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Why are Noble Liquid Detectors Interesting?
He Ne Ar Kr Xe
2 10 18 36 54

Boiling Pomt (K@ 1atm = 4.2 71 B2 120
R 0.125 12 14 2.4 3

Atomic Number

Radiation Length [cm] 755.2 24 14 4.9 2.5
dE/dx [MeV/cm] 0.24 1.4 2.1 9 3.5

Scintillation [y/MeV] 19,000 30,000 40,000 25,000 42,000
Scintillation A [nm] 80 78 128 150 175
Cost ($/kg) 52 330 5 330 1200

e Noble liquid, particularly Liquid Argon, has many important features
o High density medium, reasonably high-Z with good uniformity
o High electron and light yield, good electron transport
o Radiation hard and low cost



Long History of Noble Liquid Detector R&D at BNL
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Noble Liquid R&D at BNL

2020

Discovery ) o
e BNL pioneered Liquid Argon based detector
technology in 1974
o Unique experience in cryogenic electronics and low-noise
microelectronics
fopRia e R&D — Experiments — R&D
o Readout electronics has always been an integral part of detector
R&D effort for precision measurement with noble liquid detector
Higgs Boson
in 2012
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ATLAS Experiment on LH(434

25 \—-

Tile calorimeters

\ LAr hadronic end-cap and
\ [ forward calorimeters

Pixel detector

LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiatfion tracker

Semiconductor tracker

e ATLAS is one of two general purpose detectors on the Large Hadron Collider
(LHC) with one of the main goals to discover the Higgs

Toroid magnets




ATLAS Liquid Argon Calorimeter

LAr eleciromagnetic
end-cap (EMEC)

LAr electromagnetic
barrel

- |

Electromagnetic Barrel (EMB)
Electromagnetic End-cap (EMEC)
Hadronic End-cap (HEC)

Forward Calorimeter (FCAL)
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ATLAS Detector
and Physics
Performance TDR

100 fb™!
(no K-factors)

10°~125GeV

10 e
my (GeV)

Liquid Argon (LAr) Calorimeter is
crucial for measurements of H— yy
and H—ZZ—ee(ee) channels



Design of LAr Calorimeter

Cells in Layer 3

AGXn = 0.0245%0.05 e Accordion-shaped electrodes with
pointing feature to ease segmentation

e Nearly hermetic coverage with 2mr
azimuthal angle

e Excellent energy resolution in large
dynamic range (~50MeV to ~3TeV)
and precision calibration (< 0.25%)

ix
1 & S48 =
¢L | rip cellsin Layer
~—Cellsin PS
AdxAn = 0.025%0.1
n
e Trigger Tower: AnxA¢ = 0.1x0.1, sum e “Fine strip layer to allow efficient rr°

of 60 cells — stringent noise rejection or high yy purity
requirement



LAr Calorimeter Front End Signal Processing
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e Careful optimization of shaping time
for designed luminosity — minimal
sum for electronics and pile-up noise

e Fast signal pulse shaping to allow
precision energy measurement with first

part of current

e Areabalanced bipolar shaping to minimize
baseline shift in high rate operation



READOUT BOARD

A
273} COLD—TO—WARM CABLE
2

\;&
e PATCH PANNEL

ACCORDION

ELECTRODES / | SIGNAL CABLE

—=—— MOTHER BOARD
CALIBRATION

PRESAMPLER

SOLENOID
FEEDTHROUGH

COLD VESSEL

BNL was leading the LAr calorimeter
detector readout system design

Electrodes
o Motherboards (cold electronics)

System crate: on detector electronics
Preamplifier

Monitoring Board

Warm Cables

Baseplane - Analog Trigger Sums

Pedestal and Front End Crate

Cooling System

FEB Final Assembly and Testing

Radiation Hard Power Supply

An integral system design approach - from
detector electrode to readout electronics,
plus system integration test

O O O O O O O O



LAr Calorimeter Front End System Test

o LAr frontendsystem test at BNL

before final electronics production

o Full readout chain, only such system outside
CERN
o Used for FEB production tests

e Critical integration test for system

performance and FEB production
o Studied system performance and identified a
key issue of clock quality before FEB
production
o Qualified ~800 FEBs or ~100,000 channels
o Resolved design flaws of radiation hard low
voltage power supply system

e Teststandis being used in the LAr
Phase-l and Phase-Ill upgrades

Front End Crate — an extension of cryostat as Faraday Cage

10



Relative energy scale

Excellent Stability and Performance of LAr Calorimeter
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Temperature stability
o ~5mK

Electronic calibration
o A few per mil

Energy scale stable
o ~per mil, vs. time and pileup

Excellent energy resolution
o Allows a mass resolution of ~1% for the
Higgs between 100 and 200 GeV

op  10% & 170MeV
E E E

BNL designed and constructed a LAr
calorimeter capable of achieving and

exceeding the requirements.
o This work resulted in the Higgs discovery with
strong BNL leadership

@D 0.7%



B L [ g T rF T A = e
ATLAS ¢ Data

Sig+Bkg Fit (m =126.5 GeV)

-------- Bkg (4th order polynomial)

Events / 2 GeV

Events - Bkg
—A
o
o O
VI]THFNI]T[[F]W.UJ.‘IIIWHII‘IIIWIIIlll’llll llll‘llll|lll||llll|ll||
—o—
o
-o—
lo— :
__._ !
| .:§;:>
- I
RS
_._
_._
_‘_
_._
@
_._
MIII‘IIII|I|II‘IIII|II||II‘|II IIII’II|||II|I|II|I|||II‘|III

L]
...
-~
L]

{s=7 TeV. JLdt=4.8fb"
1000 {5-g Tev, [Ldt=5.91b"

100 110 120 130 140 150 - 160
m,, [GeV]
o 2012: ATLAS and CMS find evidence of
Higgs-like events

e ATLAS LAr calorimeter provides more
than 5o confidence level




FromLHC to HL-LHC

ATLAS

EXPERIMENT
HL-LHC ti event in ATLAS ITK
/ at <p>=200

Run Number: 327265, Event Number: 117236869

Date: 2017-06-19 19:59:16 CEST

e Pile-up eventsin ATLAS ~20in Run2
— ~80 in Phase-I Upgrade
— ~200 in Phase-Ill Upgrade
LAr calorimeter noise will be increased by
factor of x2~3 — trigger and readout
challenge!




Phase-l Upgrade Physics Motivation
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L1 EM E; Threshold [GeV]

Relative Efficiency Trigger
Level-1 trigger WH — {vbb Rate (kHz)
Electron channel
EFM > 35 GeV 73 54
EEM > 35 GeV, and isolation 71 16
EEM > 35 GeV, isolation and rCorer; > 0.93 71 6.5
Muon channel
Er > 20 GeV for current small wheel 82 40
EF > 40 GeV for current small wheel 50 18
EF > 20 GeV for new small wheel 78 18

e Enhance rejection while retaining high p_ relative efficiencies

e Benchmark: without upgrades, changing thresholds in order to contain rates
results in significant (~50%) loss of efficiency for events triggered on
massive-object, single-lepton decay. Impacts W, WH, ttbar, top, SUSY, etc.




HL-LHC Upgrade Physics Motivation

Acceptance

ATLAS will continue direct searches for Physics Beyond the Standard Model at
the highest energies on HL-LHC

o [Exploration of the Higgs sector, and Precision Measurements
Physics Gains from Trigger/DAQ Improvements

o Offline-like algorithms at lowest level ]_ Low thresholds at LO (hardware)
o Increased bandwidth to permanent storage & HLT (software) level
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LAr Calorimeter Phase-l Upgrade

Trigger Towers Super Cells
ANXA® = 0.1x0.1 Phase-I
Upgrade
o B
£ ®
T, AnxA$=0.075x0.2
- @
T, AnxA¢=0.175x0.2
§

e LAr Phase-lupgrade will have new calorimeter trigger electronics with

increased granularity and functionality for LAr calorimeter level 1 trigger

o Finelateral and longitudinal LAr Super Cells
o Increasing granularity 10 times by changing from Trigger Tower to Super Cell readout

e Given that the Higgs boson is light, maintaining low trigger thresholds on the
physics objects is mandatory for precision measurement

Layer 3
AnxA® = 0.1x0.1

Layer 2
AnxA® = 0.025x0.1

Layer 1l
AnxA® = 0.025x0.1 10

Layer O 0
AnxA® = 0.1x0.1
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Front End Signal Processing

e BNL is leading the LAr Trigger Digitizer Board (LTDB) development
o ATLAS Phase-l LAr Calorimeter Front End

GBT-SCA *5
backside

MTx *20

Power
Supply

320-ch analog
circuit

Sockets for
PDB

LTDB

o
\‘-O

i) NR:|‘,FQ K:!:"_-"'"

:!_;H'! 1.

»n%** sl
el

1
o'ﬁ

GBTx *5

LOCx2 *20

ADC *80

Cooling
plate
holes
~50

ERNI *3

o Combined analog & digital board on detector

Analog and digital parts designed

by different institutes

BNL leads architectural design

Collaboration with Saclay, Milan, Columbia and
SMU

o 320 calorimeter signals (supercells)

80 custom 12-bit ADCs @ 40 MSPS
digitization

20 custom MTx devices for data processing
5 GBTx/GBT-SCA for clock distribution,
control & monitoring

40 optical links @ 5 Gb/s = 200 Gb/s output

e Successful data taking with LTDB demonstrator in Run2 from 2015-2018

17



Calorlmeter Trigger Phase-| Upgrade
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e High p_bosons and fermions key part of ATLAS physics program

o W, Z, & H bosons, top quarks, and exotic particles

e Analyses use large-R jets with R =1.0 or larger

o |solated lepton and small-R jet triggers inefficient — requires large-R jet triggers



gFEX - Global Feature Extractor for Large-R Trigger

e BNL is designing electronics that maximizes throughput while also running
fast trigger algorithms

o FPGA with many transceivers satisfies high-bandwidth, fixed-latency & processing requireme

e Global Feature Extractor Module (gFEX) |

o ATLAS Phase-Il Level-1 Calorimeter Trigger Module
m single board system receives data from full calorimeter
m hardware designed by BNL

o ATCA blade

nts

‘:.'; L

m 30 layer Megtron-6 PCB —————m . ks B
m 3VU9PFPGA and1ZU19 MPSoC : \ ‘ = Nl [k
m 128 Gb DDR4 RAM . N | =TT o
i i i HIRE | 25.6 Gb/s ' B PN N E N -
m 420 optical fibers in 35 miniPODs & inPCE 4 ‘ B = ke L
o Throughput \ P I =2 g SR
m input: 3.5 Th/s on 312 fibers S

m output:1.4 Tb/s on 108 fibers
m inter-FPGA:1.6 Tb/s (high-speed & low-speed)

Collaboration between BNL and
Chicago, Indiana, Lund, Oregon,
Pittsburgh, Stockholm

e Production module installed in ATLAS for data taking in summer 2018
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Phase-l Calorlmeter and TrlggerReadout Electronics

FELIX - Front End LInk eXchange

gFEX - Global Feature Extractor

LTDB - quwd Argon Trlgger Dlgltlzer Board

e The increasing luminosity of LHC threatens our ability to continue to explore
the mechanisms behind Electroweak Symmetry Breaking

e Woe are upgrading the calorimeter and trigger readout electronics (LTDB, gFEX,
FELIX) to maintain our physics acceptance and to expand our reach in the

search for new physical phenomena in Phase-1 Upgrade
o gFEX - Patent (BSA18-02/1P2018-003-01) pending “High Data Throughput Reconfigurable Computing

Platform”
FELIX - Being adopted in various particle physics experiments in worldwide, a new thrust of generic

detector R&D

©)
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Phase-ll Calorimete_r and Trigger Readout Electronics

LAr LOCalo | _
Phase-I Phase-I \ / Y
‘ VYR K\ ;‘ |
Phase-II XA D
u:“b :‘q
Tile N cre
Phase-lI g ‘ Interface
LOMuon NN A
from MUCTPI :
A
Data
Aggregators Event
(Multiplexers) Processors Demultiplexer

| Global Trigger System

o We are upgrading the calorimeter and trigger readout electronics (FEB2, Global
Trigger, FELIX) to maintain our physics acceptance and to expand our reach in
the search for new physical phenomena in HL-LHC Upgrade

o LAr readout electronics upgrade to match new trigger and DAQ scheme, eliminate aging and radiation
damage, improve readout performance in two gain system for better H—yy photon calibration

o Global trigger based on gFEX design concentrates data for a full event from detector & trigger systems
onto a single processor for analysis, enables a low-p_ electron trigger, low thresholds for multi-jet and
E' _ triggersatLevel-0

o FELIX based DAQ system with new Ultrascale+ FPGA, an leveraged R&D with DUNE far detector



From Energy to Intensity Frontier — Liquid Argon TPC

______________________________________________________
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Where are the v’s on this plot?
Why are they so light?

LAr technologies are also at the heart of BNL
efforts to explore the neutrino sector - the
other unfinished piece of the Standard Model

BNL has engaged in a series of accelerator

based neutrino experiments:
o MicroBooNE — ProtoDUNE — SBND — DUNE
o Great synergy with the technical developments made for
ATLAS and prior experiments

Neutrino physics requires a world-class
neutrino observatory and nucleon decay
detector with large mass (> 10kt) - LAr TPC

Cold electronics developed at BNL is an
enabling technology, which makes giant LAr
TPC realizable, and makes it possible to
reconstruct neutrino interactions with
image-like precision and unprecedented
resolution



How Does LAr TPC Work? Detecting Signals Induced by
Drifting Electrons

Sense Wires
/ U \L X V wire plane waveforms
/| Liquid Argon TPC -
o i
e
M
/ ;Z H
I
Charged Particles / ; yaABS: =
= / e
/ VT
: ;7 uames|
" Cathode 7 7; ;Z il
Plane /| 7 7? H
/ / 7? -
7 wiignest
/ 77§‘Zé%’:;
o
7 7 7; ;7«'
7 / 277 7
VYA
\Q/ 7 7 v
éé i
Gl
/ j/

Y wire plane waveforms
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Noise (ENC) vs TPC Sense Wire and Signal Cable Length for CMOS at
300K and 89K

MIP Signal for 3x3 and 5x5 mm Sense Wire Spacing

SUNE with \Signal for
with warm ;
electronics (300K) l (1/e drift)
ENC~6x103%e rms

3x3 5x5
N
PR
/.‘\ e
8000| - 8000
v
U 4000
Y 4000
wl
2000 2000

ProtoDUNE
ENC~660 e rms

CMOS at 77K:

_ ENC<103e rms
MicroBooNE

ENC~400 e rms
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Long History of Noble Liquid Detector R&D at BNL

1974

1980

1990

2000

2010

2020

. R806
. HELIOS
. DZero
. NA48/62
. ATLAS

. nBooNE
. proto-DUNE
. SBND

DUNE

Noble Liquid R&D at BNL

Advancement of
Cold Electronics

JFETFE

JFETFE

CMOSFE

CMOS FE+ADC+FPGA

CMOS FE+ADC+FPGA

CMOS
FE+ADC+COLDATA

e Cold electronics decouples the electrode and cryostat
design from the readout design

e Signal multiplexing results in large reduction in the
quantity of cables (less outgassing) and the number of
feedthroughs/cryostat penetrations

Ist International Workshop towards the Giant Liquid Argon Charge Imaging Experiment [OP Publishing
Journal of Physics: Conference Series 308 (2011) 012021 doi:10.1088/1742-6596/308/1/012021

Cold electronics for “Giant” Liquid Argon Time Projection
Chambers

Veljko Radeka' Huchen l}en Grzegorz De Ptuch' Glanlulgl De Geronim
Francesco Lannl ; Sham u1 Li; Neena Nambiar , Sergio Rescia’, Craig Thom b
Ray Yar ema’ , Bo Yu'

! Brookhaven National Laboratory, Upton, NY 11973-5000, USA
2 Fermi National Laboratory, Batavia, IL 60540, USA

"Correspondence, e-mail: radeka@bnl.gov

Abstract. The choice between cold and warm electronics (inside or outside the cryostat)

in very large LAr TPCs (>5-10 ktons) is not an electronics issue, but it is rather a major cryostat design
issue. This is because the location of the signal processing electronics has a direct and far reaching
effect on the cryostat design, an indirect effect on the TPC electrode design (sense wire spacing, wire
length and drift distance), and a significant effect on the TPC performance. All these factors weigh so
overwhelmingly in favor of the cold electronics that it remains an optimal solution for very large TPCs.




Integral System Design Concept

Cryostat

/X wire

" Anode,Pflane
+ Assembly
(APA)

N-

A necessary (but not sufficient!)
condition to achieve a good system
performance, the integral design
concept of APA + CE + Feed-through,
plus Warm Interface Electronics with
local diagnostics and strict isolation and
grounding rules will have to be followed

Cold electronics (CE)
module and its attachment
= to the APA frame
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LAr TPC Development towards DUNE

nrotoDUNE

Single-Phase 35-t prototype
1"':’ L)
il
% bl g

C DUNE Refeyence Design
' irst 10 kt module

. 1
................
T
;;;;;;;

BNL is leading TPC readout electronics System Design for
MicroBooNE, SBND, ProtoDUNE and DUNE far detector
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Short Baseline Neutrino (SBN) Program at Fermilab

600m 470m 100m

HN—
- ¢

—
|

ICARUS T600 " MicroBooNE “SBND
476t Active Mass 89t Actlve Mass 112t Active Mass
- i
e Three detectors with one technology: Liquid Argon TPC to study v-Argon

interaction physics

e MiniBooNE neutrino anomaly study in MicroBooNE Phase-I|

e Sterile neutrino oscillation study in SBN Phase-Il

Protons




MicroBooNE Experiment

©)

O O O O

e 170 tonLAr TPC in the Fermilab
Booster Neutrino Beamline

e Technical advances:

Argon fill without evacuation
Cold front-end electronics
Long drift (2.5m)

Near surface operation
Automated reconstruction

e MicroBooNE is also an important
first step in the SBN program

29



MicroBooNE Front End Electronics
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Excellent Stability and Performance of MicroBooNE TPC

Wire Noise Level in MicroBooNE

200 - z
- MicroBooNE | [l Collection Plane | i ;-
i - Induction Plane 3 - V-Plane MicroBooNE... -
B + Y-Plane 1

195 —

8

Equivalent Noise Charge (electrons)

190 —

ADC root mean square
S
(=]

Average Gain [e-/ADC counts]

=
(0]
(&)

2016-07-01 2016-12-31 2017-07-02 L1 L1 L1 L1 L1
0 100 200 300 400 508

Calibration Run Date Wire Length (cm)

e Electronic calibration
o Cold electronics gain stable over two year period, variation ~0.2%

e Excellent noise performance
o ENC after noise filtering is < 400 e for 85% of channels, in agreement with bench tests of FE ASIC
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One of the First MicroBooNE Events and Physics Results

l,l.:B()OIV‘j SIMIC MUON MicroBooNE 1.62x10%° POT
\K 4 .:‘ 90:—
2 ¢ , [ cosmic muon \ : 80f— —— Data: Mean 128 + 5 MeV/c®
p (red=highly ionizing) - Neutrino Induced n®
o2 70—
............................................ 360 L iR b
= }< Cosmic (data)
s | -
% 403— : \ Other
e _F
S 80—
w -
20:*
105:{_, e —}—
First neutrino event in 2015 _ g T T
‘ COSIILIC Corrected Diphoton Invariant Mass [MeV/c?]
Run 3469 Event 53223, October 21°, 2015‘”
55 cm
e MicroBooNE is the first experiment instrumented with cold CMOS ASICs, total
8,256 channels

o S/Nisimproved by more than factor of 3 compared to previous large scale LArTPC experiment (e.g ICARUS)

e First physic results submitted to PRL
o “First Measurement of Muon Neutrino Charged Current Neutral Pion Production on Argon with the
MicroBooNE LAr TPC”, arXiv:1811.02700



SBND Experiment

Two APA frames
per side
25mx4 mea.

Two separate U/V wires
2 m long drift jumped along
regions this edge
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CPAs

e 260 tonLAr TPC as near detector in SBN program, started with current DUNE

design

o Central cathode plane assembly (CPA), two anode plane assemblies (APA) on either side w/ 2m drift

distance each.
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TPC Readout Crate SB N D Front End
s, o] .

g ol e [ I Electronics System

-~ K -~ o Total: 11,264 channels

- A e 88 Front End Mother Board

e U B assemblies
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Noise (ENC) Projection for SBND

Noise Performance

1000
—— BNL Caps Raw Data
Fitting with MicroBooNE Raw Data
and ProtoDUNE Raw Data
8001 ¢ MicroBooNE Raw Data SBND SBND
¢  MicroBooNE Filtered Data Collection Induction
» 40% APA Filtered Data
¢ VST Filtered Data + /
i 6001 ¢ 40% APA Raw Data I /
o .
e ProtoDUNE Raw Data //
@) —& I
= I
W 4001 :
'
2001
0

0 2 4 6 8
Equivalent Wire Length (18.1pF/m)/ m

o Expected SBND noise performance
o Induction plane (5.77m) < 600 e-, collection plane (4.0m) <500 e"

o Expected SBND noise performance after offline filtering
o Induction plane (5.77/m) ~ 450 e-, collection plane (4.0m) ~ 350 e



Long Baseline Neutrino Program: LBNF/DUNE

1300 km
e >
South Dakota _ S .
Underground I—— : T —— N Fermilab
Research o o

Facility

~
L8
N
~

.......
................
......

s
...........
i

e Neutrino beam from FNAL to Homestake: 1,300 km long baseline
o Muon neutrinos/anti-antineutrinos from high-power proton beam:1.07 MW (— 2.14 MW)
o Two parallel caverns each have two 10 kt detector pits with a laydown space in between
e DUNE primary science program

o Neutrino Oscillation Physics: Discover CP Violation in the leptonic sector; Mass Hierarchy; Precision
Oscillation Physics

o Nucleon Decay: e.g. targeting SUSY-favored modes, p— K'v
o Supernova burst physics & astrophysics: Galactic core collapse supernova, sensitivity to vV,
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ProtoDUNE Experiment:

Verifying LAr TPC Technologies for DUNE

©)

O O O O

e Single-phase LAr TPC prototype

Sitin H4 beam line in EHN1 @ CERN
Consisting of 6 full-size APA’s plus CPA’s
— 2 X 3.6mdrift regions

Total 15,360 TPC channels

Use photon detectors of different
fabrication methods

Successful operation with beam data

taking in 2018

o A key test platform for DUNE FD:

Components

Construction methods
Installation procedures
Commissioning

Detector response to particles



ProtoDUNE Front End Electronics
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Excellent Performance of ProtoDUNE TPC

Signa ' tO Noise Ra ti o protoDUNE DQM: sn timeline

APA-DaS-US/APA5

November 4, 2018  November 8, 2018
Date/Time
B sin — lowest allowed: 5.0

APA-DaS-MS/APA6

80 80

60 —- 60
S 40

20

[ 1A AT 0

November 4,2018  November 8, 2018
Date/Time
B sin  — lowest allowed: 5.0

APA-RaS-US/APA3 APA-RaS-MS/APA2

80

60

S 40

20

T T 0
November 4, 2018  November 8, 2018 November 4, 2018  November 8, 2018
Date/Time Date/Time
Il si/n — lowest allowed: 5.0 Il sin — lowest allowed: 5.0

e Noise performance with 180V drift HV and bias on
o ENC of collection plane ~565 e", induction planes ~660 e"

e S/Nis ~60:1forall 6 APAs during ProtoDUNE operation

5

5

APA-DaS-DS/APA4
80
60
40
20
0
November 4, 2018  November 8, 2018
Date/Time
B sin — lowest allowed: 5.0
APA-RaS-DS/APA1
80
60
40
20
0
November 4, 2018  November 8, 2018
Date/Time
B sin — lowest allowed: 5.0
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An Example of EM Shower in ProtoDUNE

A Time vs Channel | Beam Window - Plane Z | E Numb: R u n 5 19 4 $
6000A : & )
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DUNE Far Detector MR
\ , W|re§

¥ X
mesh

Membrane
cryostat

ittt
h

NN

4"x 2"55304 Pipe

12 m

Front End Readout Board

' 3
e APA, CPA & front end cold electronics system for |6m
DUNE far detector \\ I8 k J
e DUNE 10 kt Far Detector v i

o Consisting of 150 APA’s plus 200 CPA’s — 4 x 3.6m drift reglonS\
o Active volume:12m x14m x 58m
o Total 384,000 TPC channels
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a) Cross section of the short, readout side of the APA



R&D Goal: address challenges in select detectors and electronics technologies to

provide integrated solutions for future experiments

Detectors

ATLAS

Liquid Argon Electromagnetic
Calorimeter (LAr)

DUNE

Anode Plane Array (APA) for
ProtoDUNE Time Projection
Chamber (TPC)

Generic

Low Gain Avalanche
Detectors (LGAD)

Front-End
Signal Proc.

i

LAr Fron
Digitizer Board (LTDB)

Global L1 Calorfmeter
Trigger (gFHEX)

Cold Front-End for
ProtoDUNE TPC

Sensor Front-End Board

readout boardsina i

: Control & Readout
Board (CaRIBOu)

Readout\

Front-End Link Exchange (FELIX)

=

“~ Front-End Link
Exchange (FELIX
at ProtoDUNE

FELIX & CaRIBOu £

CERN test beam |




LAr Calorimeter and TPCs — Data Rate Challenge —
High-Bandwidth Readout

e BNL developing electronics for high-bandwidth detector readout
o Front End LInk eXchange (FELIX): A fast elegant interface to DAQ, based on state-of-the-art COTs
technology

g ! { -
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<ZPH-<ENIX
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/
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PWy
/,
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High-Bandwidth Readout - FELIX

e FrontEndLIink eXchange (FELIX)

o BNL desighed hardware & co-developed firmware

o Generic PCle card with Kintex Ultrascale FPGA
m 48-channels Tx & Rx links in 8 miniPODs
m PCle Gen3 x16 lanes interface to host
m  Supports versatile line rates & timing systems

o Throughput:
m 460 Gb/s input/output via optical fiber Collaboration between BNL, ANL, Bologna, CERN,
m Uptol128 Gb/s to host PC FNAL, Irvine, Nikhef, UCL and Weizmann

e Planned upgrades for ATLAS on HL-LHC

and DUNE
o Xilinx Virtex Ultrascale+ FPGA
o PCle Gen4 x16 lanes
o 48x 25Gb/s fiber optical links
o 24x25Gb/s serial links to FMC+ mezzanine

TTC TTC-PON White Rabbit TTD



Concluding Remarks (1)

e BNL plays a leading role, defining readout architecture, inthe ATLAS LAr

calorimeter construction and upgrades
o Thisworkresulted in the 2012 Higgs discovery with strong BNL leadership
o Upgrades will expand our reach in the search for new physical phenomena

e Readout electronics developed at BNL for low temperatures (77K-300K) is an

enabling technology for noble liquid detectors for neutrino experiments
o To capture exciting physics from both short baseline and long baseline neutrino programs

e Generic detector R&D at BNL will address challenges in select detectors and

electronics technologies
o Noble liquid detector for both energy and intensity frontiers, and FELIX based detector readout, in
addition to silicon detectors
o To provide integrated solutions for future experiments and get ready for new physics discoveries



Concluding Remarks (2)

e 2014 P5 report identified five science drivers

o Use of the Higgs boson as a tool for further inquiry ATLAS, Phase-I
Investigation of the physics of dark matter ]‘ and HL-LHC Upgrades
Exploration of new particles, interactions, and physics principles]_ MicroBooNE, SBND

Investigation of the physics of neutrino mass ProtoDUNE, DUNE

Investigation of the physics of dark energy and cosmic inflation ]‘ LDRD on 21-cm Readout

o O O O

e BNL is leading the design and realization of large physical scale LAr detectors in

HEP experiments for high precision measurements
o These detectors have excellent uniformity and stability, high precision calibration and low noise
o Developments of these two LAr detector techniques have made BNL particle physics program more
competitive

e | have been privileged to have the opportunity to work with many colleagues on

LAr detectors and readout electronics systems
o Focusing on the overall system optimization for integrated detector and readout, inspired by
experimental requirements and our physics interest
o Found common approaches and techniques in implementation of LAr detectors in different frontiers to

satisfy these requirements o
BROC M@ RUEN
NATIONA I )RATORY



