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The Current LHCb ECAL

» ECAL is essential to all measurements involving neutrals and electrons

» Optimized for Ty and y identification in the few GeV to 100 GeV region at 2 X 103? cm?%s™1
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— Shashlik technology used — Radiation hard up to 40 kGy & :

— Scintillator: Polystyrene - p- — Energy resolution: p. /] mil FEEEE
terphenyl - POPOP o(E)/E View from the back

— WLS fibres: Kuraray Y-11 ~ 10%//E(GeV) © 1% — Large array of & 50 m? with 3312 modules and

6016 channels
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Motivation to upgrade

» To fully use the opportunities provided by the HL-LHC for heavy flavor physics

2024 20|25 2026 | 2027 | 2028 | 2029 1 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 2036 | 2037 | 2038 | 2039 | 2040 | 2041

— Upgrade Il to be installed at LS4: 1.5x103*cm™2s71
Original design: 2 X 103%? cm™?s~?!
Run3: 2x 1033 cm™2%s1

High pile-up
Run 3: pile-up ~6 Radiation hardness
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Upgrade II: pile-up ~40

New ECAL technology R&D needed
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Motivation to upgrade

Requirements for the Upgrade IlI:

> Radiation doses up to 1 MGy and < 6x10*° 1 MeV neq/cm? in the centre for 300 fb~!
— New technologies required for the center

> Pile-up mitigation crucial \

— Timing O (10 ps) precision — Scintillators R&D needed
— Increased granularity

— longitudinal segmentation

» Keep current energy resolution of 6 (E)/E = 10%/\/E D 1% L 15 10% a2t

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

PicoCal 2024 - baseline

SPACAL technology for inner region.
> . Bl B cm? cell - W absorber and crystal fibres

300

Module types

Y [cm]

B spaca-w, 1.5x1.5 cn?
| spaCal-Pb, 3x3 cn?
200 P

— Development of radiation-hard crystal fibres e
. [T shashiik, 6x6 cm?
— Polystyrene fibres for Run 4, then replaced by crystals 100 B e, iz

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

Shashlik technology for outer region
> @x4, 66, I2sli2 cm? cell
— Timing improved with faster WLS fibres and double-sided readout

-300 -200 -100 0 100 200 300 X [cm]
[Side view
[ scintillator =3 mirror Shashlik mmlead  scint mmWLS
I absorber 1 light guide BRRRRRRRRN
ANRENARERNE
PMT ANANNNENEN | PMmT
(PmT) . i

' front' back

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

PicoCal 2024 - baseline

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

» The existing modules will be rearranged in rhombic areas (32
Shashlik modules with 4%% cm? cell size will be replaced)

-300 —200 -100 0 100 200 300
X [cm]

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 % 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

LHCB-TDR-023, LHCB-TDR-024, LHCB-TDR-026 8
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Observation of the orbitally excited B states

@® The B meson family is the only mesons composed of two different heavy quarks (Ec)

@ Despite its ground state, only the 2S excitations have been observed at the LHC

@ The 1P excited states are predicted to decay solely via radiative transitions

[arXiv:2507.02149]

[arXiv:2507.02142]

v" most likely to be the next excitations to be observed, with predicted masses in the range of (340,520) MeV

v" four states are expected, leading to six peaks due to unreconstructed photons from B decays
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Observation of the orbitally excited B states

® B.(1P)* > By, where Bf - J/ (= putu~)m* and photon reconstructed from calorimeter [arXiv:2507.02149]

@ A pronounced wide peaking structure is seen within the predicted mass range (significance > 7 o) [arXiv:2507.02142]

@ The visible width exceed the expectation of single-peak interpretation = a minimal effective two-peak model used
@ By fixing the peak positions and relative yields to theory, different theoretical models were investigated = all generally good

@ The relative production rate, representing the fraction of B} comes from B.(1P)™ is determined using the LQCD model

R =0.20£0.03 £ 0.02 £ 0.03.
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Ongoing R&D: Absorber and large-scale production

» Requirements
- High density: close to pyy = 19.3 g/cm?
- Geometry: 120x120x50 mm?
- 5180 square holes of 1.20x1.20 mm?*
- Roughness R, < 5 um

> LaserAdd (851%) gradually improved the W absorbers
- p~19.0g/cm3 R, =~ 5 um

- Young’s module measured at THU, WHU, CERN

» We are finalizing all tests and QA system for PRR in June

° 3D-printed tungsten __— 3 Plane Angle (°)
= 5# at top 6# at top

112 89.9 90.1

213 90.0 90.0

— 314 90.0 90.1

_______________________ = 411 90.1 89.9
— 511 or 611 90.1 90.0

- 512 or 612 90.0 90.0

= 513 or 613 90.1 90.0

0000 0005 0010 . 0.015 514 or 614 90.1 90.0

Density measurement at WHU  Young’s module measurement at THU Perpendicularity measurement at WHU 13
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Ongoing R&D: Assembly for LS3

Item No.|Part Number |Definition Quantity
ST1928610_01 |W Absorber 50mm Central Square Hole With Studs 4
ST1979898_01 |Polystyrene Fibers Sqare 1x1x245
ST1944524 01 |Hardened Epoxy Layer 7 mm

ST1903374_01 |Connectors Plate

ST1983589_01 |LG_round_to_round_100mm_R9880_W-poly
§T1944604_01 |ISO 4032 M3-A4

ST1910299_01 |Hamamatsu R9880U

§T1910479_01 |PMT Circuit Board W Absorber
ST1982649_01 |Carbon Composite Rod Assembly Review 3
$T1983073_01 |Cylinder Insert

ST1983585_01 |ISO 4762 M4xi2

ST1903112_01 |Connecting Grid W Absorber

ST1A19963 01 |W Mirror

ST1A20004_01 |W Bundler 30 mm with Epoxy

&

G G 1 G G G G R

alafa]a]a

Test beam in May 2025 at CERN SPS:
> First test of full Run 4 chain with new prototypes:
- W absorbers - Cable clipping circuits
- 3HF green plastic fibres (square fibres 1x1 mm?) - 10-meter signal cables
- Optics assembly with bundlers and long “hollow” light guides - Read-out with Run 3 & 4 front-end boards electronics
- R9880U PMTs
15




Ongoing R&D: Assembly for LS3

Qz 09
QO

OROY
> SO DO

» One more iteration of prototypes needed in Q3/2025:
- SpaCal-W: optimised dimension of fibres (0.98 x 0.98 mm?) and
holes (1.22 X 1.22 mm?)
—> Compatible with performance requirements

== T
5 |ST1983589_01 |LG_round_to_round_100mm_R9880_W.
b 6 T1944604_01 |1
7 |sT1910299_01 [Hi

8

Test beam in May 2025 at CERN SPS:
> First test of full Run 4 chain with new prototypes:
- W absorbers - Cable clipping circuits
- 3HF green plastic fibres (square fibres 1x1 mm?) - 10-meter signal cables
- Optics assembly with bundlers and long “hollow” light guides - Read-out with Run 3 & 4 front-end boards electronics
- R9880U PMTs
16
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3) SpaCal-W with crystal fibers for LS4



Milestone: GAGG test systems at PKU

Decay time (TCSPC with X-ray)

Picoammeter

> Test systems finished in Mar. 2024 N\ Supply:‘ S
> The test results from PKU are consistent o 4 _ P\,

Laser * f »——\_/ \
E SR ..

SN g

with those from CERN, providing a basis . R
for effective cooperation on GAGG testing. i

Light output




Ongoing R&D: Accelerating Scintillation

25000

. b inleon » The issue: current commercial GAGG has scintillation decay
E igott? to time > 40 ns
ingot17 middle - . . .
20000 A nooasiep — Mitigate spill-over effect on time resolution
< bl h -
P— #‘*’ A ingot24to.p o . . .
Qo) ‘W } P v insoiz4al » Novel GAGG compositions developed to quench scintillation
z N i H” ! E !Eiﬁiiéiiﬂddl — Light yield reduced
% ingot26 middle .
E’S ¥ : i ot $ oo ¥ L weoe — Decay time accelerated
S / Ty v 0y # inoedo i — Time resolution kept competitive
" ) 1’ * * * A ingot49to.p
~ vy o oo
- — » R&D to produce large-size and homogeneous Czochralski
4000/MeV - ingots
d,eff
0 0 5 1|0 1|5 2|0 2|5 3IO 3|5 4(

5 ns Decoy time yar (] » Collaboration with:
Ny — SIPAT(EBRLE ), China
— FZU and Crytur, Czech Republic
— European project TWISMA including CERN, ILM & UCB, and ISMA

» The Second prototype in June 2024
— SiPAT GAGG with decay time ~20 ns
— 3D-printed absorber with LaserAdd (£5/%), China
— Under characterization in testbeam 1 9




Testbeam: SpaCal - W Absorber - Crystal Fibres

Energy resolution

w 0127
1] I
o L ——e—— data
01l —— simulation w/ LGs
i — —— 10%/ \E ®1%
o.osj‘g
0.06 9,
e
0041~ \'y
- \\\\\\@
B N B @ T
= ~__ TTTTmee-ios e —— 2
0.02— T—
[ O (U BN B
0 20 40 60 80 100

Energy [GeV]

> Energy resolution at 3°+3°:
— Sampling term: 10.6 + 0.2 %
— Constant term: ~2%

0.12 ~

©

=

o
1

e
o
©

Time resolution/ps

0.04 -

20 ps 0.02

0.00

Time resolution

0.06 -

[ ) @] R11187 (square LG) Data
[ R11187 (Direct contact) Data
[® R9880U Data
* l®/ MAPMT Data
weighted average
)
o
.
t [ ]
+ L
___________ *—————&———— _____*_
0 20 40 60 80 100

Energy/GeV

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

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

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

20
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4) Electronics for PicoCal



Electronics for PicoCal

> Architecture:

\
Energy Digital Back-End oy
Detector -— ADC Igital bac Optical Link
cells , ASIC ¥
500 e
— i=a _| FPGA GBT
PMTs | 12-20m -
cable 3 ga 7 { Time
Ke"pa”de' ASE ] Front End Board y

> Readout with PMTs

» Two separate paths with dedicated ASIC developed in parallel, with the same technology (TSMC 65 nm),
running at 40 MHz:

Time ASIC (SPIDER): waveform TDC in analog memories (R&T IN2P3, Orsay/Clermont-
Ferrand/Lyon/Caen/Nantes) (dynamic range of ET = 50 MeV to 5 GeV, resolution 15 ps RMS)

Energy ASIC (Barcelona, Valence), measurement of the integrated charge at 40 MHz over 12 bits with
two gains (dynamic range between ET = 0 and 40 GeV)

22



Measurement of Time: Waveform Digitizing|| /% .-

é \
I \
é \
/ \\
—-’ \~~__ .
' ' i [ N R N
» Time measurement is done by sampling the o s 45 o g5 Tmeld
signal shape using analog memories and a FPGA: swcassgame oo STIDER VL
B lock 10
development of a dedicated ASIC called SPIDER A, e =] ] e

L Slow

— 10
o reg out)_phase select<6:0> -
Phase Pulse Builder £ L Config_data_bus
E - I reg_out7_phase select<6:0> Cuntrnl

» Time is computing using: N e — i
- Acounter (~1 ns step), DLL2 T [P One channel
- A DLL to define the region of interest i —wl | 4> — @ l e —
(~100 ps step) DLL1 . — : o
- Samples on the signal shape: Cell banks s ‘ | | G| || =
» The interpolation in a FPGA allows to measure ..,

the time with a precision of a few ps RMS with a

precise calibration even with signals with small

amplitudes.

» The main disadvantages that must be addressed
in the new SPIDER chip:
- Large deadtime (~100 ps) limiting usage at high rate

(goal =40 MHz ) => ADC massively parallel to reach at
least 50% occupancy

- Need of a trigger: every channel is self triggered

T B

32-cell

= =i = threshold] 7o'
bank T E l,| o

< qp - 10-bit Gray Ring oscillato

2] a 10| Counter

. m
L

X 8 banks

X 8 channels

Technologie: TSMC CMOS 65 nm

» 10-bit Wilkinson ADC at 5 GHz

» Memory cells (switches/capacitors) with ~0.8 V dynamic
range and noise level ~0.5 mV RMS

» DLL between 40 and 640 MHz

First prototype Automne 2024 (final version end 2029) 273
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Summary and conclusion

» Common activities in Chinese and French groups about LHCb ECAL Upgrade :

- Observation of the orbitally excited B states

R&D for modules assembly with plastic fibers for LS3

R&D for new modules with GAGG fibers for LS4

The first SPIDER ASIC prototype (v0) was produced and delivered in early July 2025
A test board for SPIDER(vO) was built, with testing set to start in late July 2025

»In the near future:
- Test beams at DESY and SPS to measure module characteristics(One more iteration in Q3/2025)
- The SPIDER ASIC v1 features 8 channels instead of 2 and will be produced by mid-2026

»0n the longer term:
- Full production of innermost ECAL modules
- Full production of Front-End electronics
- Implementation of algorithms in FPGA to improve calorimeter reconstruction

Thanks for your attention! 25
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Job description:

Core R&D tasks for a next-generation electromagnetic calorimeter in the upgraded
LHCDb detector (ECAL development, construction, installation, and commissioning):

- Development of ultrafast, highly radiation-resistant novel scintillation crystals

- Mass production of high density, high precision tungsten absorber

- Test beam for ECAL prototype
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- PRI BRI
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Contact: yangluping@pku.edu.cn
yangzw@pku.edu.cn
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Updated CERN accelerator schedule

Long Term Schedule for CERN Accelerator complex

 Run 3 extended till end of

mis June 2026
PS
fog e LHC restart for Run 4 in 2030
L HC LS4 moved
i by one year to 2034-35
PS
ij * LS5 becomes EYTES
Ql i@ i i |aiaia3ias|aiq2ia3iaq4 l1ji@ia3|ad|ala2iaz|as|ariaq {a3ias| . AISO |mpaCt on SPS
est beams!
Injectors

. Long Shut-down (Re)Commissioning . Operation . Technical Stops

11/10/2024 General news Philipp Roloff



