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Scintillating sampling ECAL technology
for the LHCb PicoCal
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LHCb Upgrade 2 motivation

» Awide range of b — s [*l ~and b — d [*[" transitions (many not accessible in the current configuration);
* Measurements of the CP-violating phases y and ¢, with a precision of 0.4 and 3 mrad, respectively;

» Precise Measurement of R = B(B — p "y 7)/B(B.° — p "p 7);

« LFU (lepton flavour universality tests), exploiting the full range of b-hadrons;

« CP-violation studies in charm with 10~ precision. .
For more details please refer to the Andreas’s talk
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Current ECAL

Shashlik technology:
4 mm scintillator tiles,
2 mm thick lead plates.

Modules:
XY dimensions: 121.2 x 121.2 mm?,
66 layers of Pb + 67 scintillator tiles.
@1.2 mm Y11 (250) WLS-fibres.

" | Three zones in granularity
3 Inner (9 cells/module),
Middle (4) and Outer (1)

- Total:
3312 modules,
6016 cells, 7.7 x 6.3 m2.

3 Readout PMT R7899-20;
' HV: individual Cockcroft-walton circuit

Light yield: ~ 3000 ph.e. / GeV

o, (8.2+9.4)%
Energy resolution: fE:T@O-g%

A )
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ECAL performance extrapolated to the end of Run 4

Light output degradation after 4 years of Runé (60/fb) - 1 = no degradation

Degradation of the calorimeter performance due to radiation damage

in particular in the innermost section of the ECAL.

~200—

The degradation of light output at the end of Run 4 for the current
g B T~ ECAL configuration

x o] (assuming 32 innermost modules would be replaced by spares during

Constant term [%)] after 4 years of Run4 (60/fb) L S 3 )

- SpaCal W border
- SpaCal Pb border
|
i

The reduced light output would lead to a significant degradation in

—

the ECAL energy resolution.

-300 200 100 0 100 200 300
x [cm]
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ECAL Upgrade 2 requirements

Accumulated radiation dose [Gy] after 300 fb—1

"= 300 10°
S,
> 200 105
100 104
of 108
-100 102
-200 10
-300 ‘l‘ 1
300 200 -100 0 100 200 300
X [em]

Requirements for the Upgrade Il (operation at up to 1.5 x 10* cm™2s™):
« Sustain radiation doses up to 1 MGy and < 6 x 10" 1 MeV neq / cm? in
the centre
» Keep current energy resolution of o(E)/E = 10%//E 1%
« Pile-up mitigation crucial

— Timing capabilities with O(10) ps precision

— Increased granularity in the central region (denser material)
» Better time resolution, less impact of radiation damage, more
information for event reconstruction and PID from longitudinal

segmentation
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LHCb ECAL upgrade strategy

Run 3 in 2022-2025:
Run with unmodified ECAL Shashlik modules at L = 2 x 103 cm™%s™"
(new 40 MHz readout)

LS3 enhancement in 2026-2028 (TDR approved):

Replacing inner region with Spaghetti type modules (SpaCal) (2x2 and 3x3 cm? cells)

+ rebuilt ECAL regions to rhombic shape to improve performance at L = 2(4) x 10** cm™%s™"

— 32 SpaCal-W & 144 SpaCal-Pb modules with plastic fibres compliant with Upgrade Il conditions

LS4 Upgrade Il in 2033/2034:

Introduce double-section radiation hard SpaCal (1.5x1.5 & 3x3 cm2 cells) and improve
timing of Shashlik modules for a luminosity of up to L= 1.5 x 103 cm%s™"

— Innermost SpaCal-W modules equipped with crystal fibres

— Include timing information and double-sided readout to full ECAL for pile-up mitigation
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Run 4 occupancy

Current ECAL - Occupancy, ET el > 50 MeV LS3 consolidation - Occupancy, ET -~ 50 MeV
’ ' 0.25

—

>= 2000 0.2

-3000 —2000 -1000 0 1000 2000 3000

X [mm] X [mm]
Simulated occupancy per cell assuming a luminosity of 2 x 1033 cm™ s™" in the current ECAL (left), and in the
proposed configuration to be installed during the LS3 (right).

-3000 -2000 -1000 0 1000 2000 3000

Note: SpaCal modules are inclined by 3+3 degree
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Run5/6 baseline configuration

PicoCal 2024 - baseline Cell size: Modules:

= — 1.5x1.5cm2 40 SpaCal-W modules
~ [ Spacm»w,y:s“_s o 136 SpaCal-Pb modules

(B coecart ot 272 SpaCal-Pb modules

— + 176 refurbished Shashlik modules

I stsrit 12x12 on 6 x 6 cm2 448 refurbished Shashlik modules

+ 896 rebuilt Shashlik modules
12 x 12 cm2 1344 refurbished Shashlik modules

Double-sided readout: 30’976 electronics channels

Refurbished Shashlik modules:
new fast WLS fibres for better timing

-300 -200 -100 0 100 200 300

X [em]
Rebuilt Shashlik modules:
new scintillator tiles for smaller cell size
new fast WLS fibres for better timing
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1ption

Module descr




SpaCal modules

Installation LS3 LS4 LS3/LS4
Aborber 3d-printed W Lead (Pb)
Fibre type Polystyrene GAGG Polystyrene
Cell size [mm?] 20 x 20 15 x 15 30 x 30
Moliere radius [mm] 18 14.6 ~30
Radiation length [mm)] 7.2 6.2 ~10
Segmentation [mm)] 190 45 + 105 290 / 80+210

Three module types:

Polystyrene fibres replaced by GAGG in W absorber during LS4
Long.segmentation during LS4

Absorbers produced for LS3 fully reusable during LS4
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SpaCal-W + crystal fibres

[ scintillator === mirror
I absorber 1 light guide

@ | e

front back
—» Beam direction

SpaCal prototype module with W absorber and garnet
crystal fibres:

 Pure tungsten absorber

» 9 cells of 1.5x1.5 cm2 (RM = 1.45 cm)
o 7+18 X0 long segm.

 Reflective mirror between sections

Effective Decay Time vs Light Output

% 160 @ C&ACe:Mg
Crystal garnets from several producers: £ [ momcme Y
e Crytur - YAG § 140/—| ¥ CsA Test 2
=] e rytur
« Fomos - GAGG g bl e
L4 ”_M - GAGG % E :Zs:gl;ast *I%
® C&A - GFAG 100‘_ ig-i’:lcas:Ce:Mg
— Characterised with laboratory measurements sl | 5 e v |~
Photon detectors used: O - ]
« Hamamatsu R12421 for energy resolution ' ol Crystal properties
« Hamamatsu R7600U-20 for time resolution o0 3s000 40000 45000 50000

Light Output [MeV]

NIM A 1000, 165231 (2021)
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SpaCal-W + crystal fibres (2)

Time Resolution C&A GFAG Energy Resolution - 3°+3°
— 100 F
ﬁ. E L@ 0_135._ .......................................... N [
5 QO oo —— Welghted Average ..... ;u.l = *—i—— Testbeam - Prototype
§ = 0.12__ ...............................................
§ 80 Eishsmsssvsssssssssssssssmsmtimmmmsimmsssssnsississsssssisssisinsy = Front SeCtlon ..... Simulations - Prototype
= - 0.11_ ...............................................
fg’ FO —+— Back Section |~ - Simulations - LHCb Upgrade Il Module
F [ R I Ml P
60:— ..................................................................................................................................................
E L T, O L
50___._ ..................................... A ..........................................................................................................
40 f_. ........................................................................................................................................... 0.08 [+ QTR
305_ ------------------------------------- n - A S — 007 ...........................................................................................................................................
E L Y o ...~
20:_ ..................................................................................................................................... ‘ ........ O i
10:_ .................................................................................................................................................. 005
0: 1 [ | . -] I Lokl | I - | ;N . | Il | Lokl | ? . . | | H T | | L=l 0'04 Il B | Ll 1 1 1
1 1.5 2 2.5 3 3.5 4 4.5 5 45 5
Beam Energy [GeV] Beam Energy [GeV]
« Incidence angles: 6, = 6, = 3°, double-sided readout » Better energy resolution with larger incidence angles
» Data up to 5 GeV give (10.2 + 0.1)% sampling term and
« ~20 ps time resolution at 5 GeV for GFAG 1-2% constant term for 6X = Y = 3°

NIM A 1045, 167629 (2022)
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3d printed W

45x45 mm?2

"\\ « 3D printing using pure tungsten powder found to be a scalable technology for absorber
\ \\ production

» Smooth surface mandatory to avoid damaging the fibres during module assembly
Used at DESY & SPS — average roughness Ra = 5 pm achieved
(SpaCal-W/Polystyrene) | o« R&D campaign with EOS (Germany):
— First 15x15 mm? cells with up to 10 cm length
— 45x45 mm? pieces
— Recently 121x121 mm? pieces produced
» Module-size pieces recently produced by LaserAdd (China):
— Two 121x121 mm? pieces in 2023

— Absorber pieces for module-size prototype with crystal fibres expected very soon

@U Rapport de controle
3 D pri nted W_absorber tc cb esire EDMS 2457848 - J3067845 v:vwlmf

LHCb

Contenu Mesuré

1x1 mm? holes DAL scingersomm | Results from new blocks
500 um wall thickness ~ Mean roughness Profl-R_ISO - Secton-{] Dec. 2020

5.0423um
6.54050m ECE

05161 Profi=R_ISO - Sedion={1] X Mag x20 ZMag x1000 <Rugpsi 1 mesure 2
225638um | [l

17.1012um

39.6644um

51.3316um

Bn  0.1774mm || | | |

= distance (max-min) | Rk 9.9100um 1ol o ‘“‘. . i ML ‘\\(

Rk 48479um il A)J‘w!,"‘ﬂp | L.J‘W‘w;,\'\“‘”‘ Ly

AT ’M TRV LS

— w"’,“\\r‘w

L]

Total height of profile

| ' |
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‘P4’7‘"ﬁ%“,‘,‘\\“\“,‘)‘«’,‘(“
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SpaCal-W + Polystyrene fibres (LS3 Enhancement)

SpaCal with polystyrene fibres and lead absorber:

¢ 120x120x190 mm? 3D-printed tungsten absorber from EOS (Germany) filled with
single-cladded organic scintillating fibres (1x1 mm?, Kuraray SCSF-78)

« Single-sided readout on the back side

 Test beams at DESY and CERN SPS in 2023

Energy resolution (DESY & SPS, R14755U-100)

DESY Il - Measurement |

|
£ —&— SPS - Measurement

0.09 “| —— Fit to the measurement |~
0.08 10% / VE @ 1%
0.07 ——— Simulation
Sampling Term: 0.098841 +/- 0.001392
0.06 Constant Term: 0.011271 +/- 0.000147
0.05 I 0 B B S S R N N SV S A S A B S N Y AN S VAN SR Y S SRV ST B SN
| R ———
003 ..........................................................................................................................
0.02 B
N DR R T |
0.01 60 80 100
« Noise contribution subtracted Beam Energy [GeV]

» Sampling term: 9.9%, constant term: 1.1%
— Very good agreement with simulation
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SpaCal-W + crystal fibres: prototype 2024

« 3 pieces of 3D-printed tungsten absorber
of 121x121x50 mm? produced by LaserAdd in China

» Double-sided readout in view of Upgrade |l

e 4x4 cells: 1296 GAGG crystal fibres from SIPAT

« Further cells will be equipped with fibres |
from other producers later ~ front

« Assembly at CERN expected in summer 2024

71x71 square holes

0.715

0.47 ]
1.2 Oooooo
0.715 Oogood
O
O

v OUgod

A
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SpaCal-Pb + Polystyrene. First prototype

Module details:

Energy Resolution at 3°+3°

9 cells of 30x30 mm2 (RM ~ 3 cm) — 003
vooN e SPS measurement
80+210 .mm long (7+1 8 XO) . ?0'028: . SPS - noise term subtracted
Reflective mirror between sections S ) ozel B simulation - 1 sigma
Kuraray SCSF-78 round fibres@=1.0mm ¢ |°
. . £0.024 - %2 / ndf 0.245/1
Light guides 100 mm lon e Samplingterm  0.1004 + 0.006018 .
G T Energy resolution:
0.022 Constant term  0.01157 + 0.0006439
Grooved lead sheets C Noisolerm 02406400418 PMT = R7899-20 (current ECAL)
0.02/—
0.018[- ; R,
[ Sampling term: (10.0 £ 0.6 Time resolution:
o.o1si}Constant\term: | {~12 : 0.1)% | | ‘ PMT = R11187
50

20 60

80
Beam Energy [GeV]

Time Resolution Pb/Polystyrene

@
S

—=o— DESY - Front

—m=— DESY - Back

— — DESY - Weighted Average
| —e— SPS-Front

—a— SPS - Back
| —+— SPS - Weighted Average

~
=]

Time Resolution [ps]
@
S

o
=]
Ll

a
S

o
SFFTTT T[T TTTT 77T

30

Incidence angles: 6, = 6, = 3° 2

double-sided readout "
PMT in direct contact

80 100
Beam Energy [GeV]
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SpaCal-Pb. Single-cell prototypes with casting technique

Base material: Babbitt BK2

Capilar Air Fiber

(<97% Pb + 1.5% Sn, 0.3%Ca, 0.2%Na, ... ) ‘/

2 2.1 mm capillary tubes: AISI 321 (12X18H10T)

(Cr 17,0%-19,0%, Ni 9,0% + 11,0%, Fe 70%, Mn < 2,0%, Si < 0,8%, ...) ‘ ‘ ‘

Fibres: @ 2 mm Kuraray SCSF-78

Combined time wrt mean MCP time. E =5 GeV

a -
s I 3 hCombTime
& 10°g Entries 56890
¢ F Mean 0.005355
£ r
S Std Dev 002974
E %2/ ndf 59.79/17
F Constant 1.541e+04 + 8.040e+01
10% = | Mean 0.005289 +0.000123
E Fy Sigma 0.02942 + 0.00009
10E
SEM HV: 20.0 kV SEM MAG: 326 x EGA! S SEM HV: 20.0 kV SEM MAG: 76 x VEGA3 TESCAN] E i “ P T Ty T I | ‘ i N
Det: BSE 500 ym Det: BSE -0.4 -0.2 0 02 0.4 TO 6 T
NUST MISIS NUST MISIS Comtined ' wcsr N

A A
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SpaCal-Pb + Polystyrene fibres

» Lead absorber produced using low-pressure casting by MTH & ICM in Germany

« Prototype with 90x90 mm? active area equipped with round SCSF-78 scintillating
fibres of 2 mm diameter tested at DESY in December 2023

« Next prototype with 121x121 mm? active area and using SCSF-3HF scintillating
fibres of 1.5 mm diameter in preparation, targeting test beam in June 2024 at CERN

Measurement, DESY, 2 mm fibres

0.1

o/E

0%
o 5 1%

VE
—e—3°+3° - Measurement

g o
RS AREAERRREERREEESEEE TTIFTTTT
m
n}
D
S

= = = 3°43°- Simulation |

4.5 5
Beam Energy [GeV]

Giefliform

Simulation, 1.5 mm fibres

0.12

Stochastic term (10.4% +/- 0.1%)

(0.72% +/- 0.06%)

A Q

=

[}

Q

3

= (8

=

3
og/<E>

0.1 Constant term

0.08

E Simulation
0.06

. 0.04
\_ Schmelze C \‘\
0025 Friergy resolution goa
- achieved with 1.5 mm fibres
1 10

e

Qo

—,

0

10
Beam Energy [GeV]
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Shashlik: R&D towards Upgrade 2

ECAL outer module (1-cell shashlik, 121x121 mm?)
* Current LHCb Shashlik modules have good time properties,

further improvement could be by g X ¥ Y11+ R7899-20
e  PMTs with smaller transit time spread (e.g. R7600-U20) & 140~ ¢ Yi14+R7600.U20
e Replacing WLS fibres: é 120:— ; \\’\ | 4+ YS4.+R7600-U20
- Y11 (7 ns decay time) — currently used in ECAL % - I ¥ .
100 [jtiodpemmmueeniasci
- YS2 (3 ns decay time) £ SRR ‘ X
- YS4 (1.1 ns decay time) B ’ i
* Measurements at DESY and SPS with current (R7899-20) 60 * e - N
and faster (R7600-20) PMT, single-sided readout, 6, = 6, = 3° - | “4\* A
40— AR AL S N S N S
N R AR R

1 10 Ener: [Gég]2
Electron beam, 3x3 degree 9y

Incidence angles: 6, = 6, = 3°
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e The innermost 176 modules of the LHCb ECAL need to be replaced during LS3 due to radiation damage
— SpaCal technology with W and Pb absorbers meets all requirements for this region
— TDR recently approved!
» The Upgrade Il in LS4 introduces picosecond-level timing capabilities and more demanding radiation hardness
requirements
— Better than 20 ps achieved with Shashlik and SpaCal technology at high energy
— Crystal fibres in the central region
» Comprehensive R&D ongoing:
— Test beam measurements with prototypes
— Detailed Monte Carlo simulations
— Study of novel absorber production techniques
— Study of suitable PMTs and development of readout electronics
— Investigation of new radiation-hard and fast scintillators
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Supplementary slides
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Inclination of the SpaCal region

LS3 layout. Front view

Shashlik 3x3

Inclination system
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Cal region (back view)
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3D-printed W load test

2
o 350 ) &
‘é' Pic03 — cross region. Through-wall microcrack and
= Fa pores are noticed
“u 300 = Original magnification x100
%] - e B BN N =
=4 © ]
o o a
@ 2 0
2 = 250 ez
& & &
hd
g 200 3
£l =2
a X
3 150 « full size specimen —
o
@ + batch01 n01 w
100 batch03 n02 23
w 3|
shortened specimen S
Pic04 — edge region. Through-wall microcrack and
50 e pores are noticed and pores are noticed
/’ o 7 Original magnification x100 Original magnification x100
3 7 » - :
0 = ' e %
0 0,2 0,4 0,6 0,8 1 1,2 EE
Q g
Strain (mm) 5 ﬁ =
N v &)

’ -
4’} = NG 7

Pic07 — cross region, detailed view of the built

microstructure. Pores are visible

N\

Pores are visible
Original magnification x200 Original magnification x500
Figure 3. Micrographs.
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Beamtests: CERN H4 / H8 and DESY T24

CERN H#4: electrons: E = 20 - 300 GeV
DESY T24: electrons with E =1- 5.8 GeV
CERN H8: muons and hadrons (p = 150 GeV/c )
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First single-cell prototype

produced in MISIS in 2021

Base material Garth's typographic alloy:
Pb 84% - Sb 12% - 4% Sn

Extractable rods

= holes 22.2 mm to host 22 mm
scintillating fibres

Single-cell object was tested for time resolution. Result was quite optimistic

But there was an issue found with the material
= activation of the antimony makes usage of Garth's typographic alloy impossible
+ Holes after extracting steel rods were way too large (air between absorber and fibers)
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Second single-cell prototype

produced in MISIS in 2022
Base material: Babbitt BK2

(~97% Pb + 1.5% Sn, 0.3%Ca, 0.2%Na, ... )

@ 2mm capillary tubes: AISI 321 (12X18H10T)

SEM HV: 20.0 kV SEM MAG: 326 x i SEM HV: 20.0 kV
Det: BSE 500 pm Det: BSE
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Assembly: SpaCal-W + Polystyrene fibres
.~
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Hollow light-guides

Lightguide geometry determined by the PMT + cell size
(requirement - uniform response over the surface.
Non-uniformities contributes to the constant term of energy
resolution)

Different options under study:
R11176 (single-cell suitable for SpaCal-Pb)
R7600-M4 (similar dimensions multi-anode pmt, SpaCal-W)
R9880 (small round PMT)
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