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Hadron Superconducting
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Transverse slice with Muon chambers

through CMS

Iracking & Iriggering

Devices and Front End to measure and reconstruct the trajectories of charged particles or searching
for interesting events (or removing background events)



TRIGGER or TRIGGERLESS ?
The LHCb Muon Detector
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LHCDb - 2010: start data taking

LHCB Detector LHCB Physic Program

*  Wight: 5600 tons *  (high precision) measure of CPviolating processes— =
* Height: 10 m * Raredecaysint
* Length:20 m o N Ep——

VERTEX
LOCATOR

TRACKER (TT

TRAEKING STATIONS

DIPOLE 0T.0T)

MUON SYSTEM: Selection of high Py muons at trigger level and offline muon identification
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The LHCb Muon Detector

Selection of high PT muons at trigger level and offline muon identification

N\ e /.22
M » 5stations M1-M5 each equipped with 276 multi-
wire proportional chambers
e Inner part of M1 equipped with GEM detectors

REQUIREMENTS

* A muon trigger in LHCb requires a hit in 5 muon
stations within a 25 ns time window

* > 99% detection efficiency for each station in a 20
ns time window

| Readout type Region * <3.5nsrmstime resolution for each bi-gap
MWPC f Ll
Mixed wire-cathode pads | R1-R2 in M2-M3 ’ -

Cathode pads everywhere else TR / G G ER
GEM e LO (first Level) implemented in hardware with 4 us
Anode pads MIR1

latency

G.Felici Tracking and Triggering 4



LHCb Muon Detector - On Detector Electronics

FUNCIONS
a;’g{ie;; ’ 12C
CARIOCA DIALOG CARIOCA
LVDS LVDS
o el PN o
analog IN (8ch) . .(Sd.)) : analog IN
(8ch) h injection m’l(el(::ttlx()m (8ch)
1. (1ch) l f =
= ] . 2as: £ H
polarity switch LVDS OUT (8 ch) polarity switch Polyurethane foam ; Gold plated pad
o Shielding / Safety GND Gold plated wire
CARIOCA DIALOG
* 8channels e 16input channels - 8 output channels
*  Pseudo-differential inputs e 16 programmable delays @ 1 ns step for detectors time
* LVDS output signals alignment
*  Positive/Negative input signals  Combine the 16 input to produce trigger information
e 14mV/fC @ 0 pF — 7.8mV/fC @220 pF *  DAC thresholds
* = 2000 pF +42e/pF (positive/negative slightly different) *  Monitor channels rates

* 200 fCdynamic range

* =10 ns peaking time

* =50nsaverage pulse width
* =500hm inputimpedence Cp = 30 + 230 pF
* =1 us baseline restorer response time

G.Felici Tracking and Triggering 5



LHCb Muon Detector - Off Detector Electronics

CARIOCA CARIOCA CARIOCA CARIOCA oo CARIOCA

The muon off detector electronics

T_\L J«_T J/j 125k Physical Channels
Physical chs (1/2 chamber) - 48x2
FE board LVDS outputs (1/2 chamber) > 48 IB system Logical H chs ¢1T5) > 4
°) i ooo
Trigger Sector
/2 Chamber i
| 42k LVDS Channels I t\
i ! 1B SB PDM
/2 Chamber i+1 TR LR L L R - Intermediate Service Pulse
> Boards Boards Distribution
Logical V chs (1T5) > 24 (S Module
9 LR ' S Logical Front-end
% channels controls
= Generation ECS nodes 1TTCrx
|DI:J:1CI Sector — 7 ¢ = : * 2
o Trigger & 26k Logical Channels ECS via
/4 Chamber | J 2 :
a ] Off Detector Electronic boards L TTCoxTor LO ~1000 links S
[~ BT § L - NZS @ 40 MHZ
= | s BX Synchronization TFC TLO. (1)
' ODE System Z  FineTime measurement - { ODIN |- aeey
@ ﬂ A & _ Lobuffers, I°C node 1GoL 1260L Sk
i g < - .
SELF 5, E ' 3, Trigger& DAQ interfaces to DAQ to LO DAQ 152 links 3 e
’ NZS @ LO rate '

ODE SYSTEM

* Sync data with the master LHCb clock

* Group data in Trigger Unit

» Serialize and sent data (GOL) to the LO muon trigger @40 MHz

e Measure hit arrival time (with respect ti the BC) @1.5 ns
resolution (4 bits TDC)

e Sentdatato TELLI in case of trigger (@ 1MHz)

TDC information required to synchronize
® all redout channels (time resolution of the
muon system)

G.Felici Tracking and Triggering 6



The LHCb Trigger [2010] - Hardware Trigger

2010-2012 2013 2015-2018 2019 2022-2024 2025 2028-2020 2031 2032-2034 2035 2036

2014 2021 2027
RUN1 LS1 RUN2 LS2 RUN3 LS3 RUN4 | LS4 RUNS5 LS5 RUNG

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate TWO STAGE SYSTEM
. N * L[O(level O trigger) implemented in hardware
:Zaﬂf,fﬂj".:;ehg'?gf rsi'gf,::srzes * HLT ( high level trigger) implemented in software
45(')|kl'lz 40(;kl'lz
= H/pp
: LO TRIGGER
! ‘Software High Level Trigger ; * Rate reduction from ~ 13 MHz to 1 MHz
[ ooy recontrcton eecr, | HiT1  ° 448 latency
: : * Based on Muon System & Calorimeter information
A D0l * Select events with both high Py muons or or large

transverse energy deposits in calorimeter

Full offline-like event selection, mixture
of inclusive and exclusive triggers H LT2

9. 9 9
12.5 kHz (0.6 GB/s) to storage

G.Felici Tracking and Triggering 7



LHCb Muon Detector —Why the Upgrade !

8mUOI’l

4x1032 cm2st

LHCb MAXIMUM ACQUISITION RATE

~ d .
'gz,s ~ W i * LO hardware trigger based on Er and muon Pt
2,04 ” | L0 max readout rate = 1.1 MHz
~ v [ |
o O DK ! Hadronic

1.5 | . I
2 channel ‘
5 1 F | .
S F ! saturation
.5 F i UPGRADE TO A FULL SW TRIGGER
" 0 bl Ll (full event reconstruction)

1 3 4 5
Luminosity (x10%)
MUON DETECTION INEFFICIENCY due to DEAD TIME MUON DETECTOR
2009-2013 FUTURE RUNs EXTRAPOLATION o o

Ro=20 MHz L=4x10%2cm™2s™ Vs=8 TeV Ro=40 MHz L=2x10% cm2s™ (s=14 TeV Dead time is a limiting factor

for MWPC belonging to M1 and
M2 internal regions

3

M2R2 cat.

(@) (b)

0.98 0.9

M2R2 cat.

0.96 0.8

g ,
0.94 V2R pat @ o7 * Remove M1 station
M2R1 an. ort b * Shielding

%92 " M1Ra an. | 08 S an SM2R1an. L MiR2 cat * Increase the granularity

- M1R3 cat. M1R2 cat. "M1R4 a”-\\MRS cat ) i
N T R I o5l N\mseat 1™ removing the logical channels

0 0.04 0.08 0.12 0.16 0 0.4 0.8 1.2 1.6

Rpart (MHz/cm?) Rpart (MHz/cm?2)

G.Felici Tracking and Triggering 8



LHCb Muon Detector — RUN |- RUN4 Readout

Front End
FE readout electronics (RUN1-RUN2): Quadri-Gap  Bi-Gap '
. Gap-A m—— , :
* phisical OR of 2 gaps Gap-B m—— —I—m
* Further Logica OR of the bi-gaps Gap-C  me— : ODE :
Gap-D
o Luminosity: 1x10?7 + 2x107 P L:—m

2010-2018 = L= 10 b’
Front End Remove LC

FE readout electronics (RUN3 — RUN4 ): Quadri-Gap Bi-Gap

o Gap-A me—— I I
* phisical OR of 2 gaps Gap-B —— I—m I—m
* Further Logica OR of the bi-gaps Gap-C me— : :

: . Gap-D m———
» Triggerless operation

e Luminosity: 2x1073

2022-2030 > - Lin~ 50 fb-’

RUNS - RUNG

G.Felici Tracking and Triggering



LHCb Muon Detector — The Phase | Upgrade

2013 2019 2025
2010-2012 2014 2015-2018 2021 2022-2024 2027 2028-2030 2031 2032-2034 2035 2036

RUN1 LS1 RUN2 LS2 RUN3 LS3 RUN4 LS4 RUNS5 LS5 RUNG®G6
Z~2x103 sec! cm2

30 MHz inelastic event rate

(full rate event building) READOUT OF ALL PHYSICAL CHANNELS

:Software High Level Trigger

2 hit links

Full event reconstruction, inclusive and simplex

exclusive kinematic/geometric selections

L

Buffer events to disk, perform online

Y e

270C links

simplex '

G ARERE

detector calibration and alignment

Clock management

0,
0 . » : adjust driver

Add offline precision particle identification
and track quality information to selections Power up || DC/DC Voltage
Bitay Bit0

Output full event information for inclusive
triggers, trigger candidates and related
primary vertices for exclusive triggers

9 9 P 3
2-5 GB/s to storage

=0 == J
£
B
E
BB
L
H
®

Frame (Header + Hit Map + TDC Data Zero Suppressed) transmitted
to the GBT @ 320 Mbits/s

TRIGGERLESS OPERATION

G.Felici Tracking and Triggering 10



LHCb Muon Detector — The Phase Il Upgrade

2013 2019 2025
2010-2012 2015-2018 2022-2024 2028-2030 2031 2032-2034 2035 2036
2014 2021 2027
Y LS2 RUN4 1S4 RUNS LS5
=S T A S 1 O A
iN’ 10* — Run 70276 L ~ 1 x 107 Run 79884 L ~ 2 x 10°!
3 ——— —— Run 70686 L ~ 5 x 107 —*—— Run 79949 L ~ 4 x 10*'
5 C —— ——— Run72331L~8x10%* —— Run 80396 L ~ 7 x 10"’
10° E o : —— Run75411L~1x10% Run 81350 L ~ 1.5 x 10%
s E —— Run78329L ~6x10% ——— Run 81811 (50 ns) L ~ 2 x 10*'
- L
10° &
10 TE A RUNS FORESEEN RATE: Stations 2&3 Regions 1&2
Mig MigsMig Mg Mop Mg Mo Mg Mip Mip Mip Mg Map Map Map Map Msp Msp Msp Msp, gap P (kHZ cm2) 1 gap (KHZ)
M2R1 12 896 29,63 998,3 835,5
M2R2 24 896 59,26 97,5 163,2
M3R1 12 896 34,67 574,8 562,7
M3R2 24 896 69,34 71,5 139,8
M4R1 12 896 40,10 211,3 239,2
M4R2 24 896 80,20 30,2 68,2
M5R1 12 896 45,93 178,8 231,7
M5R2 24 896 91,86 19,9 51,5

* Use new detector technologies
RUNS 2> £~1.5x10% sec’ cm= * New Front-End design to manage the higher luminosity
* Full software trigger and all detectors readout @ 40 MHz

G.Felici Tracking and Triggering 11



LHCb Muon Detector — RUNDS: Rl & R2 Detector Upgrade

2013 2019 2025
2010-2012 70 2015-2018 O o0 2022-2024  .C 2028-2030 2031 2032-2034 2035 2036
RUN1 LS1 RUN2 [S2 RUN3 LS3 RUN4 1S4 RUNS5 LS5 RUNG

Top Cu Dead area

g DLC OPTION FOR M2-M5 INTERNAL REGIONS

R-WELL SILVER GRID LAYOUT

conductive grid deposited on the DLC
layer used to evacuate currents

% =m:SG1 +1: SG2
(0] =n:DLR o 7*: SG1
41+ SG2 *n*: SG2++
10t ] """ '|.1:*:DLR
103 : i
R-WELLChambers—4gasz g .
4 500 550 600 650 700 O 1 10 10
HV (V) Flux (MHz/cm?)

G.Bencivenni et al. - The u-RWELL for high rate application - International conference on Instrumentation for Colliding Beam Physics - Novosibirsk, Russia
G.Felici Tracking and Triggering 12



LHCb Muon Detector - RUN 5: Readout Electronics Upgrade

Front End
Quadri-Gap'Bi-Gap

RUNS - RUNG | £ 12x10% A — ’; :
2032-2040 Lin~ 300 fo! Gap-C m—— - '
Gap-D m— ’ |

TRIGGERLESS OPERATION THROUGHPUT DOMINATED BY UNCORRELATED HITS

Example

* frame: 5 bits (timing) + 32 bits (bc counter/chip id/error correction etc)
* 64 chs asic

* ASIC Throughput =~ 840 kHz pad rate x (5x64 + 32) bits ~ 300 Mbps -~ 200 Gbps !!!!
* M2R1 chamber requires 56 asic @ 64 chs
* R1is made of 12 chambers

2

REMOVE BACKGROUND

G.Felici Tracking and Triggering 13



LHCb Muon Detector - RUN 5: Readout Electronics Upgrade

. . hitON UL99%
Region #cmb/region Occupancy ASIC-64/cmb Nch/ASIC 16 tetra-gaps 16 tetra-gaps
M2R1 12 0,0048 56 64 0,08 1
M2R2 24 0,0013 56 64 0,02 1
M3R1 12 0,0033 56 64 0,05 1 : :
Inner  M3R2 24 0,0011 56 64 0,02 1 Occu pancy estimation
Region M4R1 12 0,0018 56 64 0,03 1 : , o : .
VI4R2 i 0,0007 o e \o1 ) * hitON: prob. majority validate a hit
M5R1 12 0,0018 56 64 0,03 1 R o/ . : 0
s " 6. okos % . 001 . UL99%:prob. (Max(NhitON)>UL) < 1%
M2R3 72 0,0181 12 32 0,14 1
M2R3 new 40 0,0171 24 32 0,14 1
M2R4 128 0,0170 3 16 0,07 1
Outer M3R3 48 0,0180 12 32 0,14 1 Max hitON ~ 15%
Region M3R4 192 0,0108 3 16 0,04 1
€B10N  \aRr3 48 0,0127 6 32 0,10 1 Max UL99% = 1
M4R4 192 0,0037 3 16 0,01 1
M5R3 48 0,0154 6 32 0,12 1
M5R4 192 0,0075 3 32 0,06 1
oo [ —
TDC
Gaps (SR
ACQUIRE THE SINGLE GAP AND P MAJ%RITY RO
USE MAJORITY LOGIC Gapc N—— " Ocic
cepo [ —

G.Felici Tracking and Triggering 14



L HCb Muon Detector - CONCLUSIONS

Data Frame (example)

Fixed BXID count 4 bit
Header Field BXID Wrap Around 1 bit
8 bits No Data 1 bit
Length 2 bit
Variable Time 4 bit
Data Field  Address 4 bit
16 bits Majority Map 4 bit
Spares 4 bit

64 chs ASIC

BW i = 40 MHz x (8 bit + [hitON x 16]) = 416 Mbps

\ 2
Up to 14 FE chip per Data IpGBTx @ 640 Mbps

Although LHCb detector will be operated in triggerless mode a local trigger at FEE level can be

ASD-1 MAJORITY
GapA
g TDC-1
-
AN
ASD-4 s
GapD <
Pad 1 TDC-4 >
Validate
Pad1 -Gap 1:4 "
ASD-1 MAJORITY
GapA
Pad 64 e
>
2
ASD-4 £
GapD <
Pad 64 TDC-4 >
Validate =

Pad 16 - Gap 1:4

considered as a measure to reduce the overall system throughput.

» BACKGROUND RATE MUST BE CAREFULLY EVALUATED

IN DATA-PUSHING ARCHITECTURE SYSTEM

G.Felici Tracking and Triggering
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BACK-END
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TRACKING: The KLOE-2 C-GEM IT
[A Binary Readout Detector]

Tracking and Triggering



The KLOE 2 IT [2012]: the Detector

OBJECTIVES * 3/2/2/2 70 cm active length 7§ ) —

* Extend the KLOE program on kaon physics * 650 um XV pitch strip RO The required vertex detector
* Test of fundamental symmetries e 725 kchs GASTONE FEE perfc.armances.are: 300 pm

*  Quantum interferometry e 1600 HV chs spatial resolution on the

transverse plane and 500 um

* triple GEM layout
b Y along the beam line

e Ar/lso: 90/10 gas mixture

.C.|COIL

* 12000 gas gain
* 2% X, material budget

C-GEM working conditions

kV/cm \Y
Drift | T1 [ T2 | IND G1 G2 G3
1.5 3 3 6 280 280 270

G.Felici Tracking and Triggering |7



The KLOE 2 IT [2012]: the READOUT

TG, R T

AT Lo N S AT BT S
A pitch 600pM
e - s .\ %

-

X strip V st

N channels 64
Chip dimensions 4.5 x 4.5 mm?
Input impedance 120Q

16 mV/fC (Cger=100 pF)
90 ns (Cger=100 pF)

Charge sensitivity
Peaking time

Crosstalk <3%

ENC 800 e"+40 e /pF

Power consumption ~6 mW/ch

Readout Serial LVDS (100 Mbps)

A

75 mm

2%

G.Felici

v

) X strip V str

p X stripV strip X strip

common V backplane °

Output Frame

Header 10 bit
Trigger Number 5 bit
Chip ID 9 bit
Data 64 bit
Ending frame 8 bit

Kapton-Copper multilayer flexible circuit

X-wiew: longitudinal strips (250 4m - 100 pF)
V-wiev: connection of pads through conductive
vias and a common backplane (1 - 200 pF)

-

Tracking and Triggering

latenc
\ Y

\

GASTONE
(Gem amplifier Shaper Tracking ON Events)
Analog
Pre  Shap Comp/Mon Levl
In1 _.’_’_’_ . Readout
Ck (RO) Signals
C Data
M 0 .
A N . OR
S I } "
K R Data out
(8]
Pre  Shap Comp/Mon k Data in
Slow
In 64 —»—’—-’— . Control
Ck (SC)
Reset

200 ns + 1 us output monostable to take into account L1

)




The KLOE 2 IT [2012]: HV FILTER NETWORK ON GEM3

* Correlated Noise observed on the CGEM

* The effect was explained with a capacitive coupling between G3 bottom and the readout
plane. A large charge deposit on G3 bottom can induce signals on all the strips/pads
facing the HV usector then generating Large Hits Multiplicity Events.

* The effect can be strongly reduced by means an RC circuit (LHCb experience) between G3

bottom and the readout plane reference ground plane.  [Bcstudies with c=2.2 nF |
—~ 90 -
X E ]
;_-;805 = Layer1
L IO g 70¢ o Layer2 Lo
250 nnfs 87136.2 x 60§ * Layer 4
_ 50 .
200— E *
X : 40F SR
[ lL J,L Blocking 160 235 - .
19 =T Capacitor | _IBC f 2 mo %
& I T - LI LA
- o—,,.. - .C?.,,.?”mm.ﬁ.. s s
E.F % % 5o 10 10? 10° R
W i [ TR |

900 : 50‘0l : ISOd T l700 80(; = |9$0| ‘1|0|00‘ ; 1[00‘_
X $trip#
Strips range of integration

assuming R__ the value minimizing the
integral of the entries we defined:

Entries(R) — f Entries(R,,,)

Strips range

Strips range

G.Felici Tracking and Triggering 19



The KLOE 2 IT [2012] :the READOT

SERDES.
uss
10/100/1000
TH

g at 2 Gbhit/s

Gastone fe boards

DAQ
Interface
FIFO
Buffer
Slow
Interface

DETECTOR »

16 links runn

GIB (General Interface Boards): based on Xilinx virtex 4FX
FPGA with embedded IBM Power PC (PPC405 @ 300MHz)
* 2 Gbps Optical port

*  Gigabit Ethernet DAQ

* usB? }DEBUG
e RS232

VME Processor

VME -64X Interface

FARM ONLINE System

- — )

ROD (Read Out Driver): VME board; receives data «  Luminosity = 5x 1032 cm2 51

delivered b){ G/B.S * Trigger rate = 20 kHz
* 16 optical links @ 2Gbps e Channels = 25k

*  First level event building ) o .
o VME bus is used to communicate with the original * Hitposition information

KLOE DAQ system (BW limited @ 2.6 Gbps) \ - - — ,

- =~ 500 Mbps

G.Felici Tracking and Triggering 20



The KLOE 2 IT: Some Results

| Number of hits in X Clusters versus Foll [**=".""»
1800 Entries 4816
1600 Mean 297
RMS  1.49
1400
1200
1000
800
600!
400
200
=% 2 3 G 8 1
B00f «* / nat 1037 / 70 1
| " Cosmic-rays inel mm‘
700 :-.. oaite 8 00000 Cosmic-rays B-field oai.yF [ 1451308
<~ 0.559% & 0.0092 B'ﬂeld OFF moan,, 0008543 ¢ 0000804
40 :_. omv:‘:::c:o: a & L 0.1261 2 0.001
BUTERN Qn Calib L8 75291089
Saop S hqmas s No Align & Calib Align mean, 0004112 4 0000276
400}~ 5000 58X a 003502 0 00040
00 Resx
“ 1.5mm 360 um
3 (440)
-1 -:.s o ;( : o5 1 0 _o‘_s 6 O:S
res. s (cm! . X ves (om)
E. De Lucia
140 Gosmic-rays & Bhabha
120( B-fleld ON scattering

L -%.5 -04-03-02-01 0 0.x1 rgﬁdsﬁso(&r%b

4 gna AligngeCalib

fHEE!
i

0.2 4
x residuals (cmu

G.Felici

STRIP MULTIPLICITY

O, = pitch/~ 12
Qpy = 3.5 fC

Cluster Multiplicity = 3 for both view

Tracking and Triggering

Number of hits in V Clusters versus Foll

MNCIuHitsvsF ol_FIT_px]

1400

1200

1000

RMS 1648

21
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TRACKING: The BESIII C-GEM [T
[Improve the Spatial Resolution]

Tracking and Triggering
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The BESIII IT: The Detector

BES SPECTROMETER
BEPCII

* Energy 2-5 GeV

e Luminosity 10?3 cm? 5!

OBJECTIVES

*  Charm Physics

* Tau Physics

* Charmonium decays

* Light hadrons spectroscopy
*  New Physics

C-GEM TRACKER CAD MODEL

DIMENSIONS

e [1:[=532mm, @ =54 mm

e [2:[=690 mm; @ = 243 mm
e [3:1=847 mm; @ = 324 mm

TTe————

\ \ndUCtl
: /‘ransfere\
Anode

’\2mm\, / ansfer;\

——— GEM3
\
2mm \ ¥ / onvers; ™ GEM2
2mm™\ gdrifg ? GEM1

cathode

SINGLE LAYER INTERNAL LAYOUT

IT REQUIREMENTS

Radial resolution < 130 um

Resolution along the beam direction < 500 um

Time resolution about 5 ns
Momentum resolution oPt/pt ~0.5%

Material budget X0~ 0.5% for each layer

Alberto Bortone - Electronics readout for the CGEM - Inner Tracker: TIGER ASIC and electronics chain

G.Felici
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The BESIII IT: GEM Detectors

Anode strip structure

GEM working principles

__— Xstrips

__— Vstrips

]

Transfer 2

]

- > > > >
p=y
=y
o
"
-
=
=
3
p=y
sy
"
-
|
[
-
-

-
e
p=a
"
Z
z
w

Transfer 1

T nr Q
Drift

Signal Shape not predictable due to ionization clusters in
the drift region

Paul Aspell - VFAT3 for the CMS GEM Muon upgrades
Alberto Bortone - Electronics readout for the CGEM - Inner Tracker: TIGER ASIC and electronics chain

G.Felici

Triple GEM signal example
[3 mm Drift Gap]

n&W

| ght

Pulse hei

1

—

ght

1

1

Pul§e hei

40 ns

ght

1

Pulse hei

40 20 0 20 40 20 60

Time in ns
Signal shape to 350MeV Pions using a fast (2ns peaking time)
amplifier.

Gas: ArC02, 70/30 %
Drift Velocity : ~7.5cm/us @ 5kV/cm
Hence 3mm Drift~ 40ns

24



The BESIHIIT: Space Resolution - the Charge Centroid Method

50.
Time over Threshold TIGER
—.404
o
Gaussian gzo
Distribution =

‘ 10

Z ) 10 20 30 40 50

1 vViY1 Input charge [fC]
FAST

but sensitive to signal shape

w01 TIGER ...

300

200

Efine value [digit]

100
Vsampled

0 10 20 30 40 50

P R E C | S E Input charge [fC]

but slower and sensitive to shaping time (amount of collected charge)

Alberto Bortone - Electronics readout for the CGEM - Inner Tracker: TIGER ASIC and electronics chain
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The BESIIIT: Space Resolution - the pTPC Method

e

-~y ﬁ
* II \
. ‘ TIGER
Discriminator Vi
I Space Resolution e g
MPTOVE 5p Coasse time Three accuracy levels (@ 160 MHz)
[2oe33] 0023+ i3]
| Te1) ==)
Clock cycle \\ Frame-word
Z = (tl - t())Udrift ~ Clock counter cycles roll-over
Z drift gap — e — > 204.8 pus time resolution
5 mm f P =TT el Tme Coarse time
o 1—5 | oY Hit clock cycle (16 bit counter)
. il \ 6.25 ns time resolution
Z half gap A i ) _ i\ D Fine time
2.5mm ’"I/ 7 Vax 1. a{ T Time to the next clock cycle
. A : " Comerter (5 1 i 50 ps binning

i T = Coarse X 6.25 ns — (Fine-min) X binning

i

i \ K // 4 TAC per shaper for event de-randomization

} 1 Wilkinson ADC per branch
L discharge | trans! fer | | conversi an se

_/

Requirements

Readout must be highly segmented

*Time measurement could limit the final spatial resolution accuracy

Overall time resolution must be enough good to resolve different arrival times

F. Cossio, A mixed-signal ASIC for time and charge measurements with GEM detectors, Ph.D. thesis, PoliTO, 2019

Alberto Bortone - Electronics readout for the CGEM - Inner Tracker: TIGER ASIC and electronics chain
G.Felici
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The BESHIIT: The TIGER ASIC

F 1
Time accuracy is limited by:
» Signal jitter (due to noise)

* Time walk (due to amplitude variations)

Charge measurement could be used to reduce the time-walk contribution (not easy because the
L input signal shape)

Resolution (1m)

3 xiqi H4 line of SPS (CERN)

1 -xl ql

anglet OandB=0 <x>= —/—— —

i qi

600_,!‘”.!...., ]W{I_ EIOOO_

500 F * Charge centroid 1 § N ; 1 WTPC 7

400 i — . ] 3 L ; ]
o H 1 Laly o P ' - —— ]

3000 : . Lt B P |
o : ] L i i i * i i : -

200f— i o s s — ! B ]
o : | . . —_— : 200 e s o o . : -

2 P IR IS VI S P PR FIPPIN PV I I
T T o T ] _ ) _ %50 -0 30 20 -10 0 10 20 30 40 50
Incident angle degy = 130 um spatial resolution is obtained Angle [deg]

combining the two methods

F. Cossio, A mixed-signal ASIC for time and charge measurements with GEM detectors, Ph.D. thesis, PoliTO, 2019
The Cylindrical GEM Inner Tracker of the BESIII experiment: prototype test beam results; Journal of Instrumentation, Volume 12, July 2017

Spieler: Radiation Detectors and Signal Processing — IV. Signal Processing Univ. Heidelberg, Oct. 10-14, 2005
G.Felici 27



The BESIII IT: On Detector Electronics

T
INEN TORINO
(2

=
BES

C

neise level [fC]

THE TIGER ASIC

hip features:

64 channels

Power consumption < 12 mW/channel

Sustained event rate 100 kHz

Input dynamic range up to 50 fC

Time resolution < 5 ns

ENC < 2000 e" rms with 100 pF input capacitance

Analog read out providing charge and time measurement
Digital logic protected from single event upset (SEU)
Tunable internal test pulse generator

110 nm technology

PreAmplifier

Channel

Control x 6 4
Logic

THE BEIJING SETUP (L1 & L2)

Noise Layer 2 (strip X)

10-bit Charee
Slow Wilkinson = Data
ADC
I w2
Vih E
Disc Energy Branch
Noise Layer 2 (strip V)

g
- ©
: L
2.5_— o 25
2 [~
C & r
o c -
2 2f—
5. : -
\5:— - 15—
1
os—" v Tt 05
- . Ky :
- .
0 PP B [ i R B N L ol
(] 200 300 500 800 1000 1200 0

Strip X

Strip V

TIGER: A front-end ASIC for timing and energy measurements with radiation detectors in Nuclear Inst. And Methods in Physics Research, A924 (2019), pp 181-186

G.Felici
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The BESIIIT: The Full RO Chain

~10000 80 FEBs 80 Data and LV
channels 160 TIGERs Patch Cards 20 GEMROCs 2 DATA CONCENTRATOR CARDS
(INFN-Torino) (INFN-Ferrara) (INFN-Ferrara) (Uppsala University)

lNFN-Frascaﬁi BESIII TIMING AND TRI
Mainz Urlvers ty

OFF DETECTOR
x16 x16 x2
L1
x28 x28
L2
x36 x36
Optical fiber
A B VME
Connector
ON DETECTOR
Ethernet
LV and data LV and data CAEN LV
Short Haul Cable (1m) Long Haul Cable (8m)

POWER SUPPLY

THE IT READOUT CHAIN
IS FULLY WORKING AND
USED FOR COSMIC RAY DATA
TAKING

Alberto Bortone - Electronics readout for the CGEM - Inner Tracker: TIGER ASIC and electronics chain
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Upgrades

?

2019 2020 2021 2022 2023 2024 2025 2026 2027
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Long Shutdown 2 (LS2) " Run3 [ Long Shutdown 3 (Lss)J
N IR RRRRRRRRANAN
2028 2029 2030 2031 2032 2033 2034 2035 2036
J[FIMAM 3] 3]A[S[ONID{ 3 [FIMAIM 3] 3[A[S[OINID{ 3 [FIMAIM 3] 3 [A]S|OIN[D{ 3 [FIMAIM 3] 3 [A]S]oN[D{ 3 [FIMAIM 3 3 [A]S[O]N[D{ 3 [FMAIM 3] 3 [AS[ON[D{ 3 [FIMAIM 3 3 [A[S[ON[D{ 3 [FIMAIM 3] 3[A[S[oIN[D{ 3 [FIMAM 3 [3[A[S[oN[D

,Run4\‘ ’ﬁ ‘RunS‘ [J{;EL
LT

Shutdown/Technical stop
Protons physics
Commissioning

Ions

<2030  2030-2035 20352040  2040-2045  >2045
22 2IzT 252 2 =7
. O O @] . o
Upgrades and new collider m mo & 7 3 e
. : . =g\ Qo % >
projects timeline % L2q o =
& 7 7 .
v 5 0
> (O]

Requirements, emerging technologies and challenges
for detectors and future colliders
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https://indico.cern.ch/event/905399/contributions/4292426/attachments/2260951/3837576/LHCP_DC_09062021.pdf

G.Felici

Conclusions

Tracking and Triggering

32



Conclusions: from 1988 to 202 |

2021: LHCb Experiment @ LHC
« = 1.1Mchs
« = 50 GB/s data thrghouput

1988: ALEPH Experiment @ LEP
« =700 kchs
'« = 0.5 MB/s data thrghouput

2021: LHCb
* VeloPix: 256x256 pixels
* 130 nm technology

1986: UAT & UA2
«  AMPLEX: 16 chs for Silicon Pad detector

-+ 3 um technology

2021: VIRTEX UltraSCALE s,
« millions logic blocks VIRTEX.

1985: XC2064 * 16 nm technology e Sc

* 64 logic blocks

nunlu;;:;:z:; Ey o
R 2 um technology

LHC / HL LHC will extend beyond the 2040; what should we expect ?
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Conclusions: many devices are (probably) going to change

Front-end ASICs
Which technology? Design
kits? Methodology? Borrow
or adapt existing designs?
R&D on new technologies.

CERN support crucial.

Front-end FPGAS?

Which device? New devices
on the market & tested?

Back-end: PCleN

Functions? Link density?
Strong team necessary.

(hard-,firm-,software) ’

Power
Local regulation: Current generation (bPOL) is
standard for ATLAS/CMS. LHCb interested?
R&D on new technologies.
Supplies: In LS3, our supplies will be ~ 20 years old
CERN support crucial.

Ken Wyllie
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Conclusions: What do not change in Detector Instrumentation

 Know the detector (and readout electrode) features

* If you have a GEM or R-WELL detector delivering for example 36 fC it does not mean you can use
this value for S/N estimation; ex. you could have bidimensional readout and moreover you have to

take into account the strip multiplicity and the gas gain fluctuation

* Know the behavior of the FEE devices
* Inputimpedance value and stability (low input channel impedance minimize crosstalk and input
time constant)
* Front End performances degradation as a function of parasitic capacitance
* Recovery time

*  Minimize ground loops
* Very rarely your on-detector asic/board will have the performances you measured in a test-bench
when you installed them on the detector (in the worst case you can experience instability); use
low-impedance and short connections to the reference plane as much as possible

Work together the mechanical designer and the ASIC designers
* Mechanical design are generally focused on the detector side design (tolerances, gas tight,
materials etc), while, for example, for stable system working conditions we need low impedance
connections to the detector reference electrode
« Gas discharge: also the quietest gas detector can have gas discharges; ASIC designers must be
conscious of the problem both for the input protection and for the recovery time

High Voltage is not just a cable to connect to the detector

* HVis connected to the most sensitive section of the detector
* In most cases HVPS are not so quiet
* HVlong cables can pick-up noise
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LHCb Muon Detector - some detalls # |

| Parameter | Design value
No. of gaps 4 (2inM1)
Gas gap thickness Smm
Anode-cathode spacing | 2.5mm

Wire

Gold-plated Tungsten 30 um diameter

79

Wire spacing 2.0mm
Wire length 250 to 310 mm
Wire mechanical tension | 0.7 N
Total no. of wires ~3-10°
Operating voltage 2.5-2.8kV
Gas mixture Ar/CO; / CF4 (40:55:5)
Primary ionisation ~70e " /cm
Gas Gain ~10° @ 2.65kV
Gain uniformity +20% typical
Charge/MIP (one gap) ~0.6pC @ 2.65 kV
CAPACITANCE (pF)
225
205
185
137 139 145 139 *°
115 120

82

M1R1 M1R2 M2R3 M2R4 M2R1 M2R2 M2R3 M2R4 M3R1 M3R2 M3R3 M3R4 M4R1 M4R2 M4R3 M4R4 MS5R1 M5R2 MS5R3 M5SR4

I W G oA
y?: 3.85m -
A M1R2
1 nnnm
|1 L
| nnm
|
|
i
|1
1
2
M1R3 ;
w td
n
o
3
M1R4
I. b
Ed
i
\ . i
R1l R2 |<=—R3 —» | = R4 > X :
BEAM PIPE f
g A
WIRE PADS .
3 165
; by 11 130
O 112
wn
82
58
30
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LHCb Muon Detector - CARIOCA

reduce crosstalk due to *  Wire chamber full drift time =~ 30 ns

between contiguous channels * 40 fC on the wire pads
Zin =50 Q * 20 fC on the cathode pads

\ MWPC output

* Precision in muon arrival time measurement (< 3 ns)
* Fast rising edge detector output signal (t,< | ns)

current mode amplifier
for fast response

50

g
SR fully differential circuit
g 40 f I
3o lin i - [ \
g - . —>| amplifier
£t Out+ /. Oua QutA Ou+ |
£ as [ InA .
5:3 Shaper lefamp Discriminator LVDS
= 20 F
g InB Out— Oub_, OutB Ou-
< 15 F ' Ve T =
y floating | I
10 amplifier
st / (dummy)
0 b vl el ool el o — Baseline
' 100 10° 107 10* 10° restoration | ¥—_|

Frequency [Hz] \

non-linear baseline restorer

capacitive coupling to GND amplifier & shaping

Reduce baseline fluctuations

CcourLing = pad capacitance Long tail (ion mobility) = I/(t+1.5 ns)

CARIOCA-GEM: ion-cancellation tail circuit removed; shaping amplifier gain increased by a factor 1.5; 14 ns peaking time
NB: a spark protection circuit has been added to protect the preamplifier input
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LHCb Muon Detector - FEE Operating Conditions

* 1368 MWPC with different size/readout

120k read ’ | Single channel noise
LHCb Muon System - . readout ¢ anneis— _ - parameter simulation and
* Fine threshold tuning requires single channel setting
measurement

* Biasin the CARIOCA discriminator stage

Threshold Scan

Region  Sensitivity Cget bias ENC
mV/fC°  pF  reg(fC) | fC LV & LVDS gard
MIR2 16 50 - 0.33
M1R3 13.4 - 0.40
M1R4 10.8 11(2.39) | 0.82
M2R1W 15 70 - 0.53
M2RI1C 10 120 12(2.82) | 1.09 Sy
M2R2W 14 80 - 0.48 N TR ]
M2R2C 1 100 11(2.35) | 0.97 ‘
M2R3 11.7 66 11(2.21) | 0.89 e
M2R4 10 11 (2.58) | 1.13 . - N S
M3R1W 14 80 - 0.47 S
MB3RIC 10 130 11 (258) | 1.14 HY fiiters
M3R2W 14 90 - 0.57 :
M3R2C 11 110 11(235) | 1.02
MB3R3 115 72 11(2.25) | 0.93
M3R4 10 10 (2.35) | 1.15
M4R1 15 70 10(1.56) | 0.60 Th — SSchmbiype o g
M4R2 10.2 110 12(2.76) | 1.11 2.35
M4R3 10.1 115 13(3.02) | 1.18
M4R4 8.3 192 11 3.11) | 147 S= safety factor (5 or 6)
MB5R1 15 70 11(1.72) | 0.62
MB5R2 10 121 10(2.35) | 1.17
MB5R3 9.6 137 12(2.94) | 127
M5R4 7 228 11(3.69) | 1.86
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A SHORT REMIND — SIGNAL PROCESSING ELECTRONICS

cancellation

I

|

I

I

:

|

equivalent circuit !
tl |§ |
1

I

|

I

I

I

I

I

I

c
RS 4
/
M R? c
Ci=Cr(A+1) M A, AN 2 “ | |
R 4‘ 1 i % >
0 "_—M__" , “ : : : :l t
as() A " & T NN .
‘—‘| VA () | : | :
¢, 274 L—o l' !
charge ] v, ! ! ;
preamplifier L : ‘ : : : e
- V. ! | I
radiation detector pole Zero = ? E ! !
|
I ! |

ENC - Equivalent Noise Charge = input charge that produces an output . E . : ‘

|

amplitude equivalent to the output noise g i
. = L :

Simplify the calculation of — N = ENC ENC? = F, lnT + F,Cyv2— . N}

—_— D t
T = shaping time; F, & F; = shaper form factor parallel noise series noise * NOTE: A =A(f)
* Parallel noise

- — [
/1\\ detecto.r leakage current

e biasresistor

FRACTION OF INPUT CHARGE MEASURED: W «  feedback resistors

Assuming: A=103, C=1pF — C=1nF Ci *  Series noise |
* Transistor gate noise

. =10pF : Q;/Qq=o0.
Cdet=10p Qi/Qs=0.99 * Device series resistance

k; Cdet=500pF : Qi/Qg=0.67 D «  Amplifier load resistor
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SEMI-GAUSSIAN PULSE SHAPING

[|.CE I%iff N Integrators

N

TR

Tp To

To

Semi-Gaussian Shaper

0 [ = e
Illlﬁﬂllll
LN

ok
L PN
HEENFESNEEN
MV R NEE

a. Unipolar Output.

SEMI GAUSSIAN SHAPING
* Improve signal to noise ratio (> 15%)

* Reduce pulse signal width (up to 50% with respect

to the CR-RC filter)
* Reduce pulse dead time

* From ORTEC

G. Felici

Vout VO UT =

Q 1 .[(1+S‘L'p)].[ ]
Cr (1 + srf) (1+s19)]| LA+ sty)

b. Bipolar Outputs.

BIPOLAR SHAPING
* Minimize baseline shift in AC coupled circuits for
variable counting rate

» Timing applications (zero crossing)
* Worst S/N ratio
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Discriminated Signal Output |itter

o — On L
‘ dV S/N
dt |,
L
[m]
>
=
-
o
=
<
Vr
TIME
e
AT = “WALK”

AMPLITUDE

=

20y,

4 L TIME

2(St

Fixed Threshold Trigger = threshold crossing time is a
function of the signal amplitude

For fixed rise time the time-walk can be compensated (in
software) by measuring the pulse height

The compensation method fails if both signal shape (i.e.
rise time) and amplitude vary

Time-walk can be reduced by setting low thresholds or
using constant-fraction discriminator technique

Spieler: Radiation Detectors and Signal Processing — IV. Signal Processing Univ. Heidelberg, Oct. 10-14, 2005
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(AVAIBLE) DEVICES for uPattern Detectors

VFAT3 - CMS Upgrades (GEM Readout)

Channels

Signal charge polarity
Progammabe gain

Peaking time

Detector capacitance range
Dynamic range

128
positive/negative
1.25-50 mV/fC
25,50,75,100 ns
9-88 pF
20,50,100,200 fC

Linearity <1% of dinamic range

Power consumption <2.5 mW/ch
ENC 620-1079 + (about) 30e/pF
Comparator LE/CFD

Timing Walk (CFD) < 0.4 ns (3fC-30 fC)

LV1 Latency 0.025-25.6 us

LV1 rate up to 2 MHz
Trigger Fixed latency, 8 sLVDS pairs @ 320 Mbps

Trigger Fast OR 2 channels

Zero suppression
Compatible with GBTx and LpGBTx
Radiation tolerant

TIGER = BES IT

Channels

Peaking time

ENC

Power consumption
Sustained event rate
Input dynamic range

Time resolution
TDC max rate capability

64
<12 mW/ch
100 kHz
50 fC
60/170 ns
Charge and Time measurement
2000 erms @100pF
<5 ns
1 MHz (limited by pile-up)
4 LVDS links @ 200 MHz DDR
Data Pushing back-end architecture
Digital logic protected from SEU
110 nm technology

VFAT3

Sync
SRAM1 SRAM2 | fuy
Preamp  Shaper CFD
128 channels I I I I
Control Logic + Data Formatter o

CBM Unit — - gorn
(Calibration, Bias & }—sl FOI

Monitoring) Slow Control (Registers & logic)

Paul Aspell - VFAT3 for the CMS GEM Muon upgrades

Alberto Bortone - Electronics readout for the CGEM - Inner Tracker: TIGER ASIC and electronics chain

G.Felici
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(AVAIBLE) DEVICES for uPattern Detectors

SAMPA — ALICE TPC & MCH

VMM3

ficati TP NCH . " . ” .
Specification ¢ ¢ (someone call it the “Swiss-Army” asic)
Voltage supply 1.25V 125V
Polarity Negative Positive channels 64
Detector capacitance (Cd) 18.5 pF 40 pF-80 pF Signal charge polarity positive/negative
Peaking time (ts) 160ns 300ns Gain 0.5,1,3,4.5,6,9,12,16 mv/fC
:hal')mlg Oﬁ\?' Charge (ENC) 600 @ith 160 ns* 950 @4ct£11 40 pF* Peaking time 25,50,100,200 s

quivalen o1se arge < € S = ns < & = p 5

el e o
Linear Range 100£C or 67 fC 500 fC P ch dTi P
Sensitivity 20mV/C or 30 mV/iC 4mV/iC CLEASE e LIS
Non-Linearity (CSA + Shaper) < 1% < 1% neighbor logic
Crosstalk <03%@ts = 160ns | < 0.2%@ts = 300ns Fast outputs
ADC effective input range 2 Vpp 2 Vpp Power consumption
ADC resolution 10-bit 10-bit Digitazion time 40/220 ns
Sampling Frequency 10 (20) Msamples/s 10 Msamples/s TAC slope adj 60,100,350,650 ns
INL (ADC) < 0.65LSB < 0.65LSB Two phase mode
DNL (ADC) < 0.6LSB < 0.6LSB Readout Mode Continous mode (4 MHz)
ENOB (ADC)** > 9.2-bit > 9.2-bit Level 0 mode
Power consumption (per channel) Output Thrghouput 560 Mbps (8b/10 encoding)
CSA + Shaper + ADC < 15mW < 15mW Radiation tolerant
Channels per chip 32 32

Peakng bme. Senstvey and Polarty cortro JUL
. e —ﬁ
"o I csa FRMW— o |-
D -
vaso Bandgapl l Bias | DSP =" oo
V750 = —J L . e .
< | - q * 11 -320 Mbps e-links
M csA Shaper m'! » Multiplexed channels
L P

il il

Peaking time, Senstwily and Polarty contro

VMM3, an ASIC for Micropattern Detector - 5th International Conference on Micro-Pattern Gas Detectors (MPGD2017)
SAMPA Chip: the New 32 Channels ASIC for the ALICE TPC and MCH Upgrades - Topical Workshop on Electronics for Particle Physics, Karlsruhe Institute of Technology (KIT)

G.Felici Tracking and Triggering 45



