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Forward Flavour Physics Detectors

at hadron colliders

a nouM

LHCb LO Hardware Trigger

ny HCAL
ECAL M$
SPDPS gy M

Magnet RICH2 M1 M2
T

LHCb-U1 |80 MHZSoftwaretrigger

Side View geal HCAL

Ma MS

L=0.410%3 Goal: 10 fb?
1to 2 fol peryear; mu=1.1

L=2103% Goal: +45fb?
~7-9fb1 peryear, mu =5.3

0.5 fb-1 peryear at DESY, fixed target,
Didn’t meet its performance goals ;
20 physics and 23 detector papers

m 30 MHz Software trigger

Magnet &

Magnet Stations TORCH

Mighty ___RICH2
ra

L

= 10-15 1033; +200-300fb

peak

~40-50 fb-1 per year; mu = 42
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Tracking

Muon detector

RICH2: measures a
particle’s velocity

= Tracker : 5 :%
o i
- - I
>
Vertex  Tracker (O)
Locator .
=l 17
' #! =g %
R
c© I
RICH1 | ag P]
Beamline: \ <8 =" O
particle bunches . g
collide here @
L ‘l
L J Calorimeters:
Magnet: bends the path measure a
of charged particles particle’s energy
GSRE
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Upgraded LHCb Detector
e e To be UPGRADED
//// = " Detector Channels I

s Side View

RICH2

Jana
I ¥

bl | Magnet, Muon, and Calorimeters mostly
""""""" | pmu X the same, but everything else is new. R
( ;j : N i gg O
=T
25O
upgrade 53 O
* Average visible interactions per BX 125 * New tracking detectors ’
 VELO strip=>pixels; 5=>3.5 mm to beam « New RICH photo-detectors
« Heterogeneous software trigger @ 30 MHz average * Detector readout @ 40 MHz
23-May-2023 Blake Leverington — LHCb 4 @5%%



Central Tracking Detector Requirements

23-May-2023

The material should be minimized. ~10-12% of an interaction length or
radiation length in total

Cover 5 x 6 m? with 3 stations of X-U-V-X layers.
Single hit efficiency of 99%.
Spatial resolution better than 100 pm.

Readout at a rate of 40 MHz [25ns bunch crossing period], no dead-
time, for a full softwaretrigger.

Low noise rate (few fake signals).

Operate in a high radiation environment: peak 35 kGy for fibres, 102
neutron eq./cm? for sipms/front-end.

Blake Leverington - LHCb
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0.250 mm

— - Wl  SCSF-78MJ fibres from Kuraray.
SciFi Basics N\

(fast 2.8 ns decay time)

Silicon Photomultipliers (SiPM) from Hamamtsu Signal CHlenlsied.
A\ amplitude mean position
60um pixel i N < 32.59 mm > . I:'nage from Kuraray

N 2 X 64 channel
arrays

. A > Channel
We need 4096! Frseh

Fired pixel -

Photon

areas (S1iPM) Particle Y Deposited energy

Non-sensitive —**

0.250 mm

(a parallel array of Avalanche Photodiodesin Geiger-Mode)

28-Sep-24 Blake Leverington - LHCb SciF Tracker for EIC
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lonising Radiation Damage (Fibres)

e

A collection of data from multiple

« Formation of radicals produces Irradiation campaigns
L] L] — 2 =
absorption/scattering centres TE | | Attenuation of
c T = unirradiated <5
« Strong wavelength dependence 2 0l ?? fibre %
. b= = . g -
(greener is better) N s =g
* Annealing over time with air RS ;,;;*”.?4": .
exposure observed £ L z 2 *”’i/ 3 s2
T r : 529
- Difficult to study equivalentdose "' é;é% Z E
rate effects as in experiment s > 25O
. . 1 0_2 - / T %
Ev.ldence? of oxygen.effects o = R. Ekelhof, PhD. Thesis <
» Slight aging even without radiation - (TU Dortmund)
(~1% loss in attenuation 10° =l ol ol ol
length/year) 10 10 1 10 dose [kGy]
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lonising Radiation Damage (Fibres)

Dose profile of the most irradiated fibre. Irradiated at
IRRAD (CERN PS)

£
2
> = 10°
9, July 2016 Qctober 2015
> & Expected dose Expected dose
35 kGy pea k = i W = Measured dose - Na22 e Measured dose - Na22
th 10t Sa N EEE R Fit to measured dose || ----- Fit to measured dose
neartine - Fit +/- 1o Fit +/- 1o
beampipe -
T e R L L TrT L
o R R E ey S o 8% L.
300 -
X /cm - ¢
. . 5 . . - . P I 1 1 1 L | 1 L 1 1 | il 1 1 L | I 1
Figure 43: Map of the total expected ionising dose in kGy for an integrated luminosity of 50 fb~* 0 50 100 150 00

at the T1 station of the SciFi Tracker from FLUKA simulations of the LHCb detector.

2
Position along the module [cm]

[from Master’s Thesis David Mueller, Uni Heidelberg.]

" e L L L S !
.E.-' N . . . ;rradiated rt
5 F . |Lightyield along the fibre ||z
5 F? i —
¥ o it : Annealing with a time constant of
E 5 TR e at the mirror with LHCb dose
C Yo e, distribution.
- 5 : : We will measure this again directly in the LS3
N 1% 05 250 shutdown (2026-2028).
[from Master’s Thesis David Mueller] Distance to SiPM [em]
29-Sep-24 Blake Leverington — LHCb SciF Tracker for EIC 9
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1MeV neutron Eq. fluence/cm2 for S0fb-1 (100mb)

400 | B
. - 5iPM location 240
« Non-lonising Energy Loss (NIEL) causes damage to the silicon | e |6y e
structure _ Fluka
» Allows thermal excitations to cross the bandgap more easily § of 18 =2 simulation
(dark avalanches!) oo L |
* Cooling helps reduce the effect tes11
* Borated polyethylene shielding (2x reduction) before the IR = s |
ECAL ; L | | 1 L 1 L o+ @2
BI:N:I-ni.lll-!} -300 -200 -100 o] 100 200 300 400 e § E%‘
* 1 photoelectron uncorrelated signals Ko —
* Pixel-cross talk produces 7% 2p.e.Signal, 0.49% 3 p.e. Irradlated SiPM
signals, etc... T10°E ( )
+ Eventual overlap at high rates. s B ose Z:g:”j”"
« Annealing (~30% recovery) § | —o— Dose = 12+10" nyor] . 3
— — —— DeXT 102 // / g @ -U
%‘ ]2:—------ E_ Nnoi pak:5 2 i ch I
8 F e as O
S | S — =3 O
I ; [ab]
0‘8;_ i '.I.;.hl.'é.sl.mlds used 10 / '/ = F_E.-
00 ER IR N 0 FE— R | DIXT=1.17 o
- : {| DeXT=085 v e
0.4 Wikl [ R 1| AR 025
ol o T '60 50 40 30 20 10 O lr;%gelr;tlaroé[;(;]
_0‘2_.{ e s e e o ._xlo—é
0 0.l05 0.[1 [).|15 .
Ti — . .
edl SciFi Operation Point = -40°C
Pulse waveform classified as delayed cross-talk with additional . .
secondary pulses recorded at high AV (H2017 atAvV=8.0V) 9 DCR = 14 MHZ Of Slngle p-e- noise at EOL w::
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The SciFi Tracker

5 metres
Fibres = 0.4% XO
Other =0.6% XO
Total = 1% XO per layer 1l

Nomex honeycomb and
carbon fibre panels

12 layers
6 metres 4

&
2
g
>
S
>

Cold-box

fibre mats

4

Hole for
beampipe

A-side C-side

Tl

Front and side views of the 3D model of the SciFi Tracker detector.
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The LHCb Production Winding Machin

e

Custom grooved winding
wheels (2.5m mats)

Pins inset in the wheel to
create alignment pins

Tension control and jump
detection

qOHTdSd &F/ 1|

4 production machines
produced producing ~ 1
mat per day for 1.5 years

g)

98ET LI3S
LANMMNZ
943873013H
LY1ISHIAIND
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LHCb Fibre mats

O &

Black Kapton gg a
foil added for 280
handling and SE E
shielding e

2o

Fibre mat removal from the winding wheel in Aachen
Polycarbonate

endpieces for
optical milling
and alignment of
sipms
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Optical Ends

Jana
I ¥

C

« Diamond head milling (no polishing) 3

2870

CE-r—

28T

as O

* Remove the excess =2 O
lued at the Y=0 end >

 3M ESR foil mirror

- E53 - “:_'N
23-May-2023 Blake Leverington — LHCb 14
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Module Production

5m template for
alignment of Nomex-honeycomb (self-extinguishing): 32 kg/m3
components Single-sided composite panel

Top Composite panel mechanics |

UOA BUNYOSIOLIT

QOH1dSA4

Bottom Composite panel

NI C
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Cold-Boxes

The SiPMs need to be cooled to -40C to keep increased dark noise from radiation to an acceptable level.

Vacuume-insulated

CODRCR SiTE Kapton flex-PCB

~ | Cold-bar

EENE
I .SLI-'h

C
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=)n
o
i8 O
55
cf-QI
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[ab}
=
(g0}
=
48]

I - ‘. :
" SiPMia sulation

" — Metal heat spreader
' Titanium cold-bar

Flex-pcb
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SciFi Module Production Model
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Electronics

X2 per

module end

23-May-2023

ff 4096 data links

256 ROBs (20-24 per C-Frame) i1 512 control links

-~

-

» 512 Low Voltage lines
» 8192 High Voltage lines
» 8704 Voltage sensors

» 20992 Temperature
sensors

» 4608 FPGAs to be
programmed

2048 Cluster Boards
» 2048 Cluster SCAs
» 4096 Cluster FPGAs

» 4096 Data lines 2048 PACIFIC Boards

Blake Leverington — LHCb

» 24576 Clock phases to
be tuned

» 8192 PACIFIC ASICs

Y 4096 SiIPM arrays
512 HalfROBs » 524288 channels
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READOUT ASIC: the PACIFIC

* Fast (10ns) shaping to reduce spill over

* Double integrators to avoid dead time

* Alternates BX

EENE

I s

* |Integrate signal charge over the crossing

- 2-bits /channel from 3 hysteresis comparators T e — S ———————

L 11000 paints) |
| Coupling | Termination Invert eandwridth e Type Source Coupling Siope |[ T aver Mode P ——
. r— |59 @@ | S| on 250MHe | 3 Label \ More [Taoet 2017 ‘ Ehe ) i lz‘.,___ Sl ramv Auto 150c 2017
* Optimal thresholds are (1.5,2.5,4.5) p.e. for SciFi ; aEe i) lmens O
(a) Pre-amplifier (b) Shaper
som
Toun = = : 1 JTrig'd PACIFICrS Threshold Scan with light g éh m
, T ‘ - - O o
tluﬂmvldiv o 7 ¢ —.—\\\ ::ﬂg:‘]‘ :2231 1 (-_‘n g U
! / PR ”fﬂL?fM [ r_
o \ il | 35
PACIFICr5S | = ok =8 T
L ih=1850] o = 1.
+HY channel 3 Memams imesz] e = | =S P
\\ TR %3 - 0
% H H g 2
PrT— §os b Ed £ @
Integrator T&H |Digitization 3 £
48]
==t
| i @:I M 2b @ 40 MHz . g
Jo L. e
" g *-.f
T P S P Y
R T voans: | Tovs acbiis) | S MY ) 50 100 150 200 250
HEEDy Tt 1 S — ey
(c) Track and Hold (d) Threshold scan digitized output
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Clustering on FPGA

* Separate signal and noise A « clustered channels
_ _ _ (a) o a large cluster fragment
* Zero-suppression (2x bandwidth reduction)
* Cluster bandwidth is limited to DAQ (10 per data link, 2 5%
16 per link for nearest to beampipe) E —
g .
« Some-what radiation tolerant IGLOO2 FPGA "B O
provides the clusterization algorithm s a
~— - - Tt (==C C<D g
* Loses programmability early (but still works) SiPM Channels el I'E
ST
\ J | 1 \_Y_) 25 O
» also prepares the data for the backend ! ! z
. 20 Th/s to the backend (4096 data links) Good clusters  Large/Split Rejected ®

e ~40% of LHCb data links

EI:
m=
o=
Smm
=]
qmﬂ
23
o=

9EET 1138
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Testbeam with final electronics and production modules

(July 2018)

T .

"% '-“,5 o s
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240 L DL L B B
220F h_resEff_die
200F R
1 80 ;_ S:d Dev 0.0194 _:
160 e 3
140 :_ m “2775£0004
120 ;_ 0.1635 £ 0.0033 _;
100F =
80F 3
60F 3
40 =
20F E
ob—el 1. | T
0 0.05 0.1 0.15 0.2

residual,;; / mm

dlls v J 99% hit eff. on die,
- e R : : : .
S = | \ 70 micron hit resolution
| ~» FEERANEY, gy N
Telescope track position / mm
One SiPM residual:track_y {tag_activeCD==1&&tag_noDeadCh==1&&track_y>0}

2 — . :" . ) -'—' -

15 z— \ . 4. 220pm inter-die gap ; 480um SiPM gap "

B .. .
0.5 ; B N

. i— :"23"1 - 107
-0.5 E— ""'F"-'

B 10

e ’-
_2:5 - |

35

- Telescope track position / mm
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The Assembly Hall @ Point 8

X4
Assembly
Stations

¥
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Staged parallel
production
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O &

Modules with Cold-boxes mounted
on the C-frame.

Water lines are checked for leaks,
dry gas lines for correct flows.
Vacuum and SiPM cooling lines
checked for leaks.
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Electronics and Fibres.
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Every fibre and front-end is inspected before and after installation in the assembly hall.
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2019 - 2022

1 prototype + 12 C-Frames

A completed c-frame with 12
modules, and Front-end
electronics and optical fibres
installed.

O &

The functionality of all systems

have been checked and had an 3
initial calibration. 80
28T
250
O
Participating institutes: g

BORATOIRE
lllM (llh.iul(l\

I(I’fl.

ECOLE POLYTECHNIQUIE
FEDERALE DE LAUSANNI
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Paella after completing the first C-frame
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Connecting
cooling lines.

O) |«

Vacuum bellow
with a pin-hole.
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Testing installation of the Inspecting and

Preparing Front-end electronlcs mechanics. ?'Saning optical
ibres
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Condensation (Prevention System)
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Transportation of C-Frames from the Assembly Hall to the Cavern (July 2021)
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Cables and Chains (2020-2022)
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A lot of work underground in parallel to the above Connecting all the cables, pipes, and fibres in the correct order.
ground assembly.
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Habemus detector (April
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An aligned and closed SciFi Tracker.
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LHC clock 40.07897 MHz
ERN
i
A

5ns delay per

S w2 metre of optical
25ns 2374b 2367 1704 1862 23601 13in] hybr N7 :
\3) fibre

ATLAS CMS ALICE LHCh
2362 2362 1704 1662
Beam1 Beam 2

\

2374
5

Bunches 2374
4

Non colliding

Injections 13 13

RF Full Detuning phase/delay info

1 orbit = 3564 steps of 24.951 ns (11.2455 kHz)

Optical fibres (some with different lengths... but~300 m in
total) carry the clock signals from the SOL40s in the data
centre down to SciFi.

Data centre PM8S5 shaft

,.,, PZ85
shaft

LHCb
cavern

Different detectors need to stamp each collision with the s,

same BX number.
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FPGA Firmware
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First collisions seen in SciFi June 29t 2022

* 450 GeV beams, Quarters O & 2 only
* Random trigger (sample every BX)

» Offset of 849 BX observed wrt LHC filling scheme (easy correction to apply)

NZS digit Quarter vs SiPMNumber
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Fine-time scan (end of Aug. 2022)

quarter_2
x10°
Q —
- 1400— « Each colour is half of one front-end
» L * Shape related to occupancy in each
& 1= module and secondaries £ 3
- - . .
O - » Different times related to control —
1 .
L fibre length, clock O
800 |— com
- =2
I 280
600 — 55 -
L 25O
= =2 O
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200{—
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Threshold Optimisation / Light Injection Sys.

S o e * Optimizes noise and signal separation (efficiency)

N S Y . Y]
S = 553; | = 3;“:.2 « 3thresholdsin each of 512k channels = 1.5 Million to set
HO HA1 * Need to collect the data (countersin the FPGA), and apply
| ° . . - . .
_“ Control lnk 0 Controf link 1 Some firmware issues to debug & clock optimization
: . 2
CED .,.O e CBE : /6/5® % 5%
A T e e e e T e Light injection bar 0’00, —
<
bar bar (4
mat 0 mat 1 mat 2 mat 3

C

Data
Fit

Ratio

1 Cooling bar
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Candidates per (1.80 MeV/c?)

2022 Results

First mass peak observed October 26, 2022
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- LHCbRun3 ¢ Data -
300 5_ VeLO open — Fit .
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200EF 00 Pl Comb. bkg.
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Tracker Performance 2022/2023

Single Hit Resolution

——
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Efficiency (%)

2024

* All detectors are running well

* Achieved nominal and stable running since
TS1inJune

LHCC Sept Open Session:
https://indico.cern.ch/event/1444045/#143-lhcb-status-report

Integrated Recorded Luminosity (fo™)

Mar May

LHCb Cumulative Efficiency in 2024

100 ene——

LHCb Average Instantaneous Lumi in p-p in 2024
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LHCC Open Session
LHCb status report

11t September 2024

— 2024 (13.6 TeV): 7.24 fb™
— 2023 (13.6 TeV): 0.37 fo '

— 2018
— 2017
-— 2016
— 2012
— 2011

2022 (13.6 TeV): 0.82 fb '
13 TeV): 2.191b "
13 TeV): 1.81 b
13 TeV): 1.67 b
8 TeV): 2.08 b

7 TeV): 1.11 1™
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Month of the year

LHCb Integrated Luminaosity in p-p in 2024

Delivered Lumi: 9.56 fb™' (6.8 TeV)
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https://indico.cern.ch/event/1444045/#143-lhcb-status-report

2024 data analysis

S ——

Partial datasets:

| The analysis of the large 2024 data sample is already ongoing.
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Upgrade 2

Side View

Magnet & .
Magnet Stations TORCH PicoCal

Mighty _ RICH2
. Tracker |[=——=

PRI o

LHCb Upgrade I

Scoping document submitted to the LHCC in
September to outline the planned installation
scenarios and detectors in LS4 (2033-2034)

23-May-2023 Blake Leverington — LHCb

Levelled Luminosity

— 1.5 % 10%em 57!

IS

— 1.3 % 10%em ™5
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Peak luminosity (10** Hz/cm?)
2 =

) Upgrade 1

o
t

0 1 2 3 4
Time (h)

Peak Luminosity 2 1033 - 10-15 1033
Visible collisions 5 2 25-35
Collect another 200-300 fbt

* Higher radiation requirements

Add timing to VELO pixels and PID to match
hits to tracks

Trackers add pixels in high occupancy regions
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The Mighty Tracker in the Scoping Doc.

Mighty-SciFi: scintillating fibres for the majority of the area
Mighty-Pixel: a high-granularity silicon (DMAPS) pixel detector around the beampipe

e

e T _._T.._ e MAE———

Jana
I ¥

C

sTm
TR
1 ; - g
A S2r-
§§ %;-3 28T
J 1 as O
=2 O

&

2

UNTEC
mcmz
~Zto=
w=mm
[
o 4@
i
2
o=

28-Sep-24 Blake Leverington — LHCb 46



DCR [MHz]

Quenching resistor and recovery time
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H2024 SiPMs with TSV
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New Cold-boxes

Assume LN2 as the baseline. Maybe 2-phase Krypton or Argon?

3D-printed frame to press heat
spreader against fibre mat,
bolted to cold box bottom

R B4

YJH | ddSd

Storage
vessel

Staggered modules to remove gaps and
improve geometric coverage/

Test-boxes in development in Aachen and EPFL
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e

The Scintillating Fibre Beam Profile Monitor
for lon Therapy Beams

Liging Qin, Blake Leverington, Michael Dziewiecki*
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DFG Deutsche
Forschungsgemeinschaft
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Beam monitor for raster-scanning

——————— Parameter  Steps Protons Carbon
Energy 255 48 - 221 MeV/u 88 - 430 MeV/u
Penetratbon 255 20-300 mm 20 - 300 mm
Intensi Focus Intensity 9 8% 107 —2x10% ! 2x10° —8 % 107s !
Beam Size 4 8 =20 mm 4-12mm

'S

EENE
I .uiu

Position

Sketch for beam profile.

C

som
zc N
260
— S5
Prompt feedback of the beam position e &
* Interlocks for patient safety =2 O
* Feedback loops for position correction =

* Replacement of the MWPCs currently used requires
e >410 8 kHz readout
— e Light (<0.3mm Water Eq. per plane)
2023 engineering prototype e 0.2 (0.4) mm position (FWHM) resolution
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2-layer glueless* mats

*Glueless in the acceptance but glued at the ends

e

@.220 C 0.325 mm pitch
. ore
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material thickness
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L L Green SCSF-3HF from
Kuraray

to be more “radiation
hard”
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Winding on the LHCb Machine

il

BMBF

D

FSP LHCD
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Photodiode arrays

Hamamatsu S11865-64
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Signals
221 MeV Proton Beam at the iso-centre

% 1600 — —a— Original Data 1
3 = —«— Calibrated Data ~ 500 | , 80
= 1400{— uncali P44.724 F8.218 g ©
SR cali P44.723 F8.330 Z, 450¢ !350 ? 1208 3B
£ v ©2 400 -300 et
10003— 388: 250 200
- E 4
500 :_ 250 ;_ —200 320@
- 200& 150 5 i
600 — 150F 100 =08; g*‘ 3
ool 100E © e
- 50F 600% A=
200 — 0F ' ! e
= 30 80015 O
oE : 8 SO
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0 20 20 60 80 . 100 5
OSItlonfmm ° 2000

Original signal vs. calibrated signal for detection plane 3. Proton 221.06 MeV 8.1 mm 2 - 10%s

At the vacuum window, the beam is ~2mm FWHM
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Uniform Field Scan

2.HAS_CLUSTER}

1.HAS CLUSTER&&FPGArecon

*0.05 {FPGArecon

ion

FPGArecon_2.Pos

FPGArecon_1.Position*0.05

%_ FSP LHCD

Erforschung von
BMBF Universum und Materie

2342505
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Vertical position [mm]

Uniform Field Scan*

*MWPC Position Feedback-loop enabled in this data

MWPC assumes a gaussian shape (pos, width). Fibre = amp(X,) *amp(Y;) from raw per channel data.

MachineBeamRecord_TCU2_20240920225308.xml_mwpc.tiff MachineBeamRecord_TCU1_20240920225308.xmi_my MachineBeamRecord_TCU3_20240920225308.xml_mwpc.tiff

Flatness = + 9.3% Flatness = = 6.8% E Flatness = + 3.3%
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BPM Performance

e

RMS is currently performed directly on the FPGA (PhD work of Liging Qin)

“Focus” = FWHM
— 02— — 0.6
E — Linear Regression E — Linear Regression
= RMS = RMS
0. 15+ — Fitting - Rl — Fitting 250
= | = 04f : —
E 0.1F - g T O
= N =
o - - Sou. cm
% - % 02 _— N Eg%
© 0.05F “=. - O e 25 O
= i n e e e T
S SRaes = RIS 225
:E 0 .ll T SR R R 8 0 L | g | , %
Z 20 40 60 80 100 o3 20 40 60 80 100 ®
a¥ Snr Snr

Here, the width of the residual / sqrt(2) between two neighbouring stations is taken for the resolution.
Position resolution should be betterthan 0.2mm
Focus resolution should be betterthan 0.4mm
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What about radiation damage? %

* Most of the beam dose in the fibre is from operations (1.5 MGy/a) and
not therapy (7 kGy/a). QA is only 10%. Change of procedure?

* Weekly QA done already for MWPC.

* Plan to exchange the mats regularly (6-12 months). £
board1
1¢° ST M
g F =)
T 28 O
§ 16 3.§ ()]
185 < § O
Line scan from mat put in the beam dump Area scan from mat put in the beam dump %
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Summary

e

EENE

* The SciFi Tracker for Upgrade has been commissioned and is operating well.

C

* The second upgrade of LHCD is in the development stages, with cryo-cooling planned to enable the SciFi
tracker to operate in higher radiation regimes.

uoA Bunyoslioli]

qOH1dS4

* The beam profile monitor is currently being considered to replace the MWPCs at HIT.
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Photon distribution
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Sub-25ns Time Alignment

arrival time of all photons vs distance from SiP
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Sub-25ns Time Alignment

arrival time of all photons vs distance from SiP
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