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The LHCb detector (Run 2)

LHCDb is the only dedicated
detector (at LHC) fully

instrumented in forward region

Unique kinematic coverage

2<n<5

A high precision device, down to
very low-pr, excellent particle
ID, precise vertex and track

reconstruction.

Calorimeters
ener: gy measurement

RICH detectors e/ identification
K/mt/p separation AE/E=1% @®10 %/VE (GeV)

e(K—K) ~ 95 %,
mis-ID e(n—K) ~5%

Vertex Detector
reconstruct vertices

decay time resolution: 45 fs
Impact Parameter
resolution: 20 um

Dipole Magnet _ Muon system
bending power: 4 Tm Tr ackmg system u identification
momentum resolution e(u—>p) ~ 97 %,
[JINST 3 (2008) S08005 ] Ap/p =0.5%-1.0% mis-ID e(m—>p) ~ 1-3 %
[ JMPA 30 (2015) 1530022 ] (5GeV/c-100GeV/c)
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LHCb: a history of success

https://www.nikhef.nl/~pkoppenb/particles.htm

ol ]

» 887 papers, 81781 citations (inspirehep)
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* Physics program well beyond designed 2 701 205 0w o 01 2007 0 20 2000 20 207 w0
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
patrick.koppenburg@cern.ch 2023-08-16 Date of arXiv submission

* Fixed-target

Observation of a new pentaquark First observation of CP violation
in baryon decays

* Heavy-ions
e Dark sector
* Electroweak
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The LHCb upgrades

. . ~ 33 e 2571 _ 34 rr—2c—1
Upgrade is needed to exploit the full |£max~2X107" cm™s™, Lmax~1x107 cm™s™,
. . Lin~50 fb L;,,~300 fb
physics potential of the HL-LHC. Pileups ~ 5 Pileups ~ 28
_
Run 1 Run 2 Run 3 Run 4 Run 5
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* Upgrade | (2019 - 2023)
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Upgrade I: a brand new detector

arXiv:2305.10515

New Upstream Tracker (UT gEcaL HCAL

Silicon strips

M3
S#Fi RICH2 for |

New
dedicated
luminometer
(PLUME)

\
e
a o~ oy

Vertex. b . | .
Locator ﬁ ' e ==
New VELO New SciFi Tracker (SciFi)

Pixel detector Scintillating fibres

Linse = 2 - 1033 cm™%s™1 (x5 w.r.t. Run 1)
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Upstream Tracker (UT)

UT: Si Strip detector CERN-LHCC-2014-001

LHCDb tracking system R * Speed up tracks reconstruction & reduce Pgnostrri
Upstream track I M |[Mpen + | * High coverage, segmentation, resolution
e
................... Searching & )4 Different sensors for different regions
S e 1 | window ;‘: , pd e Atype: p-in-n; 98x98 mm; strip pitch 190 um
VELO track Downstream track //’ 20| g -A- - ¢ B type: n_in_p; 98X98 mm; Strlp pItCh 95 I"Im
1 \T Eme 00 0 200 300 40:00 600 7["0 800
Number of VELO Tracks ° Maleum OCCUpancy ~ 1 %
Magnet
1719 mm —~ 35 B L G S S T A A
UTbX s : :
& : Cb Simul
UTev X,‘J c>)~. 3 B sensor A sensor {#ax Cl—IsI;I(ieatlon
UTa g 25 10x10 cm 10x10 cm
UTaX 2 :
S ? - JINST 19 (2024)
s =
: , P05065
6.8 mm 5 1 ‘,1,:"" . el ope
i 0.5 i 2
%5, R 05 ""500 1000 1500 2000 2500 3000 3500 4000 4500 5000
StripID in horizontal direction

1528 mm
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China group contribution to UT

Chinese groups
contributed to UT
installation,
ensuring LHCb
Upgrade |
completion in time
(IHEP/HNU/CCNU/T
HU/SCNU/LZU)

Performed key
radiation tests for
SALT chip using
Chinese facilities
during pandemic
(IHEP/HNU)

02/11/2025

Large improvement with UT

UT track reconstruction efficiency estimate

SALT V3.9
TestBoard

Alignment

LHCb Upgrade, CLHCP 2025, Hengne Li
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safety monitoring software (IHEP)
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Scintillating Fibers tracker (SciFi)

1.1

ciency

08F

07F

06F

..............................

[ LHCb SciFi Preliminary
[ Run 270733, T2LO (Layer 4)

T1 T2 T3 510— Thresholds=(2.5,3.5,4.5)p.e.

]
09k 98 % efficiency

02/11/2025

Brand new detector with scintillating fibers

* 3 station x 4 detection layers

Fibers diameter and length: 250 um /2.4 m

Decay-time constant: 2.8 ns

~12 km fibers, covering 340m? area

Light detected by SiPMs installed at one end of the

fibers

e —40°Ctoreduce dark counts

New ASIC (PACIFIC), 64 channels 130 nm CMOS

* Clusterization of hits implemented in FPGA after
signal digitization

Good performance in 2023 + 2024
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China group contribution to SciFi

QA System for readout ASICs & the Front-End Board

SciFi: 524,000 SiPM channels
SciFi readout ASIC (PACIFIC): a 64-channel SiPM readout

“11\ "y

* LHCDb SciFi China Group (Tsinghua U):

Co-design the ASIC Frontend Board (with Heidelberg)
Manufacture all 2,528 ASIC Boards (64,168 channels in total)
Test 1/2 of ASIC Boards and all the chips

11 setups of Quality Assurance System for ASICs & boards
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Run 3 Trigger & Performance (Real-time analysis)

REAL-TIME
..... ALIGNMENT & -
CALIBRATION
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trigger

Reconstruction & trigger selections

N

Runs 3-4

Real-time analysis (RTA) project

2~4x times increase in the trigger efficiencies for hadronic decay modes
* Downstream tracking in HLT1 extends physics potential for long-lived particles

TOS efficiency
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« Significant contribution of Chinese group to the RTA system 2 oo
* Long-term maintainer of the whole software v 953": .
* Responsible for Muon alignment & Tracking efficiency calibration oof

* Actively parcitipating in the reconstruction R&D for Upgrade Il 3

Downstream method

E LHCb preliminary 2024

S |

—@—- 2024 data
—&— 2024 simulation

|
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* L3 Enhancement (Q3.2026-2029)
* Upgrade Il (2034 - 3035)

02/11/2025 LHCb Upgrade, CLHCP 2025, Hengne Li
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LHCb Upgrade Il (including LS3 enhancement)

ToF detector with quartz
radiator + SIPMs/MCPs

Upstream Pixel
Tracker (UP)

7lUpstrea ‘| Pile-up: ~ 40

...tracker | : S5

Timing capabilities
High granularity
Radiation hardness

VELO

Pixel detector with
timing capabilities

= —— - Mighty Tracker
A E A Outer region: improved SciFi
RICH 1&2, with Inner region: CMOS pixels _
SiPMs/MCPs and timing 10m e 20 7
capabilities Linst = 1x103% cm™2s~1 (x5 w.r.t.Run 3)
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Upstream Pixel Tracker (UP)

» Upstream tracker is a key component in LHCb tracking
system:
» Speed up tracking to allow software-only trigger
* Ensure efficient tracking for long-lived particles

* Improve momentum resolution
* Current silicon strip based UT cannot handle the high
data rate and radiation in Upgrade Il
- New UT with silicon pixel detector
* Hit density up to 4 hit/cm2/BX
* Expected radiation level of 3 x 10% n,,/cm?

02/11/2025 LHCb Upgrade, CLHCP 2025, Hengne Li
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Upstream Pixel Tracker (UP) ©

* R&D collaboration formed mainly by
Chinese and French institutes

* Leading development in all aspects
* Simulation & performance
* CMOS sensor R&D
* Module and mechanics prototyping

The 15t UP mini-workshop @ Beijing,

CCNU HNU HTU IHEP IPT IRFU
Wuhan Changsha Xinxiang Beijing Ulaanbaatar Saclay

12 UP groups from 4 countries: China, France, Mongolia, USA

LLR LzU NPU Subatech Syracuse U UCAS
Palaiseau Lanzhou Xi'an Nantes Syracuse Beijing

@

5

~ )

) : \j ‘f’(&]llf/?f‘ii&_é’
DD AY University of Chinese Academy of Seences

Laboratoire
Leprince-Ringuet

PL: Eg#(IHEP, UT/UP)

DPL: Tomasz Skwarnicki (Syracuse, UT), Benjamin Audurier
(IRFU, UP)

nd Jan 2025

Steve Blusk / Syracuse Ray Mountain/Syracuse
REZ/IHEP - BriER/HNU
Simulation, reconstruction & performance Manuel Guittiere/Subatech

Module and stave

Z=—N8/ IHEP
Fabrice Guilloux / IRFU - Theo Bigourdan / Subatech
Pixel sensor chip development Overall mechanics, integration & serviceq
Fx3l/ CCNU XIF LZU
®¥% | IHEP Christophe Renard / Subatech
Data acquisition system Electronics
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* High Voltage CMOS is a

UP sensor development

promising technology

candidate

A series of small
prototypes developed

using advanced process

COFFEE1

- Prototype in LL
process

- Validation of deep
N-well structure

02/11/2025

Cmos sensOR IN
FirTy-FIvE nm PROCESS

COFFEE 2

First HYCMOS 55nm
prototype chip

- Breakdown at -70V

- Responsive to laser, X-ray
and beta-ray sources

COFFEE3

data-driven readout

Parameter UP Specification

Pixel size, square < 85 x 85 um?
rectangular <50 x 200 pm?

Substrate thickness < 200 pm

Pixel orientation

X

Max. Particle Rate (Rpgyt)

74(34) MHz/cm?

Max. Hit Rate

150 Mhit s~ lcm ™2

Max. length of data word

32

Overall efficiency

>96%

In-time efficiency

>99% within 25 ns

Noise rate (End of life)

< 400kHz/ cm?

Transmission rate

N x 1.28 Gbit/s

NIEL

3 x 101, /cm?

TID

240 MRad

Power Consumption

< 200 mW/ cm?

- Designed for good timing 1

- Two pixel arrays with n: —

. i
resolution and moderate .= = =
power consumption

LHCb Upgrade, CLHCP 2025, Hengne Li

D e o ) a2 o 205 > S

Large
prototype
planned
around
2027
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COFFEE3 sensor

* A prototype with key designs implemented to tackle high data rate at Upgrade Il
* 4mm x 3mm, submitted in Jan 2025, received in May 2025

* Two novel readout architectures in two pixel arrays

« Standalone function modules to integrate into full-size chip

Architecture 1:

Array 1
¢ 48 row x 12 col

CMOS in-pixel digital 40 i 145 ym
design fully exploiting 5
55nm advantage

DLL ~  LVDS driver/

Passive
 diodes g PLL

32 row x 12 col
40 pum x 100 um

receiver Digital peripheral
02/11/2025 LHCb Upgrade, CLHCP 2025, Hengne Li

Architecture 2:

NMOS-only in-pixel
digital design: lower
power consumption in
pixel; no process
modification needed

17



First COFFEE3 results

* Preliminary tests show that both readout array function well

» Standalone modules meet design goal: PLL, LVDS, DLL

Laser on I
(2]
. : ¥ LVDS
D_Dﬁ tranceiver
T1L works at
035 — —— freq_in 40MH; 640 M HZ
W‘M““\\ /N” fre::cut 320?:“1 ’
dlgital Hit Son / “ / ~‘ Fig 3.1.1 LVDS block diagram x
: | oo
T TR T 5 ! \ \ \
AN |
\ J & [
MWJV\‘L w-«w’ \thfwr\w)
mTIrT]E[V\S])n ° ”
it abit 8bit 8bit 6 bit 2bit 7 bit 3bit DLL dela S
uhfadfro ocqlpgsl 00 oLEECD?)rsel 1001 1TEBCDTSEO 111 1L;J|geo 0 1;,«:0 oA:drEszu 1 ﬁddo’&é' Phase LOCk Loop Works main ClOZk
A valid transmission packet Correct row & column address u p tO 64OM HZ
corresponding to a hit

to achieve

Laser signal on a single pixel finer timing

corrected read
02/11/2025
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Simulation and performance study

* New UP design implemented in LHCb official framework followed by tremendous
work on tracking algorithm and detector optimisation

FTDR design

New module design

02/11/20
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s UP:Aluminium
UP:BoxWall

. Air

B UP:FlexCable

mm Copper

s UP:VTRx_LpGbt
UP:BareStave
Silicon
UP:HybridFlex7

s Air

CarbonFibel

mm BareStave
mm Silicon

m HybridFlex7

Ghost Rate(%)

=
~

-
N
+

=
o

[oe]

[o)]
i 9

Pareto front Algorithm optimization (v better)

combined pareto front
~+ FTDR pareto front
-+ UP.E.v2 pareto front
¢ UP.E.v2 default
FTDR default

78 79 80 81 82 83 84 85
UP StandAlone Effficiency(%)

Higher efficiency &
Lower ghost rate
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UP module and mechanics

* Module design updated to reduce dead area

* Prototyping starting with dummy components
* Dummy silicon sensors produced with similar thermal mechanical properties
* Tools designed for assembly procedure
* Thermal simulation + market survey for realistic mechanical design

" Tiange LI@HNU

14}
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Chips(on top)

Module prototyping

Hybrid-flex
* First modules developed with dummy

silicon sensors and dedicated tools

Cnips(erbotiom) CF(carbon fiber) Stiffener

02/11/2025



Electronics and readout

b’01 | Chip | BXID

Normal Col 1 Row 1 Col 2 Row 2
Compact ) (Y
 Studied the signal integrity with flex cable prototype : ColN | RowN | (0x5555, for odd NHits)
~70 cm long and 1.28 Gpbs Catibration I2A2_| Chip_ | BXID | Col Row
: . . . ToT ToA ToT ToA
« Studies on cross talk with 2" version flex cable is 0x0C | ToT | ToA | OxC | ToT | To
. Status b1 | Chip | BXID Type OxAAA
ongoing.
* Data format proposed.
D N S _ e~ e e
X ¢

== 0.02 mm

— ——— vl [l

0.018 mm

= 0.02mm

= B

ond yersion flex cable
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ECAL Upgrade I

Requirements for the Upgrade Il:

> Radiation doses up to 1 MGy and < 6x10*° 1 MeV neq/cm? in the centre for 300 fb~1
— New technologies required for the center
» Pile-up mitigation crucial
— Timing O(10 ps) precision
— Increased granularity
— longitudinal segmentation

> Keep current energy resolution of 6(E)/E ~ 10%/VE @ 1%

Accumulated radiation dose [Gy] after 300 fb™1 PicoCal 2024 - baseline Occupancy, front section, E___ >25 MeV

e

T 300 10°
O

ECAL doses

> 200 108

100 10
0 103
-100 102

-200

-300 1 150 200 250 300 350
200 -100 0 100 200 300 X [om] X [mm]
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The Upgrade Strategy

LHCB-TDR-023, LHCB-TDR-024, LHCB-TDR-026

1 Constant term [%)] after 4 years of Run4 (60/fb)
Run Run 4 Run 5 =
E
2024 20 2026 | 2027 | 2028 | 2029 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 2036 | 2037 | 2038 | 2039 | 2040 | 2041 = - Spacal Pb border

Run 3in 2022-Q2/2026:

> Run with unmodified ECAL Shashlik modules at L = 2x1033 cm 251
(new 40 MHz readout) R T 0

LS3 consolidation in Q3/2026-2029:

> Introduce single-section rad. tolerant SPACAL (2x2 and 3x3 cm? cells) in inner regions
and rebuild ECAL in rhombic shape to improve performance atL = 2x 1033 cm?%s~!
— 32 SPACAL-W & 144 SPACAL - Pb modules with plastic fibres compliant with Upgrade |l

conditions

LS4 Upgrade Il in 2034-2035 (PicoCal):

> Introduce double-section rad. hard SPACAL (1.5x1.5,3x3 & 4x4 cm? cells) and improve
timing of Shashlik modules for a luminosity ofuptoL =1 x 1034 cm2s~1
— Innermost SPACAL-W modules equipped with crystal fibres
— Include timing information and double-sided readout for pile-up mitigation

INNEr regions

Ioint
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China contributions to ECAL upgrade

= Simulation, reconstruction and performance studies

= Fast GAGG crystal fibre development, collaborating with SiPAT (LRSS i )+CERN, decay
time 7.4 50 ns (2022) - 20 ns (2024) - 8 ns (2025)

= 3D printed tungsten (W) absorbers, collaborating with LaserAdd (&1£)

» Light-guide system development

» Module assembly for beam tests:
* SpaCal-W-GAGG prototype assembly in 2024
* SpaCal-W-Polystyrene prototype assembly in 2025

= PMT R&D: (just started) collaborating with NNV T (1t 77 7% 41)
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ECAL/PicoCal management structure

ECAL organisation
towards LS3 enhancement

WP1: Absorbers
CERN & China*

Hubert G. ﬁaglansd z
Sergey K. & ’ pad e

ECAL Upgrade Project Leader: Philipp R.
(since July 2024)

WP2: Optics assemblv ( ﬁbers & lightguides)

WP3: Organic & crystal fibers R&D

CERN & Chigg
Etiennette A @

Rolf L. & Andrei G.

Marco P. &

WP4: PMT & HV & LED system WPS5: Electronics
CERN, ICCLJs Bpdlaryland, Cincinnati, Bologna, Milano IJCLab, LPC, LAPP, ICCUB, CSIC, Syracuse
Phoebe H. w ynor H. Patrick R. & Christophe B.

WP6: Infrastructure (incl. cabling) WP7: Detector Software

CERN, LAPP, Imperial CERN, ChingZedmambglle, Milano-Bicocca, Padova, MIT, Syracuse

WPS8: Testbeam coordination & analysis
CERN & All
Loris M. & Daniele M.

02/11/2025

* China: Peking, Tsinghua, Wuhan, SCNU

LHCb Upgrade, CLHCP 2025, Hengne Li
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Ongoing R&D: Assembly for LS3 el iy

Beam tests in May, Sept., and Nov. 2025 CERN SPS beam tests:
» First test of full Run 4 chain with 2 new prototypes assembled

in Beijing and CERN:

Test plan with new prototype in Nov. 2025 at DESY and CERN with final
assembly strategy

Both use W absorbers from
China group

\@9

Module assembledin Module assembled at
R9880U PMTs  Beijingin May 2025 CERN in Oct. 2025

W absorbers from China group.

3HF green plastic fibres (square fibres 1x1 mm?)

Optics assembly with bundlers and long “hollow” light guides
Cable clipping circuits, 10 m signal calbes, read-out with Run
3&4 FE electronics

02/11/2025 LHCb Upgrade, CLHCP 2025, Hengne Li



SpaCal - W Absorber - Polystyrene Fibres

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

> Energy resolution at 3°+3°:

Energy resolution Time resolution
DESY Il - Measurement el o o
M DESY II - single-sided ® SPS- single-sided
—#— SPS - Measurement 45
—— Fit to the measurement | ol ™
10%/ VE ® 1% -
. . =P n
—— Simulation =1
= 2
Sampling Term: 0.098841 +/- 0.001392 é 30 ¢
Constant Term: 0.011271 +/- 0.000147 S 25
------------------------------------------------------------------------------------------------------------------------------------------------ ’é 20___________.___—l___—————————————————————
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" 151 20 ps ° ® [ ]
N 10
!__ ! J
1 I 1 1 1 | 1 1 1 I
60 80 100 % s 20 40 60 S0 100

Beam Energy [GeV]

— Noise contribution subtracted

— R14755U-100 PMT

— Symmetric LGs: square to octagon
— Sampling term: 9.9+ 0.1%

— Constant term: 1.13+0.01 %

beam energy [GeV]

> Time resolution at 3°+3°:
— Multi-Anode(R7600U-M4) PMT with 4 channels

— Asymmetric LGs: square to square
— Single-sided readout

— Time resolution above 40 GeV: better than 20 ps

— Very good agreement with simulation Performance in line with targets
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SpaCal - W Absorber - Crystal Fibres

NIM A 1000, 165231 (2021)  NIM A 816 (2016) 176

SPACAL prototype with W absorber and garnet crystals

B .
> Module details: ““E""“"g ‘ﬁ’

— Absorber in pure tungsten 19 g/cm3

— 9cells of 1.5x1.5 cm? (Ry ~ 1.5 cm)

— 4+ 10 cm long (7 + 18 Xy)

— Reflective mirror between sections

— Squared garnet crystal fibres (1xX1 mm? cross section)

Effective Decay Time vs Light Output

Effective Decay Time [ns]

160—[ @ C&ACeMg O\o.. 100 - " : . ’
O | c&A_GFAG . § 90 E . . . .
140 | % canTen s T S of | | GAGG as scintillating material
Cl Crytur % :_ ;
120E| . e o = S b f . * before rradiation _ - :
rool| & 1 - . O after irradiation » High light output and relatively fast
| e = a0 f decay time (~50 ns)
80— | =k Sichuan_Tianle p— = : .. . .
C * il - Emission — Tunable scintillation properties
60— A 20 £ £ . .
e B wE peak > Radiation hardness tested up to
b P S NS SRR B S OE_.'.... N e e .';‘...”.'l.’.'..i’...’,|‘...'i’..’..|.;..i..' 1MGY
30000 35000 40000 45000 50000 300 350 400 450 500 550 600 650 700 750 800

Light Output [MeV| wavelength, nm
’
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SpaCal - W Absorber - Crystal Fibres

Energy Resolution Time Resolution C&A GFAG
7 100F
B i ;112 ----- g 90 ;— ----------------------------------------------------------------------- —*— Weighted Average |-
0_11: B (o i 2::2: ..... g 80 ;—A """""""""""""""""""""""""""""""""" —=&— Front Section [~
0.1%—\-';, --------------------------------------------------------------------------------------- gc,:g: ----- E 70;_ """"""""""""""""""""""""""""""""""""""" —a— Back Section = |~
o_ogf_ ..................................................................................... == 10%/ E®1°/° ..... 602_ --------------------------------------------------------------------------------------------------------------------------------------------------
E 50.____ ..................................................................................................................................................
0.08__ ....................................................................................................................................... - A
E 40 :_= ...........................................................................................................................................
0,07 e NN T g - A
- 30:_ ..................................... B e
= o S - S .
.08 [F S E—| o= mmmm e m e e oo oo
- QB_pS ...........................................................................................................................................
e e e e S 8 e S 0 S [ 44 0 0 28 ob b v b e b b b e
1 19 2 25 ® 39 ‘ Bearr‘11 'Energy [geV] ! 18 2 25 8 35 Be:ﬁ? Energys[GeV]
» Resolution improves increasing the > Time stamps obtained using CFD algorithm
incidence angle > Time resolution C&A GAGG at 3°+3°:
° o o . . .
» Energy resolution at 3"+3": — Measurement in direct contact with
— Samplingterm: 10.24+0.1% MCD(R7600U-20) PMTs for ultimate
— Constantterm: 1-2% performance
Performance in line with targets — Double-sided readout
— 185+ 0.2ps @5 GeV
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Ongoing R&D: Accelerating Scintillation
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Material Advances, 2022. 3. 6842
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Eﬁ decay time
~26 NS——PL3

PL5

90

PL1 1
= PL2
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The issue: current commercial GAGG has scintillation decay time >
40 ns
— Mitigate spill-over effect on time resolution
Novel GAGG compositions developed to quench scintillation
— Lightyield reduced
— Decaytime accelerated
— Time resolution kept competitive
R&D to produce large-size and homogeneous Czochralski ingots
Collaboration with:
— SiPAT, China
— FZU and Crytur, Czech Republic :3
— European project TWISMA including CERN ILM & UCB, and ISMA 75"
The Second prototype in June 2024
— SiPAT GAGG with decay time ~ 20 ns
— 3D-printed absorber with LaserAdd, China
» Two more cells filled in 2025 with new
GAGG fibers with decay time ~10 ns
» FZU/Crytur & SiPAT
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Ongoing R&D: Accelerating Scintillation

» Chinese group started R&D of fast GAGG in the end of 2021
— Collaboration with SIPAT (a company in Chongging, China) for
GAGG production
— Anew laboratory was built at Peking University (PKU) for scintillator
characterization
— Students from Tsinghua University (THU) and PKU involved in the
R&D
» Novel GAGG compositions are developed at SIPAT to decrease
the decay time
— First batch of SIPAT GAGG samples delivered to PKU in Jan. 2023
— About 60 ingots with optimization have been produced so far
— Tests on the samples show significant improvement in decay time
» Close collaboration with CERN colleagues in GAGG testing
— Besides testing at PKU, half of the samples are also delivered to
and tested at CERN

Increase doping, LY decrese,
time resolution increase
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SpaCal - W Absorber - Crystal Fibres

Energy resolution

0.032 A
—— Fit: V(a/Vx)2 + (b/x)2 + c2 0124
@® Measured o/u '
0.030 A OR 10.2% Onoise .
— = P P 2.0% 0.10
E VE E
3
0.028 - S 0.08
°
E
- =
-~ [e]
° 0.026 $ 0.06
()
£
l_
0.04 A
0.024 -
20 ps 0.02 1
0.022 A
0.00

2'0 4'0 6'0 8'0 1('10
Beam Energy [GevV]
» Energy resolution at 3°+3°:
— Sampling term: 10,6 £ 0.2 %

— Constantterm: ~2%

First measurements performed with non-optimal configuration
degradation of energy and time resolution expected

Time resolution

[ ) @ R11187 (square LG) Data
@ R11187 (Direct contact) Data
@ R9880U Data
* l® MAPMT Data
weighted average
[ ]
[ ]
______ . SEUUEUE CUIUEDENUE, RS S
+ $ 3
0 20 40 60 80 100

Energy/GeV

> Time resolution SIPAT GAGG at 3°+3°;

R11187 (Direct contact) and R9880U have similar
performance (<20 ps when > 20 GeV)

MAPMT and R11187 (square LG and only front part) much
worse in time resolution
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Light Guide System for SpaCal

* Conventional plastic Light Guide is not rad-hard Bundier

\

* Radiation-hard Hollow Light Guide

¢ ESR foil radiation-hard (>90%
reflectivity at 300 kGy)

e Fast timing (~60 ps jitter)

Hollow ESR Light
Guides

e Higher light yield (>30% increase)
¢ Uniform response (<10% non-
uniformity)

New Fiber
Bundling Process

* Design & validation for LS3 enhancement are done

* Preparing for production
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Test light guide and bundler
e

t Gui

x PMT

ESR reflection film

Test different production method

C el

Steel 3D print CNC machiniﬁg
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PicoCal: Simulation study and
software development

« Simulation study

v" Material R&D: study of spill-over effect to identify target decay time of garnet crystal
v' Performance compared between different scenarios for benchmarking physics modes

90 = nospill
80E = spill_unexp
70 E —— spill_exp

Time Resolution(ps)
Time Resolution(ps)

102
E(GeV)

e Software development

v" Construction of simulation in LHCb official framework
— templated pulse method for digitization
v' Integration of reconstruction algorithm to the LHCb

official framework
02/11/2025

— Timing information plays a critical role in background reduction

90F
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- % 180  Upgrade IT — Run3 Ep>1GeV
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Spacal W-GAGG 64 cells (1.5x1.5 cm?)

4 Noise method 2

4 Noise method 1
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New efforts: TORCH detector

* TORCH for Upgrade Il: Dedicated PID for low-momentum tracks (<10 GeV/c) to boost LHCb's flavor physics.
* LHCb China Teams: UCAS, USTC, and AUST are engaged in simulation, SiPMs, mechanics, and test beams.
* Leadership & Milestone: Convening simulation (Peilian Li); 2025 test beam for full-size module validation.

"-‘I ¥ !Y. ;‘. - g 1 oll k

i

o ﬂ
il u

Timing Beam telescope Timing Cherenkov
station 2 TORCH station 1 counters
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Upgrade Talks at CLHCP 2025

Talk/Poster

Title

Speaker

Upgrade/Computing Session, Date

and Time

R&D on the fast GAGG for LHCb upgrade Il Zhiyang Yuan (Peking University) Oct 31, 2025, 2:00 PM
Development and test-beam measurements of LHCb PicoCal modules Xiaofan Pan (Tsinghua University) Oct 31, 2025, 3:00 PM
Software development for LHCb ECAL upgrade Zifan Li (Peking University) Oct 31, 2025, 3:20 PM
Simulation studies for LHCb ECAL upgrade Chenjia Zhang (Peking University) Oct 31, 2025, 3:40 PM
The simulation and reconstruction studies on LHCb UP detector for Upgrade ll  Mingjie Feng (IHEP) Oct 31, 2025, 5:00 PM

Talks Development of 3D-Printed Tungsten Absorbers for the LHCb ECAL Upgrades Jike Wang (Wuhan University) Oct 31, 2025, 6:00 PM
Sensor development for LHCb Upstream Pixel Tracker Zeng Cheng (IHEP, CAS) Nov 1, 2025, 2:00 PM
LHCb UP Module and Stave Assembly Development Zhijie Wang (Lanzhou University) Nov 1, 2025, 3:20 PM
Operation and performance of LHCb Upstream Tracker Yuan YUAN (IHEP) Nov 1, 2025, 4:40 PM
Real-time analysis at LHCb for Run 3 and beyond Peilian Li (UCAS) Nov 1, 2025, 3:30 PM
Status of LZU Tier 2 and 3 cluster Kunpeng Yu (Lanzhou University) Nov 1, 2025, 2:20 PM
UP bare stave design and thermal study Tiange Li (Hunan University) Oct 30, 2025

Poster Test of signal integrity in flex cable Hanbing Liu (Lanzhou University) Oct 30, 2025

02/11/2025 LHCb Upgrade, CLHCP 2025, Hengne Li 37




Summary

* LHCb upgrade is needed to continue deliver excellent physics results
* China group is contributing more than before in the upgrade projects.
* Upgrade |, made critical contributions, including Run3 trigger & performance.

» UT (installation and radiation test)
* SciFi (QA system and Front-End Board)

* LS3 enhancement and Upgrade Il, now playing a leading role in UP and ECAL

* UP: Taking leading roles in 5 of the 6 WPs, esp. in CMOS chips as the key technology.

* ECAL: Taking leading roles in W Absorber and GAGG Fiber, and critical contribution in
simulation and software, optical assembly, prototyping, also starting in PMT.

e TORCH: New efforts started!
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backups
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SpaCal - W Absorber - Polystyrene Fibres

> Full size 121x121 mm?2 Module 0 assembled at CERN in 2023:

» Passive materials:
Radiation — 3D-printed W absorber (835
«  3%X50 mm + 1Xx40 mm long blocks hba;;
+  R&D performed with EOS, Germany °e,h
— Very good mean roughness R, = 5 um achieved e’"
+  Smooth surface mandatory not to damage fibres
— Radiation-hard “hollow light guides” made of 3M ESR

» Active materials:
— Single-cladded Kuraray SCSF-78 square fibres 1x1 mm?

d

@ Rapport de controle "MIE
EDMS 2457848 - J3067845 %n‘nlmmusé
ts de mesure LHcE
Contenu Mesuré bloc longueur 50 mm
Rugosié 2D<Rugpsié_1>
Profi—R_ISO -Section{1]
@ soewn || Results from blocks, Dec. 2020 R
Rk 0.5161 Profi=R_ISO - Section={1] X Mag x20 ZMag x1000 <Rugosité_1> mesure 2
B 22 5633um fum]
] 17.1012um 7
4 39 6644um i
R 51.3316um
Fn  0.1774mm 20 \ | | |
] | 1 |
Rk 9.9100um 10| i H\ ﬂ I H ‘ ) h L 1 |1 L‘ !
Rk 4.:8479um ‘”‘M | ', | ﬂ’w‘\‘vv(l*l‘ ﬁ‘d( MMM M M i} ‘]NJ'V il
Py ’uJM ‘W‘[‘ it W'J ‘ly,},iw“"v”;“ ) ’MM ’Mh Iy ‘w
-30
-40
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Technologies for ECAL Upgrade Il

LHCB-TDR-023, LHCB-TDR-024, LHCB-TDR-026

PicoCal 2024 - baseline

SPACAL technology for inner region.

Module types

Y [cm]

> 1.5x1.5 cm? cell - W absorber and crystal fibres W oo 1o oet
— Development of radiation-hard crystal fibres W
. [T shashiik, 6x6 cm?
— Polystyrene fibres for Run 4, then replaced by crystals I sveshik, 1221200

> 3x3,4%4 cm? cell - Pb absorber and plastic fibres:
— Need radiation-tolerant plastic fibres

Shashlik technology for outer region

> @x4, 6x6, lxEZ cm? cell

— Timing improved with faster WLS fibres and double-sided readout

-300 -200 -100 0 100 200 300 X [om]
(Side view|
1 scintillator = mirror . ,
I obsorber = light guide Shashlik mmlead  scint FWWLS
RERRERENRN
A AARARRARAER
. . PMT AR EEREREN ' PwmT
RERRNERERNE
front back

—>» Beam direction » Beam direction
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ECAL configuration to be installed during LS3

LHCB-TDR-023, LHCB-TDR-024, LHCB-TDR-026

» 176 new SpaCal modules in the inner region
> This region covers about 35% of photons and neutral
pions from B-hadron decays over the ECAL acceptance

» The existing modules will be rearranged in rhombic areas
(32 Shashlik modules with #x4 cm? cell size will be

Y [cm]

PicoCal 2024 - baseline

replaced)
-300 —200 -100 0

Cell size: Modules: Number of cells:
2 x 2 cm? 16 new SpaCal-W modules with plastic fibres 576

2 X 2 cm? 16 new SpaCal-W modules with plastic fibres - special shape 480

3 x 3 cm? 104 new SpaCal-Pb modules with plastic fibres 1664

3 x 3 cm? 40 new SpaCal-Pb modules with plastic fibres - special shape 480

4 x 4 cm? 176 existing Shashlik modules 1584

6 x 6 cm? 448 existing Shashlik modules 1792

12 x 12 cm? 2’512 existing Shashlik modules 2512

02/11/2025
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100

Module types
- SpaCal-W, 1.5x1.5 cm?

SpaCal-Pb, 3x3 cm®
- SpaCal-Pb and

Shashlik, 4x4 cm?
I_[ Shashlik, 6x6 cm?

Il shashii, 12x12 cn?

200 300
X [cm]
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Simulation, reconstruction and performanc
stuides

* Material R&D: study of spill-over effect to identify target decay time of garnet crvstal
o ¢ ‘ ; & 3f T

I " ' Data
25000 2 st § 2;. ,,,,,,,,,,,,,,,,,,,, 570 E ,L‘S r — Exp Fit
E ool S sk 8 S 25F eventbeein — (Data-Fit)
200001 [ ] ::thi; :'\)\Zdle E .

_ e dEs i

Eothttt e LSE

= ﬁ % i % L] = A ¥ ingot24 tail E

. N A oz e

5 10000 y v ¥ A ingot26 top 02E | M

Vv vy @ inoei2s midde 4000 4500 5000 0.5 -SE=22
" . et Bin -
5000 decay A\ ::ZZ::Z:ZZ . . . O' eneb e v leog a iy wd o o 0 Ly T
light yield const ;e event train with bunch crossing of 4800 4850 4900 4950 B?goo
0 0 5 10 15 Zb 2‘5 30 35 40 . 2 5 nS . . . . .
v’ spill-over effect'on énergy & time resolution being studied by subtracting
contribution from previous events with exponential fit
* Construction of simulation in LHCb official framework P
ECAL setup particles with ECAL > Electronics output

R l:""""""""' SN S l; """ o
: ECAL geometry Energy deposition & | 1 Readout and :
! description light transportation | ; | digitization :
! DD4Hep Geant4 E i l
l Gauss P Boole :

Shashlik module in

DD4Hep
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PicoCAL - reconstruction

 Build-up of a working package based on layered 3x3 (& optimized shapes) clustering

/> a cluster

g 620 ) '
> 600
580
560
540
520 oo o o -
ieometry layer 500 936834
; 480 1 L 1
. - 350 400 450
L ] Xx/mm
 Development of machine learning approaches @ O T a1e photon wi minbize. baseline 3
. S035F 33 clusteri | =
for clustering — GNN method B B T Optimiged stapes :
s O3F —— Old GNN model E
nodes (or vertices) S 0.25F New GNN model =
; 2] = =
_ y y y E 02 §:1.: g
\ .......... 'S I > 0 1 z— _,__°_ —z
(grdﬁsgs ) \ ' | y \ 0.05 — — :
) 0= 1 ‘2I I3HH4HH5
E; incoming [GeV]
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PicoCAL - performance

* Performance compared between different scenarios B? - K0y
for benchmarking physics modes
Baseline Middle Low E0E T B o
1.5 x 10* cm=2s7! 1.0 x 103 cm 257! 1.0 x 10* cm 257! 350 { —aoeomy<s {8 o E
: 300 tH 4 |9 "OF E
PicoCal 250 F- " ++ 4 2 100F 3
40 SpaCal-W 40 SpaCal-W 40 SpaCal-W 200 " 3 A gf _ .
150 £ H*# ++++*+++++"++#ﬂ t *HH+H+H+H+ [ E E Eﬂizi Eii/gidle 3
408 SpaCal-Pb 408 SpaCal-Pb 408 SpaCal-Pb 100? # R LTS g : Ui 1 Bt :
2864 Shashlik 2864 Shashlik 2864 Shashlik b g, % F
i i Doo TS0 T T w00 00 2 0. 1
double R/O double R/O single R/O except 176 inner 5 M7(K*7ry) 5 Efficiency
30,976 channels 30,976 channels 20,224 channels

 Studies based on 3x3 clustering approach

* Timing information plays a critical role

in background reduction

e Results included in

LHCb Upgrade Il Scoping Document
[CERN-LHCC-2024-010, LHCh-TDR-026]
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« Low, N(x°)/B=0.3
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