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Why do we need the HL-LHC upgrade?

 High-Luminosity LHC will increase the amount of collisions by a factor 10.
- More collisions provide more statistics: we can look into very rare processes!

 The ATLAS physics program will focus on key Standard Model measurements and the search for new
particles.

- Electron and photon energy, position and timing measurements are critical: LAr upgrades to meet
these stringent demands.
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High dynamic range needed for very high Precise mass resolution (i.e. small peak on large background) need for instance

energy electrons from eg. a massive Z'’ Y : _ —PUBR— _ — —PUB- -
decay. See ATL-PHYS—PUB-2018-044. for di-Higgs observations. See ATL-PHYS-PUB-2018-053 & ATL-PHYS-PUB-2022-018.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-044/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/
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The ATLAS Liquid Argon Calorimeter

Measures: energy, position
and timing of electromagnetic

/showgrs (photons, electrons

and jets).

Design: a sampling
—» calorimeter with active (LAr)
and passive (lead) layers in

accordion geometry.

electronics sample
182k cells at 40 MHz and send
digitised pulse off the
detector for analysis and
triggering.

Accordion structure of the EMB.
___—»The top figure 1s a view of a
small sector of the barrel
calorimeter 1in a plane
transverse to the LHC beams.

The HW of the LAr Calorimeter
will stay the same: only the
electronics will be upgraded
and this is precisely the topic
of this talk.
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An overview of the LAr readout
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Phase-Il (HL-LCH)

- Cover the full energy range in a single
cell (~ 50 MeV electronic noise to 3 TeV).

- 16-bit dynamic range with 11-bit
precision by leveraging two overlapping
14-bit gain scales.

- Nonlinearity below 0,1% at ~ 300 GeV.

- Electronics noise lower than the
Minimum lonising Particle (MIP) energy
(the intrinsic LAr resolution).

- Radiation tolerance for the full HL-LHC
dose which is largest at the barrel.

Phase-l (RUN 3)

- Digital trigger installed and
commissioned in 2019-2022.

- Already leveraged for Run 3.

- Part of Phase-Il LO trigger system.


https://cds.cern.ch/record/2911646/

On-Detector Electronics




An overview of the On-Detector electronics
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 Calibration:

- Injects known LAr-like pulse at input.
- Contains a pulser and a DAC.

* Front End Board (FEB) 2:

- Pre-Amplifier/Shaper (PA/S)

> HEC: only the shaper; the amplifier is in
the cryostat.

- ADC

- Layer Sum Boards (LSB).

- Serialiser chip (IpGBT in data mode).
* Readout includes 5 LAr-specific ASICs.


https://cds.cern.ch/record/2285582/

Pre-amplifiers and shaper

-

—r
|

ATLAS

Amplitude

* Analog processing of signals: —_
Shaped Signal

o
(0]
=1

- Amplification and split into 2 (high and low)

o
(o))

1] l L]
— e

gains. O
- Leverage a bipolar CR-(RC)N shaping 02
function. 1
- Differential output into ADC and LO trigger. 02 O ST ——SSeE LS00 |
 ASICS: ALFE2 (EM & FCAL) and HPS (HEC). HAr Pulse & Shaped Si‘-"“a:me N

- Using 130 nm CMOS technology.
 Have to test 50k chips: automation is needed!
- Based on a robotic setup: 1 test ~ 20 s.

- lrradiation tests ongoing.

Robotic Test Setup BNL’s Irradiation Facility
8
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ADC

* Digitisation of PA/S outputs:

Amplitude

- "\ ATLAS

Signal Samples

o
(0]
T

- At LHC bunch crossing rate of 40 MHz.

O
o

S
»

- 14-bit dynamic range and 11+ bit precision.

0.2

* ASIC: COLUTA

i Ei' Lty L E
. -0.2 o '? : : :
- US|ng 65 nm CMOS teCh nOIOgy. 0 T00 200 300 400 500 600 (SN

Time (ns)

LAr Pulse & Shaped Signal

- 15-bit output @ 40 MHz.

 Have to test 50k chips: automation is needed!

- Based on a robotic setup: 1 test ~ 20 s.
g v ol

- g= - - s LN &

- Irradiation, vibration & thermal tests done. R U i
Tonuny j.,:: S :

- Mass production started in 2025.

Robotic Test Bench Production Test Board


https://cds.cern.ch/record/2285582/
https://indico.cern.ch/event/1518341/

Front End Board 2

Clock & Control

 Key FEB 2 specifications:

MUX/Serializer

- Readout of 128 calorimeter channels with 2 gains at 40 MHz:

> LAr will need a total 1524 FEB2s!

- Low coherent noise per channel (less than 5% of the total : Y
noise per channel) and low crosstalk (less than 1%). LK

Fanout

Layer Sum

- For large pulses: Boards

> Energy resolution: ¢ (E)/E < 0.25 %
> Time resolution: under 100 ps.

- Optical data, clock control and monitoring links using
Versatile Link (VL)+ (IpGBT & VTRX+) devices.

- Power consumption under 128 W per board.

- On-board power provided by a single 48 V input.

/ "
|~} .
v a ,-.1
:
- .A

FECs with FEB boards currently in the detector 10
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The FEB2 prototype

 Last manufactured iteration of the design.
* Will use the updated IpGBTv2 chips.

e A noise issue has been observed: addressed In
the FEB2 v2.6.

* Produced and tested 10 FEB2 v2.5 boards:
- Including power bus noise mitigation.

- Distributed across several institutes for
testing/integration.

* Operating temperature is a critical factor.

 Water-based cooling for heat dissipation.
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FEB2 v2.5 Prototype

FEB2 Cooling Plate
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CABANE calibration board

* Injects LAr-like pulses with known amplitude:

- Allows calibrating the readout and gain scale.

e Need to calibrate 180 k calorimeter cells:

- We'll install 122 calibration boards.

 ASICs:

- CLAROC: pulse generator with 180 nm XFAB technology.

- LADOC: 16-bit DAC with 130 nm CMOS technology and CABANE v3 Board with 128 Channels

sub 0.1% non-linearity. O é
» ASICs passed irradiation tests. {}m
SRR LS . weadowt  Simplified

* Production for the 122 boards starting now.

Rinz . dete(itOI' cell D_@ p u 1 S i n g
Rin; D principle
VWN— schematics
injection resistors Lp
T
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Off-Detector Electronics




An overview of the Off-Detector electronics

| LAr Timing System (LATS) “ * TI m I n g SySte m -

H TTC FPGA conmierar|. | - Manages clock, control and
monitoring.
ST - Consists of 6600 fibres!
( d':P::rs contoler » Signal Processing:
igg;gg:t b - Readout of 345 Tbps from frontend.
/ A&Lc:ﬁgt - Consists of +33000 10 Gbps links!
i) - Compute energy and time for each

LAr cell.

15



LAr Timing System

* Trigger, Timing and Control (TTC) distribution,
configuration and monitoring.

Proposed Architecture The ‘real’ La Tournette

* Based on the IpGBT protocol. < [ — 4 N - :
£ ., |- &3 TDAQ/DCS
» Core component: LATOURNETT: o7 S < LATOURNETT \ /
S o (" CALIBRATION ) g A
1 1 Clock & FEL'X
- Distributes LHC clock (40 MHz), Bunch P : x| )
Crossing Reset (BCR), calibration commands _J \ J
and monitoring.
ATCA RTM
- Configures FEB2 and CABANE: “ R L e ﬁ::;:.l Ethernet |
N Y ¥ 5
> Up to 72 On-Detector boards controlled MATRX3 | T ELX T s ) o
2.56/5.12Gbps 4 ) — iy R
per LATOURNETT. | o TROAE
OPfeR | < 4 | B el
48 LpGBT Tx/Rx <= Async. links - i '
» A total of 30 LATOURNETT boards. Moo | (0 N = E
OPTie FPGA & / ) | |t frh ' 1”' |
- Each board contains 13 Cyclone 10 GX WATRIXT | b wS
FPGAs, a MAX 10 FPGA and a CERN IPMC.  “*"* T e T
L e = s
- Leverages a passive Rear Transition Module
(RTM).
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https://en.wikipedia.org/wiki/La_Tournette
https://cds.cern.ch/record/2908055
https://cds.cern.ch/record/2908055
https://cds.cern.ch/record/2908055

LATOURNETT firmware

Central FPGA Matrix FPGA
LLI LLI
Temperature Temperature
FPGA
Reset Reset
T 4 L
Clocks Clocks
<> <> <> <—> «—> <—>
LTI 3 Synch LpGBT
< » TIC < > Synch - e > TIC |« » LPGBT e 1 »
PHY Links (3) Link <—>{ FPGA (12) PHY (12)
b h E } E }
GbE < >» IP Cirl <€ 12 > Async AsynCh < > IP Ctrl
PHY I — > I — | Links (12) Link —> —>
Flash . Elash 12C
(4) (1)
<—>» Avalon MM registers —» System clock (125MHz) FELIX recovered clock (240MHz) < > Avalon MM registers > System clock (125MHz) FELIX recovered clock (240MHz)

Development efforts have been instrumental in advancing the integration of system components. The current state of the firmware
has allowed us to leverage a FELIX board together with a LATOURNETT devkit, a CASA calibration board, a FEB2 and a LASP to read
out data at the Electronics Maintenance Facility at CERN.



Liquid Argon Signal Processor

* Applies digital filtering to FEB2 data and:

Firefly
~optical transceivers.

—
—_—
—

lllll

- Computes time and energy on each BC.

W

d & The LASP Test Board. It
wor sy - uses Intel Stratix 10 FPGAs

- Sends it to Data Acquisition (DAQ) and trigger. A " ~and 6 boards are at
/ 111177 different 1institutions for
(“: §§ﬂ§“ 2 - testing and integration
 Hardware: 'ElE B V= work.

- LASP ATCA blade:

» 278 boards in total. :

FPGAs

> 2 Intel Agilex 7 FPGAs per blade.

Routing Status on the LASP

- 3 FEB2s per FPGA. prototype board.

- Smart RTM (sRTM):
> TTC input and 25 Gbps data output.

18


https://indico.cern.ch/event/1518340/
https://indico.cern.ch/event/1518340/

LASP test bench

* Verify both HW and FW operate as expected.
* Aimed at testing mass-produced boards.
* Planning setup allowing testing of specs with:

 An Agilex 7 DevKit, FPGA Mezzanine Cards+
(FMC+) and a FELIX for data I/0 and checking.

- Use of an INGUN interface for accessing all the test
points.

- JTAG tests based on XJTAG.

- Use of wrapper boards for accessing backplane
connectors.

- Eye diagrams look good and are stable.

Plan to exercise test bench with first available LASP
Prototypes.

——

i ’i!!“:’!:‘!!!‘!vMPHM MIL. | .

P00 o

Fen

INGUN Connector

Zone 3

wrapper
board

IPMC
wrapper
board

Zone 2

wrapper
board

FPGA System
On Module

I I ) 1 1 !
0 0 L0 15 20 25 30 33

MX Bank 4K-4L

I I
44 45 '

XJTAG setup with the LASP T2

Eye Diagram
Measures
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https://indico.cern.ch/event/1459721/
https://indico.cern.ch/event/1459721/
https://indico.cern.ch/event/1480600/
https://indico.cern.ch/event/1459721/

LASP firmware

Bunch Crossing (BC) Identifier within the FW. The CLK runs at 320
MHz, 8 times faster than the 40 MHZ LHC clock. The End Of Packet
(EOP) signal is the BCR sent by the Central Trigger Processor (CTP).

ok 1L L] i i i
dsata 70 T ) X 3563 || %
U = siot 770 0 {1 Y 2 [ YmiY o X 1) 2 [ Ymi Yo Y12 [ Y mi
o o  Ethernet Framer (efram) = ol 7 2 :X X2 X ; //_X :X )2 ) ) o ) 2 ) 1 )Z
= Ie) = = € O| valid : % g ' j j ; ' ‘ ‘ W
szl |5 S = @ mmens JENEE AR A R R T
s sSSP =2 op 4 N Z
s 5 24l |2 c 9 Y/ R , I Y
o3| |5 © €9
o 0 © 2
m O = A
S8F T T T — T
O AREUS Simulation — ADC samples ]
Pattern Generator | E o0k '(Eu“?B&/'(')ddle (N, $) = (0.5125, 0.0125) —— Hit energy i
€ ‘ i = ===+ OF with MaxFinder ]
{patgen) Data Processing Core : Trigger Packers - with Maxrinder ]
: (dacore) = (packer) - 10 =
u u ,, i
) 5 —— oFf J
€ ~ oy L, ™ -~ = L —r
5 5 £ o e (o § = ( fFEX 0 20 40 60 80 100 120
s N2 csHNESHN|g @ ' o BC
—| = E 55013 5 15§ [len ot . Overlapping Deposit in
a g AUERER4dEE S 30F [ T
i = S a) GRS a (_Global Trigger 3 | pulses undershoot — ADC samples !
- = ontl - Hitenergy
- 20 -
Low Level Interface (lolli) R | Y -=++ 2-ConvONN |
(__Block types ) (linterfaces ) (__data rx_) (processing) (_trigger tx ) (__data tx ) (auxiliaries )
o 20 40 60 80 100 120
BC
Architecture of the LASP Firmware for a single FPGA Comparison of energy reconstruction with the current

Optimal Filtering Algorithm and a 2-layer Convolutional
Neural Network (CNN).
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https://cds.cern.ch/record/2863776

Integration



LAr as a system

« Components might work in isolation... but integration is crucial within LAr and ATLAS.

* Integration is key for insights into installation and commissioning and full-chain tests.

LAr Phase-2 Readout and TTC layout

e |
]
|( ............ an
] N -
Analog Detector FEB2 > LASP+SRTM 1 QL > 'iiLS'); : > Data Handler >
IPGBT x1524 ! X278
GBT — N — e e Ar--- — X60
LTI protocol s "
INTERLAKEN Ny :
Full Mode : """": :
1 .
-------------------------------
Custom x124 L x30 ! x1g] Lt . ! . ! : HLT
, LTI ' . CTP :<}:| Global : ATLAS event
! xX51 : 1 : 1
FELIX-LTDB A _/' \_
Timing — < 32
Busy o J v -
Data —> ST TR
LDPB N | FELIX
LTDB  (4xLATOME+ LAIC) ! l/> . DPB > Data Handler >
x124 x30 1
- g - x8 \ /
I Front End I
! ATCAboards |l oo
"""" 1
Version as of 17/11/2023 1
PCie board eFEX/gFEX/JFEX :I
1



https://atlas-lar-hl-lhc.docs.cern.ch/Documentation/Readout/Doc-LAr-Phase2-readout-overview.html

The Electronics Maintenance Facility (EMF)

« EMF (CERN) houses a ‘small scale’ setup:

- Data can be acquired from a FEB2 and
stored for offline analysis.

- It contains all the needed HW functionality. . —

* The testbed has greatly helped development .. — KD
and integration: -
- Online Software: OPCUA, FW Control, o _¢ = i B
DCS. i B S S P S ™
¥ l &in —
- Offline Software: Reconstructonand | we . ] L
analysis.

- Integration: GBT, IpGBT, FULLMODE, LTI...

Current setup at EMF



Firmware and Integration Weeks

e Dedicated weeks for:

Pushing firmware development.
Integrating prototypes and test boards.

Building a team spirit.

 Held at CERN and Brookhaven (BNL).

* Since their inception we:

Scaled the FW to read 3 FEB2s per Stratix 10 FPGA.
Added support for the LTI protocol.
Increased the FW's robustness.

Optimised the data-taking procedure and FW operation.

R T,

Part of the team working at BNL during FWIW 7

24


https://indico.cern.ch/event/1489038/

Patte(r:a'(fgeer:‘e)ratog
 The FWIW's initial milestone was the Half Crate Test (HCT): _,Lm
M BN ADC
- Objective: reading out 14 FEB2s installed in a Front-End —
Crate (FEC) simultaneously. CEsm (s Canr) G
The Half Crate Test Firmware
* |n the last week of October 2025 we read out 6 FEB2s.
* The HCT really pushed the LASP FW development effort o :-_[-_--
forward! T l r
* We expect to have 14 FEB2s ready by early 2026. o ;; || peuxr
* The desired performance measurements are expected by  [rme] | o rosevon (< |
M arch 2026. } G bosria N i T - r ;x """" H FELX.DAQ
PCie boards 2 -3' m——— _J—FZ’T—E — -%85_1294-:' __:; FLX-712 24ch
* We're on schedule! Tl o o I :
________ ._1-:; Femrves || 27’_;;- -Si(_ .Lﬁsf'sz“.: -

Setup achieved at the end of October 2025 -



The Half Crate Test i

nedestal coherent noise:
190322 191701 191702 191703 194169 231500,

Gaussian Fit

6 FEB2s

= 0.50 = 404.00
(755 channels) H 7 '

3 B =0.00, dip=0.98
107 =

Entries

1044 = 0.65+0.49, 0 = 404.24+0.49

L

Vo2 =371.09 + 0.59

Qoise/ch = 13,54 £ 0.02

pise/ch = 0.21 + 0.00

| gise = 1.57 + 0.02

CH 0-483, 490-501, 512-

Well below the
target 5%!

7

.

. X/dof=1.00

-2000 -1500 -1000 -500

ADC Counts

0

500

1000 1500 2000
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https://www.nevis.columbia.edu/~dawillia/FEB2-BNL/runs/run227/coherence_all_hi_board_190322_191701_191702_191703_194169_231500_pedestal_hist_log.png

Summing up
e The LAr calorimeter is vital for the success of ATLAS in the HL-LHC:

- Most of the precission LAr electronics (on/off detector) will be
replaced by 2030 in time of the HL-LHC (except part of HEC).

- The new electronics should last until 2041.
 The HL-LHC upgrade for LAr is progressing nicely:
- Custom LAr-specific ASICs in production.

- On/off detector prototype boards becoming available and being
tested.

- Integration will be (and already is) a crucial activity in the context
of LAr and ATLAS.

 Allin all, we are on schedule for the installation in the cavern
beginning in 2027 at the end of LHC Run 3.
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Any questions?
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Long term LHC schedule

2021 2022 2023 2024 2025 2026 2027 2028 2029
J|FIMAM 3| 1|A[S|OIN|D| 3| FIM|AM| 3| 3 |A[S|O|N|D| 3| F]M|AIM| 3| | AlS|OIN[D| 3 [ FIMAIM| 3| 3 N[D{J[F|MAM|]|] J|F
Run 3
2030 2031 2032 2033 2034 2035 2036 2037 2038
J|FIMAM|3|3|A|S|OINID{ 3 |FIMIAM| 3| ) N|D|{J|FIMAM 1| J|AlS|OIN|D| | FMIAM| 1| ] Y EIE FIMAM|J|J FIMAM|J|J
, Run 4 Run 5
2039 2040 2041

J|FIMAM|3|3(AlS|ON

Last update: November 24

EYETS

J|FIMAM 1(3|AlS|ON

J|FIMAM|1|1|A[S|ON

Shutdown/Technical stop

Protons physics
Ions

Commissioning with beam
Hardware commissioning
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https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm

LAr geometry

Cells in Layer 3
AdxAn = 0.0245x%x0.05

}‘\Trigger Tower
2X, An=g,

= 0.0245
L=

Strip cellsin Layer 1

T *—_Cellsin PS
AnxA¢ = 0.025x0.1

WY

Square cells in
Layer 2
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https://cds.cern.ch/record/2285582/

Phase-l| trigger granularity upgrade

rigger Towers

AnxA® = 0.1x0.1

50
Existing System Phase-| Upgrade o
Level-1 Trigger Granularity (Trigger Towers) Level-1 Trigger Granularity (Super Cells)
60 cells per Trigger Tower; all layers summed 10 Super Cells per Trigger Tower
EM layer 3
Back: 2x4
(AnxA¢p=0.05x0.025) EM layer 3
Back: 2x4
(AnxA$=0.05x0.025) /)
EM layer 2
Middle: 4x4
(AnxA¢$=0.025x0.025) EM layer 2
Middle: 1x4
EM | 1 (AT]XA¢=0025X0025) . Layer 3
Fronta:y3e£x1 S uper Cel |S AnxA® = 0.1x0.1
(AxA¢p=0.003125x0.1) EM layer 1 P 2o
o Front: 8x1
(AnxA$=0.003125x0.1)
EM layer O
Presampler: 4x1 n
(AnxA$p=0.025x0.1) 50
EM layer O
Presampler: 4x1
(AnxA$=0.025x0.1) Layer 2
o AnxA® = 0.025x0.1
20
Layer 1l
AnxA® = 0.025x0.1 10
Layer O 0
0 AnxA® = 0.1x0.1
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LASP-sRTM to TDAQ

TDAQ
AG2

TDAQ
AG1l

I O S S S S S S e

4.8 Gbps

9.6 Gbps 16.0 Gbps 17.6 Gbps 18.4 Gbps 19.5 Gbps 20.5 Gbps 25.6 Gbps
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LASP 44-link HCT FW on chip
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