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The LHCb detector at the LHC

LHCDb proved itself to be the Forward General-Purpose Detector at the LHC:
A forward arm spectrometer with unique coverage in pseudorapidity (2 <, <5)
A catching 40% of heavy quark production cross-section in 4% of solid angle
A precision measurements in beauty and charm sectors

V  p/lp=0.5% at <20 GeV/c to 1.0% at 200 GeV/c

V IP resolution 15+29/p;[GeV], m for high-pT tracks

V decay time resolution 45 fs forB;A J. _ and B A Dg_
A Extended physics program to QCD, EW, direct searches
A Participation in heavy ion runs as well 4 -

. LHCb MC
_gcaL HOAL v M5 Vs =8 TeV
SPD/PS M3 )

Acceptance

RICH2 M :
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Excellent performance in
Run 1 and Run2

See e n e N e he

A e A Benchmark for upgrades
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Int. 3. Mod. Phys. A 30, 1530022 (2015)
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Motivations for upgrading LHCDb

Go beyond Flavor Physics: from exploration studies to precision studies
A No significant signs of New Physics in Runl and 2 but anomalies observed!

V R(D*), R(K), R(K*), angular analysis of K* * -and more

_ o Design Run2
Aim at more precision! -

A BR(B.A . * ) downto ~10% of SM
A CKM angle to ~1¢
A 2 . to precision <20% of SM value

24 ]
El ] L
22y B— J/yo
2~/ m B> nn
18| A B,— 9y
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Trigger yield [rel. to 10 **)

A charm CPV search below 10 12f : .
Only one way forward osf
A remove limitations from hardware trigger! L2 S O R
. . . oo Lu?ﬁsi‘ncsn; [x13£cm 25; ]
factor 2 yield between di-muon and fully hadronic decays

remove necessary harsher cuts on p; and E;
increase complexity of track reconstruction
ageing and fast degradation of sub-detectors that needs replacing

To Do o >
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LHCDb upgrades plan & strategy

~5 visible ~50 visible
interaction interaction

~1 visible
interaction
LHCbh— LHCb Upgrade l— o———LHCb Upgrade Il —
LS3
= -1 LS2 — 33 HL-LHC - s A4 — 1. M s -1
Lin=101b Injector upgrades £=2x10 T AR —_— L~50fbT LY4 £=1-2Xx10 LS5 =L~ 300fb

Phase 2 upgrades

2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 20 31 MMMMMIIIM'

LHCb Upgrade I: incremental
improvements/prototype detectors

202 | 2022 | 2023 | 2024

TLHCb Upgrade |

Installation starts

LHCb Phase-I upgrade ongoing now during LS2 for Run3 and Run4

A full software trigger and readout all detectors at 40MHz

A replace tracking detectors+ PI D + VELO &setlcm?2-~ 2 X
A Consolidate PID, tracking and ECAL during LS3

LHCb Phase-Il upgrade during LS4 beyond Run4
A Use new detector technologies + timing to increase ~ 13 sec! gn®?
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LHCb Upgrade-I| challenges

Remove LO trigger!

Achieve same reconstruction performance in harsher environment
Record all bunch crossings with fully software trigger

LHCb 2015 Trigger Diagram LHCb Upgrade Trigger Diagram

. 30 MHz inelastic event rate
40 MHz bunch crossing rate (full rate event building)

LO Hardware Trigger : 1 MHz :Software High Level Trigger

readout, high Ev/Pr sighatures [
e

Full event reconstruction, inclusive and
xclusive kinematic/geometric selections

| D iy

. Software High Level Trigger . Buffer events to disk, perform online

450 kHz 400 kHz 150 kHz

detector calibration and alignment

Partial event reconstruction, select
displaced tracks/vertices and dimuons

L

Buffer events to disk, perform online Add offline precision particle identification

detector calibration and alignment and track quality information to selections

. . Output full event information for inclusive

Full offline-like event selection, mixture triggers, trigger candidates and related
of inclusive and exclusive triggers primary vertices for exclusive triggers

L I IrF <> I
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A Back-End electronics on surface in data center

A
A

“I‘\M Trigger-less readout system

A

Y

CERN-LHCC-2014-016

g '
Ifm S iasankmanesaramegn e I
LQLHE;HH%Q‘ u&; M¢

32 Th/s »(  Event Builder )<
Network
(InfiniBand 200G)

~160 servers: DAQ + event builder + event filter first pass (on GPGPUs)

1Tb/s
~40 TB disk storage
1Tb/s

Event filter pass (~4000 servers)

Dual AMD EPYC 7002 Series ——
Processor Family

~19000 long distance optical fibers (99.75% yield)
Common Back-End boards (PCle40)
V Large FPGA and optical links (48 x 10 Gbps) xanebmomn.
V Flavor of firmware defines functionality
Total effective bandwidth of 32 Thps

DDR4, 32 x DIMM slots

PCle40+
GPU
server

8 x PCle x16 slots for GPUs
(Gen4 x16)
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https://cds.cern.ch/record/1701361?ln=fr

Data processing and trigger
CERN-LHCC-2018-007

Allen

REAL-TIME
ALIGMNMENT &

CALIBRATION

PARTIAL DETECTOR
RECOMNSTRUCTION
& SELECTIONS
(GPU HLT1)

i caus §
}l EVENTS B
All numbers related to the dataflow are FULL DETECTOR -
taken from the LHChb RECONSTRUCTION 26% |
Upgrade Trigger and Online TDR & SELECTIONS 10. FuLL N
Upgrade Computing Model TDR (CPU HLT2) GB/s EVENTS
&B% ANALYSIS
1 1Ureo B PRODUCTIONS &
 events T USER ANALYSIS
| GB/s
A HLT1 reconstruction in GPUs Comput. Phys. Commun. 208 35-42
: . . Run 2: 2019 JINST 14 P04013
A Offline reconstruction in HLTZ | GPU: Comput Softw Big Sci 4, 7 (2020)
A  TURBO model for exclusive selections TURBO: 2019 JINST 14 P04006
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https://cds.cern.ch/record/2310827?ln=fr

Particle ID Upgrade-1 LHCb detector
New Calorimeters
detector + Reduce PMT gain Muon
electronics + new electronics new electronics
M Side View CAL
Vertex “\—‘U ECAL‘
Detector Magnet SciFi RICH2 s

Tracker

Verte);‘/ ~+ "'3@
Loca,t“()r/x /R

+ trigger-less readout & sw trigger on GPUs

New Tracking stations
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Upgrade-| for Run 3

CERN-LHCC-2012-007

‘Upgraded LHCD Detectti)r

To be UPGRADED

Detector Channel$ I R/O Electronici

HCAL MUON 2-5
ECAL

PS

HCAL  MUON 2-5
ECAL

PS

VELO
VELO

SPD
SPD

M1
M1

Event Filter

R/O Network
farm

RICH2 RICH2

RICH1 RICHL

Event Builder

MajorupgradeA it s a new detector all
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https://cds.cern.ch/record/1443882?ln=fr

Upgraded Vertex Detector

CERN-LHCC-2013-021

A Two movable halves: get closer to beam (5mm to 3.5mm) to improve IP resolution
V 52 modules for a total of 41M pixels covering total area ~ 1.2 m?

A Hybrid Pixel Silicon detector modules cooled down with fluid (bi-phase CO,) which
passes under the chips in etched micro-channels (T <-20 C)

V 200, nmn-on-p sensor tiles
A New ASIC VeloPix, ~20 Gbps in hottest ASIC and total of ~3 Thps

| VELO | | i z’v

i

W\ A
-

cooling substrate retracted
from module tip

3 ASICs per sensor
l‘ Microchannel cooling

|
| substrate
400 um silicon

|
v

Dashed line

indicates™~——

sensitive region

i k
i S N
n

| sensor :
| (@ per module)

Micro channels
200 pm x 70 nm

Slainless steel
co,pipe |

Y | el
\\4
N—
.

Microchannel cooling Si cooling

connector substrate 400 um
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https://cds.cern.ch/record/1624070?ln=fr

Upgraded Tracking System

CERN-LHCC-2014-001

| Upstream Tracker (UT) |

A Silicon micro-strip detector
o Four layers (X, u, v, X) upstream of magnet 1
o with finer granularity and closer to beam | UTbV 2|
A Four types of sensors VTl
0 n-and p-type with 512 or 1024 strips
o 320/250, mthick; 190/95, npitch bt
A Modules mounted on double-sided staves
0 Bi-phase CO, cooling pipe integrated in stave* -
A New read-out ASIC (SALT)
o 128 channels with 6-bit ADC
0 Pedestal & common-mode subtraction, zero-suppression

Hybrid routes power
and data between

A FE readout electronics o dasbeven
mounted on detector frame T—
0 1048 4-asicread-out T
sectors = 4192 ASICs

Kapton
flex
cable(s):

HQL2021, 137 17 September 2021 data and
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https://cds.cern.ch/record/1647400

Upgraded Tracking System

CERN-LHCC-2014-001

Completely new detector based
on Scintillating Thin Fibers

blue-emitting multi clad fibers,
laid down as a mat

2.4m long, 250 um diameter
(2.8 ns decay time)

12 layers of modules in
different layout 3 x (X-u-v-x) G-

read out with SiPM at -40C § § |

To o o To e

nm CMOS
=

o ADC with 3 hardware
thresholds

A FPGA on FE cluster board

new ASIC, 64 channels 130 §
]
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https://cds.cern.ch/record/1647400

Upgraded Particle ID

CERN-LHCC-2013-022

| Ring-Imaging Cherenkov (RICH) |

Maintain excellent Particle ID:

Ve

and latching of signal

- UL

A RICH1 with C,F,, (10-65 GeV/c) B “  RICH2
A RICH2 with CF, (15-100 GeVic) S - A
V Replace HPDs with MaPMTs - | ® 5
V New Readout ASIC (CLARO) LY X At i
V FPGA on FE boards for serialization % Momgqtum eV/T: it '
i

MaPMTs (Hamamatsu) |

Focal Plane

Y % Quartz Window

Spherical

Mirror Elementary

cel

Flat Mirror

N

RICH2 only RICH1& | ;

......
......
-----
......
......
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https://cds.cern.ch/record/1624074?ln=fr

Calorimetry and Muon ID

| MUON |

ECAL + HCAL | Present Muon detector will be kept:

A 4 layers (M2-M5) of Multi-Wire
Proportional Chambers (MWPC)

V first layer (M1 used in first-

Present Calorimeter detectors will be kept:
A ECAL (Shashlik 25 X, Pb + scintillator)

A HCAL (TileCal Fe + scintillator) level trigger, with GEMs)
V PS/SPD removed removed
A PMT gain reduced by a factor 5 V' Front-End electronics

A Front-End electronics redeveloped redeveloped

o For trigger-less readout and sending o0 For trigger-less readout

Non-Zero Suppressed data

R&D to replace inner
part of M2 (close to IP)
with MWPC detector
for higher-granularity
and better efficiency

beam

spacers

S [ g ]
EERRRE
s w =)

master
plate
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SMOG2 and Fixed Target physics

CERN-LHCC-2019-005

New SMOG2 system installed to inject various gas species in the LHCb IP
A Fixed Target physics at the LHC collider: in // with pp data taking
A Gas cell attached to VELO, displaced p-gas IP for easy distinction from pp data

FRAME

FLONTING HALF CELLSUPPORT ELECTRICAL CONTINUTY Physics program spans over:
2 0 anti-proton production

STORAGE CELL
SUSPENSIONS

o Central exclusive production
o X(3872)[ (29)

o _ (29)/JL
0
0

GAS FEED TUBEIN
THE CELL CENTER

Strangeness production
CA pK.

CONICAL TRANSITION

FIXED HALF CELL SUPPORT
FLEXIBLE WAKE FIELD SUPPRESSOR CONNECTED TO THE RF FOIL
FRAME

J—

+ LHCD participation in Heavy lon runs

to? Beam Energy (PbPb and pPb data taking)
0 — V Down to 30% centrality in LHCb in Run3!
W s500 Gev

spectators s

\q < \\

} s

\ g et ¥
it 2 0

2
L+

protons (Pb) on target [10%]
IIIIIFI1" IIIIWFTHlIml fl\l\llll

pNe pHe pAr pAr PbAr pHe pHe pNe pNe PbNe — o o RS
; DS o rticipant
2015 | 2016 | 2017 | 2018 Dt participants

before collision after collision


https://cds.cern.ch/record/2673690

LHCDb physics reach with the
Upgrade-l and Upgrade-I|

Aim at collecting 50 fb* in Run3-4 and 300 fb* in Run5-6

arxiv:1808.08865

V Collected ~9 fb! of data in Run1-2

HQL2021, 1

xsin ¢ from multibody decays

(K3r) 4.0 x 107°

(K%m) 1.2 x 1074

Observable Current LHCbh LHCDb 2025 Belle 11 Upgrade 11
EW Penguins

Rk (1< ¢? < 6GeV3e?) 0.1 0.025 0.036 0.007
Ry (1 < ¢? < 6GeV2c?) 0.1 0.031 0.032 0.008
Ry, Ryk, Ry — 0.08, 0.06, 0.18 - 0.02, 0.02, 0.05
CKM tests

~, with B - D} K~ (Fan)e 4° - 1°
~, all modes (::::g)o 1.5° 1.5° 0.35°
sin 23, with 5% — J/v RS 0.04 0.011 0.005 0.003
oy, with BE — J/o 49 mrad 14 mrad - 4 mrad
&, with BY = DI D 170 mrad 35 mrad - 9 mrad
#:5%, with B — ¢¢ 154 mrad 39 mrad — 11 mrad
al) 33 x 104 10 x 10~* - 3x 1074
Vsl /| Ve | 6% 3% 1% 1%
B, B*—ptp”

B(BY = pu*u~)/B(B? = ptu) 920% 4% - 10%
TB_EJ—W—F!_ 22% 8% - 2%
Spp — - - 0.2
b — ef~p LUV studies

R(D*) 0.026 0.0072 0.005 0.002
R(J/v) 0.24 0.071 - 0.02
Charm

AAcp(KK — 7) 8.5 x 104 1.7 x 1074 54 x 1074 3.0 x 1075
Ar (= zsin¢) 2.8 x 1071 43 x 107 35 x 10~ 1.0 x 1075
xsin ¢ from DU — K¥7n~ 13 x 107* 32x1074 461074 8.0 x 107°

(K3m) 8.0 x 105
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http://arxiv.org/abs/arXiv:1808.08865

Conclusion

The LHCb experiment successfully completed its first decade of data taking in the
LHC Runl and Run2

A LHCD established itself as the GPD in the forward region
A Physics program extended well beyond beauty and charm sectors

Currently preparing the upgrade of the detector in view of Run3 and Run4

A Aim at collecting at least 50 fb'! by end of Run4

A New detectors and readout electronics to maintain performance at higher luminosities and
collecting more data

o

O O O o0 O

o

Completely new readout system with common electronics and throughput of ~32 Tbps
Full software trigger on modern GPUs with ~170 GPGPUs (High-End)

Improved vertexing (VELO) and tracking systems (UT and SciFi)

New RICH detectors to maintain excellent Particle ID

New readout electronics for Calorimeters and MUONSs “"

New SMOG2 system for injecting various gas species Q‘ &
V Unique fixed target physics program : )

Participation in Heavy lon runs STOY TUNRO

Exciting times ahead at LHCD!
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Backup
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Vertexing

The LHCb detector in Runl and

Particle ID

Calorimeters

Run?2

>

First-level
HW trigger

Tracking
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Upgrade | documents

s [
Framework UPGRADE

DR

Expression of Interest

CERN-LHCC-2008-007
| CERN-LHCC-2011-001
f CERN-LHCC-2012-007
CERN-LHCC-2013-021
CERN-LHCC-2013-022
CERN-LHCC-2014-001
CERN-LHCC-2014-016
CERN-LHCC-2018-007
CERN-LHCC-2018-014
CERN-LHCC-2019-005

Letter of Intent
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rEeh
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Upgrade || documents

m CERN/LNCC 2015027
11 P
SREG: nesiee,

m CERN/LHCC 2017-003
() BT

LCHCD. 08 Febran 2017

Physics Case CERN-LHCC-2017-003

for an

LHCb Upgrade II CERN-LHCC-2018-027

CERN-ACC-NOTE-2018-0038
2018-08-29
flias Efthymiopoulos@@cem.ch

LHCb Upgrades and operation at 10~ cm* s* luminosity —A first study

G. Arduini, V. Baglin, H. Burkhardi, F. Cerutti, S Claudet, B. Di Girolamo, R De Maria, I

Opportunities in flavour physics, = .
and beyond, in the HL-LHC era Opportunities in flavour physics, and Efthymiopoulos, LS. Espasito, N. Karastathis, R. Lindner, L.E. Medina Medrano, Y. Papaphilippou,
beyond in the HL-LHC era C.Parkes, D. Pellegrini. S. Redaelli, S. Roesler, F. Sanchez-Galan, P. Schwarz, E. Thomas, A. Tsinganis,

% D, Wollmann, G. Wilkinson

CERN, Geneva, Switzerland

Expression of Interest
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Phase-| Upgrade of LHCDb

The amount of data and the physics yield from data recorded by the LHCb

experiment was limited by its detector.

Wh i | LHC erator
A energy/beam (3.5A 4A 6.5TeVA 7TeV)
A luminosity (peak 8x10%3 A 2x103%* cm2s1A HL-LHC)

e accel wi | |

b LUHCDb will stay limited in terms of
A data bandwidth: limited to 1.1 MHz / 40 MHz max
A physics yields for hadronic channels at the hardware trigge

A detectors degradation at higher luminosities

160

[ [ [
o N 2
(=] o (=]

[534]
[=]

N
o

Peak luminosity (10* cm2s™1)

o]
o

LHC 2016 RUN (6.5 TeV/beam)

g

| a cms
& LHCh

0O  ALICE
[ PRELIMINARY

o ATLAS 2 £ %é
ﬁsﬁﬁ ;

ﬁ%' a
8 a
8 o
e 4}
fﬁa 5 & n':‘l
§o A o

Month in 2016

[ 2017-04-08 17:40 including fill 5456; scripts by C. Barschel )

Factor ~40 between LHCDb
and ATLAS/CMS
instantaneous luminosity!
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Current limitations

3

25 =

First-level hardware trigger is limited at higher luminosities for
hadronic channels:

Trigger yield (Arb.unit)

A almost a factor 2 between di-muon events and fully
hadronic decays

A due to trigger criteria based on p; and E; to reduce trigger ol
rate to the bandwidth limited to 1.1 MHz Design!  Now!

0 1 A 1 A Il L
05 1 15(2)25 3 35(4)a5 3 &
Luminosity cm™s

At higher luminosities A harsher cuts on p; and E;

LHCb LHCb upgrade

A waste luminosity while not retaining amount of data

Rate (MHz)

A increases complexity of track reconstruction

o higher computational times in processing farm

A ageing and fast degradation of sub-detectors

o designed to operate 5 yr at 2x103? cm-?s!

® Luminosity (10%%/cm?) o currently reaching 5 years at >3x1032cm-2s1 and still

t wo years to go
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CKM measurements

LHCb (300 fb2), Belle-Il (50 ab)
ATLAS & CMS (3000 fb't)

[ 6,4 A®019) A 1A(Phase 1) A 0.35A(Phase 2) |
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