.8° 0.3°
¢s (BY — Jhvo) 20mrad [22] 12 mrad 8 mrad 3 mrad
Vol IVl (AY = puv,, etc.) 6% |55, 56] 3% 2% 1%
Charm
AAcp (DY = KYK—,7mtn-)  29x1075[25]  13x10° 8x 1075 3.3 x 107
Ar (D° = KtK~,ntn) 11x107°[29] 5x107° 32x1075 1.2x 107
Az (D° — KOrtr~) 18x 1075 [57]  6.3x 1075 41x 105 1.6 x 107
Rare decays
BB — putu™)/B(BY — utu™) 69% [30,31] 41% 27% 11%
Sup (B — ppi™) — — — 0.2
AP (BY - K*0cte) 0.10 [58 0.060 0.043 0.016
Sy (B — ¢7) 0.32  [59 0.093 0.062 0.025
a, (A) — A) s [60 0.148 0.097 0.038

Key precision observables remain statistically limited + unique reach for ions, baryons & exotic hadrons

After showing that systematics scale with luminosity in Run 3 — aim to build the best quality U2 detector! 13
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LHCb Upgrade 2 detector layout

stations PicoCAL




LHCb Upgrade 2 luminosity scenarios

Round optics Flat optics

Levelled Luminosity

\ — 1.5 % 10**cm™ 25!

— 1.3 % 10%*cm 25!
‘\

— 1.0 X 10**cm 25!

1.41

Levelled £,ca (10%* cm™2s71)
B:/ 8, (m)

—_—
S

-
~

-
Nyunen total /colliding in LHCb 2760/2574 2760/2574 S
Levelled pile-up 28 36 42 28 36 42 A e e e e~ [
Delivered Liy,; per year (fb™') 47.25 m 57.89 gos
Levelling time ti, (h) 342 200 1.08 | 542 425 342 Z
Optimal fill length ¢ (h) 7.67 7.58 7.58 | 7.58 750 742 E oo
tey /topt 045 026 0.4 | 0.72 057 046 ;’:’
]
[aW

RMS luminous region (z) at t =0 (mm) | 43.30 43.31 43.31 | 38.41 38.44 38.45
Peak pile-up density at ¢ =0 (mm™1) 0.29 035 040 | 041 049 0.54

e
[}

Many thanks to our LHC machine colleagues for their hard work and support!

Looking forward to the results of machine tests to understand if flat optics are feasible.



Why enhance LHCDb during LS3?

1. Calorimeter radiation damage must be
addressed — use this opportunity to
improve instead of standing still

This looks like a nice cushion where to get some rest...

2. We know precision timing is mandatory
for U2 physics performance: exercise as
much of this as possible in LS3 so we
can learn any lessons long before Run 5

3. We must nurture and develop a team
with the right mixture of skills to master
heterogeneous computing architectures

of the 2030s. This is best done through
concrete incremental work.

And of course seize any opportunity to improve the physics sensitivity of Run 4!



LS3 enhancements: data acquisition

The aim is to exercise the following

LHCDb data acquisition enhancements TDR

I JTAG » Configuration
features ahead of Run 5 — T
1. Clock distribution with jitter and : Lt o t.,.,.;e:::
deterministic phase of O(10) ps g
110 26G NRZ AGMFO39R47 ~—>
2. The usage of IpGBT links E ] ey
3. The usage of very high speed e E——
links running at 100Gbit/s using ]
data-centre protocols like
Ethernet 400 or PCle Genb FosE N
4. Creation and use of i T
reconstruction primitives 2F MiE—===—-——=—¢
embedded within the readout, 02 == =———~- ==
o o o -04F -100 : = X —
with potential gains for Wy e
: : . ~0.8F -0 — g
triggering already in Run 4. S

General architecture of online + DAQ system remains unchanged for Run 4


https://cds.cern.ch/record/2886764?ln=en

LS3 enhancements: particle identification
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LHCDb particle identification enhancements TDR Kaon ID Efficiency / %

Enhanced calorimeter granularity & SpaCal modules: maintain performance despite radiation damage

Fast timing information in the RICH: improved hadron identification and gain experience for Run 5 19


https://cds.cern.ch/record/2866493?ln=en

LHCDb U2: detector scenarios

Three detector scenarios considered

Baseline: ultimate acceptance,
granularity, and material budget leading
to maximal instantaneous luminosity
headroom.

Middle: keeps all subsystems but in some
cases reduces their acceptance. Lower
instanteous luminosity leads to significant
savings in data processing cost.

worse acceptance, granularity, and
material budget depending on the
detector. Two detectors fully removed.
Highest risk and least robust option.

All scenarios meet the core physics goals of Upgrade 2, but low has the least versatility and robustness 20

LHCDb Upgrade 2 Scoping Document

Baseline  Middle Low
Loeax (10°*em™2s71) 1.5 1.0 1.0

(kCHF) (kCHF) (kCHF)
VELO 16672 15906 13753
UP 8077 7719 6887
Magnet Stations 2592 2234 0
Mighty-SciF'i 21767 21273 17388
Mighty-Pixel 15994 11641 11061
RICH 21450 18415 14794
TORCH 12508 8756 0
PicoCal 27607 27607 21584
Muon 9785 8266 8266
RTA 18800 11700 9500
Online 11800 9467 8993
Infrastructure 14463 13284 12430
Total 181515 156268 124656




LHCb U2: tracking

o(IP;) [um]

LHCDb Upgrade 2 Scoping Document

Fitted Long Tracks
100 Bl el LT
g [ ety T | -
80 | S ! ® - 1.0 -
2 0k & ] : ——{—0—+—0—_o :
o) B | i |—-—|—'—'+'_°_'n—o—|'_._|—0—l—o—|l_._"—0—| ]
St ] 0.8 FF e o
00 = 60 (% _ ] ++ PbPb efficiency +
Q i —+  Effici | i PbPb recoble tracks
é i : Ghl)cslte:‘]:tz - © 0.6 [~ pp efficiency ]
10 I = - R i pp recoble tracks )
g AL n 04 -
20 R + Baseline (£ = 1.5 x 103* em™2s71) ] 208 ] 020 ]
+ Low (£ =1.0 x 103 cm™2s71) s e o e s - , :
oreie i oo - S 00 1 1 1 1 1 1 1 1 1 1 1 1
0 ‘ ‘ O™ ™20 T 0 e 80100 ? : - * :
0 2 4 Momentum [GeV/c]
1/pr[c/ GeV]
The baseline design ensures high efficiencies with - | Relative acceptance %
acceptable fake rates! alne Middle Low
Similar tracking efficiencies for pp and PbPb wili BY — o 99.3+£0.1 95.34+0.1
allow reconstruction of the most central collisions. B? — ¢(— KTK~)¢(— KTK~) 99.44+0.1 90.6+0.2
D - K(— nrn )ntm™ 99.74+ 0.1 84.8+0.8

Reduced acceptance and increased material in the low scenario will have a clear impact on physics.

21



LHCb U2: tracking
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LHCDb Upgrade 2 Scoping Document

UP + MT (pixels)
significantly improves
momentum resolution
compared to U1 LHCb!




LHCb U2: tracking (3)

Sl L B A S I T T ] LHCb Upgrade 2 Scoping Document
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LHCb U2: particle identification

LHCDb Upgrade 2 Scoping Document
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Potential to improve pion-kaon separation at high momenta

Strong impact of reduced RICH photoelectron yield at low
momentum, especially for the Low detector scenario

TORCH provides additional capabilities at low momenta



LHCDb U2: particle identification (2)

LHCDb Upgrade 2 Scoping Document

~ 1 E | | | T E 3 -
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e(ee) pion misiD

Electron-pion separation is significantly degraded in the low scenario

The muon ID performance good, but not yet at the excellent levels we
are used to. Studies to improve it are ongoing.



LHCb U2: DAQ & real-time analysis

A. Cerri, University of Sussex
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LHCb Upgrade 2 will be the biggest data processing challenge attempted in HEP



LHCb U2: DAQ & real-time analysis

A. Cerri, University of Sussex LHCb @ 1e34: partially reconstructed signal rate
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Trigger saturated by signal — must perform real-time analysis! See slide 36 for details.


https://cds.cern.ch/record/1670985?ln=en

Impact of U2 scenarios on sensitivity

Baseline Middle

Low

0
B,

Improved background rejection from VELO with timing

— ptp”

Worse background rejection Precise impact under study

Improved mass resolution to separate B° and BY peaks

Loss of muon identification  Loss of muon identification

Acceptance comparable to current detector

Loss of muon identification

—

~5% per track

Reduced acceptance

v from Bt — DK+, D— Kdntn~

Improved high momentum kaon/pion separation

Background rejection for

downstream tracks with
RICH2 & TORCH timing

Reduced TORCH acceptance

Acceptance comparable to current detector

—
—

—

~10% PID efficiency loss

Less or no improvement

RICH2 timing only 3x higher background
Reduced acceptance
also for downstream tracks

~10-15% per track

D** - Dnt,D— KTK~

Acceptance for long tracks comparable to current detector
Improved slow pion acceptance from Magnet Stations

Trigger throughput comparable to current detector

Reduced acceptance

_> Up to 40% total tracking efficiency loss

No improvement

Reduced online farm capacity Impact on trigger to be evaluated

¢s from B — J/Apo

Loss of muon identification

Loss of muon identification
Improved high momentum kaon/pion separation
Improved decay time resolution

Improved flavour tagging

Loss of muon identification

Less or no improvement

—

~10% sensitivity dilution
~5% flavour tagging loss

Worse performance

No improvement

LHCb Upgrade 2 Scoping Document



U2 schedule, risks, mitigation

LHCDb Upgrade 2 Scoping Document

TDR phase Construction phase Installation

We are making sure lessons from Upgrade 1 are being learned
- ASIC developments will minimise the number of different chips
* RICH + TORCH | UP + MT(pixel) | MS + MT (SciFi)
- Ensure continuous communication with designers in system test stage

- DAQ and firmware will establish the design early & benefit from LS3
enhancements

- Key so that we can start commissioning early with final DAQ system

Further details for individual subdetectors can be found in the scoping document
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Conclusion

LHCb Upgrade 1 is moving at full speed and will f
dramatically improve knowledge of heavy flavour h
physics during Run 3, often by >2x in sensitivity ¥

LHCb Upgrade 2 is the ultimate flavour factory
that we can hold in our hands and build today and
it will gain another 3-4x in sensitivity on top of U1

LHCb Upgrade 2 is also a tangible project with
which to drive technology developments for
future experiments and facilities

Join us!







U2 installation schedule

LHCDb Upgrade 2 Scoping Document

Baseline scenario 2032 2033 2034 2035
12 01 02 03 04 05 06 07 08 09 10 11 12 01 02 03 04 05 06 07 08 09 10 11 12 01 02
Remove and install services D
Remove beam pipe (2 — 4) -GS
Remove SciFi and bridge G
Remove RICH2 -
Install magnet stations G —~ et ey
Install RICH2/TORCH MM
Install bridge G @j'
Install MT D CGEEEED
Dismantle ECAL CED
Modify ECAL modules
Install PicoCal D
Replace muon chambers [
Remove UT G
Remove RICH1 optics and beam pipe 1 -
Remove RICH1 mechanics -
Remove VELO G n
Install VELO vessel G @WWM
Install RICH1 mechanics G @)J'
Install beam pipe 1 @ ~
Install UP G M}G&QNU@U
Install beam pipe (2 — 4), bakeout G
Install RICH1 optics and photon detectors G
Install VELO modules L)

Global commissioning

Completing all work in 2 years is challenging but achievable



U2 resource requirements and profile

LHCDb Upgrade 2 Scoping Document

B Total FTEs [ Physicists

Core Investment - Annual Spending [KCHF] 300
30000

25000
200
20000
15000
10000 100
5000
0
0

2025 2026 2027 2028 2029 2030 2031 2032 2033 2034
2026 2027 2028 2029 2030 2031 2032 2033 2034

These are aggregated from inputs provided by subdetectors, comparisons ongoing to calibrate



LHCb U2: DAQ & real-time analysis

The LHCDb trigger architecture is designed to be fully efficient for hadronic
decays of charm hadrons

At 1.5e34 ~every bunch crossing produces a ccbar pair! You can't inclusively
select interesting bunch crossings.

This is why LHCb performs "real-time analysis": full analysis-quality
reconstruction, alignment, calibration, and selection (including pileup
suppression) in the trigger.

Increasing the instantaneous luminosity simultaneously increases the fraction of
events containing signal to be analysed and event complexity.

So the bulk of the system cost varies with the integrated luminosity squared
even if the reconstruction and selection algorithms vary linearly with event
complexity.

The key challenge of the next decade will be to maintain and further develop a
team with the skills to exploit heterogeneous parallel computing architectures in
the mid-2030s, alongside languages and frameworks specialising for high-
throughput scientific computing.



U2 detailed schedule
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Project Phase W R&D B Prep of Prod. & Prototyping B Production & Assembly & Test
o Infrastructure, Services B Installation
VELO B e e e e e e e e -
uP : - .
MS - -
MT e ”——
RICH St S gu—ys— o— 1 — ) — p—"o— S— p— gu———
TORCH ! ——eeeeeo— ! !
PicoCal - - — |
Muon - - .
2026 2027 2028 2029 2030 2031 2032 2033 2034
Year



Upgrade 2 risks & lessons from U1

LHCDb Upgrade 2 Scoping Document

* Procurement delays
- Start early, include time for tendering in planning
- ASIC developments
« Minimise number of different chips
* RICH + TORCH
« UP + MT(pixel)
* MS + MT (SciFi)
- Communication with designers in system test
stage
- Contingency for additional submissions
- DAQ and firmware

- Establish design early & benefit from LS3
enhancements

- Monitor availability of experts and broaden base
of expertise

- Start commissioning early with final DAQ system



