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Guidance towards the Next Revolution

“[Science is] a series of peaceful interludes

punctuated by intellectually violent revolutions”
T. Khun, “The Structure of Scientific Revolutions”, 1962

= HEP is in an interlude period, awaiting for the next revolution Standard Model

= The Higgs boson discovery consolidated the Standard Model (SM) paradigm

= So far direct searches of new physics beyond the SM have failed to bring the next
revolution in HEP, but several anomalies have appeared

= Cross fertilization between different fields: intensity frontier, cosmic frontier, nuclear
physics, etc.

= Theory cannot provide concrete directions on the energy scale at which the SM
breaks down

=>New experimental results will provide necessary guidance
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Experimental Guidance

"New directions in science are launched by new tools much more often than by new concepts”
Freeman Dyson
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Experimental Guidance

"New directions in science are launched by new tools much more often than by new concepts”
Freeman Dyson

New methodologies and technologies are critical
HEP experiments are no longer table-top, preparation
for the next generation of experiments must start
decades ahead of time

A long term vision and planning is critical
Impact of novel technologies extends beyond HEP
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Need for Time & Space (4D) detectors

Particle Tracking at collider experiments
Pileup mitigation at hadron colliders

Forward proton tagging at hadron colliders and EIC

Particle identification at e+e- colliders, nuclear physics and rare process detection experiments
Beam background mitigation at muon collider
Beam monitoring at colliders

Space applications, Photons science, QIS, Biology etc.

Fermilab

Imaging

Medicine

Biology
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Silicon Trackers (ATLAS, CMS,...)

Pixel and Strip Silicon sensors
are key components of
Tracking Systems in modern
particle detectors and at the LHC

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

CMS

CMS DETECTOR STEEL RETURN YOKE

Total weight 14,000 tonnes SILICON TRACKERS

Ov :15.0m Pixel (100x150 um) ~1m? ~66M channels

Overall lengt] 287m Microstrips (80x180 ym) ~200m* ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,0004

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
‘Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
b Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Toroid magnets



Data in Run-3

Particle reconstruction from tracks in Run-3 data

ATLAS

EXPERIMENT

Run Number: 427394, Event Number: 3038977 A I LAS

EXPERIMENT

Date: 2022-07-05 17:02:31 CEST

Run: 427394
Event: 3038977
2022-07-05 17:02:31 CEST
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ATLAS Data in Run-3

Z - p'pn” Candidate

Invariant Mass: 91.01 GeV/c o [ | . ATLAS
EXPERIMENT

Run: 439798

Event: 2690382975

2022-11-15 01:22:07 CEST

;\\\\\‘<i7;7 Y"l

AN

ATLAS . < . "\

EXPERIMENT e T N
Run: 427394 A\

Event: 21060879
2022-07-05 19:04:33 CEST

Particle reconstruction from tracks in Run-3 data
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R=0 mm
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End-cap semiconductor trac
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Barrel Layer 2!
n=14 Barrel Layer 1
J Barrel Layer 0 (b-layer)
/‘v End-cap disk layers
n=22 | \ ’
l
27202 2505
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. 10915 934 g48
SCTendcap ' 8538  gsg OO0 4005
TRT end-cap 495 z=0 mm
Pixel
end-cap Pixel barre|

Insertable
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(IBL)

STAVE SUPPORT RING
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ATLAS Silicon Strip Detector

80 um

p-ln-n \\ charged -V bias
\ Particle <| l_
————

- w 4
. 9%

v i e ; = 22 um V 4 b 5
~~~~~~ , =Y. ’ 2l si n-type / \ ! holes -feld
A, & Depleted ‘\ R
= I ; . 3 J el \ B-field
ml....‘j : : AR Reglon electrons \
- ‘;‘ | - pX .~‘ p # e N
s X 5 " < AY
N
\
\ +V bias
Four silicon strip detectors, 768 silicon strips

reverse biased p+ - n. 80 um pitch

6 x 6 cm, 285um thick

The 2112 barrel SCT modules use 8o pum pitch
micro-strip sensors

Four sensors (2 each side) are rotated by +20 mrad
around the geometrical center of the sensors

National Laboratory
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From LHC to HL-LHC

We are only at the beginning of the LHC program!
» We only accumulated 5% of the total expected LHC data

» Extensive and exciting physics program at High-Luminosity LHC (HL-LHC)
thanks to the 2o0x increase in data statistics

‘ 2025 2026

2029 -2030 J_2031

We are HERE

\

2021 2022

2034 2035 2036 L2037

shutdown/technical stop, hardware proton-proton,
commissioning, magnet training heavy ion collisions

L‘,\ Brookhaven
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HL-LHC

#events=L * o

‘ Cross section

Luminosity ->process dependent
—>beam dependent

[to be maximized at expenses of pileup]

LHC in Run-2/3 (so far):
p-p collision energy: 13.6 TeV
Peak luminosity: 2 x 1034 cm™s™
Int. luminosity/exp.: 11 fb* Run-3 (256 fb™
Run-2)
Average Pileup in Run-2: 34 (peak ~70)

-

HL-LHC key numbers:
p-p collision energy: 14 TeV
Peak luminosity: 5-7.5 x 103 cm™2s™
Int. luminosity: 3,000 fb-*

Average Pileup: 200 12



ATLAS and CMS Upgrades at HL-LHC

Major Detector Upgrades for HL-LHC

*  Protect against high radiation

*  Mitigate pileup rates and occupancy ATLAS
*  Keep low pt requirements for main triggers

*  Precise measurements up to large rapidity

*  Lighten the detector, dropping material Inner Tracker (ITk)
® Pixel & Strips
C M S Liquid Argon Calorimeter (LAr) Detectors High Granularity Timing Detector (HGTD)
] electronics only - 40 MHz Pdout [N\ . Mechanics & o pileup rejection at high eta
\ Electronics
Trigger/HLT/DAQ Barrel ECAL/HCAL , , , -
* Track information in L1-Trigger * Replace FE/BE electronics Tile Calorimeter (T_'Ie) ,
* L1-Trigger: 12.5 ps latency — output 750 kHz * Lower ECAL operating temp. (8 °C) b electronics only - 40 MHz r'dout
* HLT output 7.5 kHz

Muon Systems = @@

* Replace DT & CSC FE/BE :
Electronics

* Complete Muon coverage

in region 1.5<n<2.4

New Endcap Calorimeters
* High granularity
* 3D capable

Trigger & DAQ (TDAQ)
L] 1 MHz LO Trigger
® tracking trigger
L] new DAQ &

New Precision Timing Detector dataflow

* Barrel: Crystal +SiPM

* Endcap: Low Gain Avalanche

Muon Spectrometer (Muon)
L] add chamber coverage
® replace electronics

New Tracker

* Rad. tolerant — high granularity — significant less material

* 40 MHz selective readout (py>2 GeV) in Outer Tracker for
L1 -Trigger

Diodes

* Extended coverage to n=4

k;‘ Brookhaven
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ATLAS, CMS Tracker Upgrades at HL-LHC

Tracker Barrel 28

0000005 )/ N\
Lt ///m//m Y /

- v

Tracker Barrel PS

CMS Outer Tracker

Strips Barrel Strip Endcap
(staves) (petals)

New silicon trackers
with greater granularity
and coverage
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ATLAS Tracker (ITk) at HL-LHC

- - - L} _T T L ] T 1T 17T ‘ 1 17T ‘ T T ( T T T T T T T 1 7T ‘ l_
New All-Silicon tracker Pixel E 1400F ATLAS Simuation E
~180 m? of silicon: strips (outer) + pixel (inner . o« - ITk Inclined -
ps ( )*+p . ( ) 5 barrel layers and several end-cap rings 1200(- n=10 ]
Extended coverage up to forward region |n|=4 Strips - / a
. . 1000
Higher granularit . - =20 -
gherg _ Y 4 barrel layers and 6 end-cap rings 800 n=20 J
Less material ]
600% =
p-in-n X . 400 n=30
\ charged <}_“_'V°m n+-|n-p . IS B 0 = N T R A O R Y B .
S N PRR * SO e S N A T N i B s .
A ] n" strips 200 IR RN NE o n=40 |
Si0: 4 By 4 s RRRRSET e S I I I B S o o B .
—\L/ \ Pt/ \\\i/ w— El t dft 0& B v NI MR U ST RS S SRR A
< 22m : Jt . TE ectron ari 0 500 1000 1500 2000 2500 3000 3500
E : n-type \! holes e
& ® Depleted Jﬂ\ ® se z [mm]
Fegon electrons
T o Active region 25 . - .
) Present (SCT) l s |
resen ™ . 20| ! i
(SCT 0 L Hole drift <20 o)
[ | ©
o ~
Sis5) b4 1
. AT New .
Undepleted region 2 A7 TONSY Protons 100Y) @ X
—A— [
Future (TH) §oof tpmeome o 4 |
R + = - & - A12A Neutrons (700 V) |
Charged particle p |ayel‘ 8 --@ - A12A 70 MeV Protons (700V) !
5t e AzAroms ooy -
- - ions ]
. . . . agn - - @ -A12A 800 P 00 !
Strips are AC-coupled with n-type implants in a p-type silicon bulk (n* -in-p) e ATZM70 MV Prowns (100V) |
0 1 1l 1

Deliver a factor of two more charge wrt the current ATLAS SCT (p-in-n)
Collect electrons (faster so less charge trapping)

No radiation-induced type inversion

Can be operated in partially depleted state - high radiation tolerant
Cheaper than other technologies (e.g. double-sided lithography for n-in-n)
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1 10 100
14 -2
Fluence (10 N, CM )

Radiation tolerance as key requirement
Expected maximum fluence of 8-10 x 10*4 neutron,,/cm?
lonizing dose of 33.3 MRad
Operate up to 700V
300-320 pm target thickness



ITK Strip Sensors

»  2rows of 1,280 diode strips (detecting element)
*  Spaced 75.5 um

Each Stnp IS a reverse bias diode «  Overall size of a single sensor 98 mm x 98 mm x 0.3 mm (very thin and fragile)
aluminum $i0, Strip Detector Cross-Section |
100.0 - /\
J 90.0 - e \\
A LA S a4 T U U U 9 9 80.0 /
300 + /‘J 700 s"/» \
um nitype p-type p-type 60.0 - ‘f“* A\
$50.0 - ‘e“ \\
S 400 - * \‘{\
e, 300 - [ x\?
c = =boch  Flectrical Model e \\\
(3 A A A A A A N A A A A A A }/ 10.0 - / &
AT AT AT AT AT NF AT AT AT AT AT AT AF AT A 01:0 : 2 A O o
T el bl d b e B L b b s’ i it e i cant Rl bkl Rkl b el b i Bl il B e Ly s bk |
C.b ‘blaS ring 10.0 30.0 50.0 70.0 time er)‘go 110.0 130.0 150.0 160.0

serpentine polysilicon resistors
/
L

€

ground N

500 V >7

U\//\JU\JU\JU\/\JU\J\J\J

T Y l Charge to voltage converter in ASIC
(Application Specific Integrated Circuit)

n*type p-type

-HV /
L:> Brookhaven
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Barrel Strip Module

Wire-bonds

ITk Barrel Strip Module i

Silicon + Hybrids= Module

Strip Barrel sensors: Glue

= Active area of ~98 X98 mm?

= 1,280 channels, strip pitch 75.5 um

= Strips parallel to the edge of the sensor
= 2 Module types:

4 rows of Short Strips (24.120 mm)
2 rows of Long Strips (48.20 mm)

Sensor

~97mm

~97mm

Fiducials

Bias Resistors

Corner of bare Silicon

Metalised n+ type implant (Strip with pad for wire-bonding)

L:.\ Brookhaven

National Laboratory

Controller Application S'pec.iﬁc
ASIC (HCC) L Integrated Circuit Boz?rd that
e e i Each Application Specific Integrated Circuit
n-type implant (ABC* ASIC) contains 256 amplifiers
Bias Ring
Polysilicon Silicon Strip Module:

e Sensor

Tl *  Amplifying circuit flex board (hybrid)
*  each supporting 10 readout ASIC (ABC*)

+1 controller ASIC (HCC)
* Board that provides electrical power
(Powerboard)



ASIC bonded to strips
\ F ' .

ITk Interconnections

Wire Bonding ®=
——

Aluminum Ultrasonic
Wedge Bonding

* Up to ~6000 wire-bonds per module
o 1-2hours/module
o 2.5 modules per day

HWW

[t

(1

|

—_—
=

\ fI

Several wire-bonds per sec!

| |
|

Y

25 um (1/1000th inch)
diameter aluminum wires

Wi
WA

Ui

\\

— \ ,\y
N

\
|\

/ NN A
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ITk Support Structures (Staves and Petals)

Staves (for barrel) and Petals (for endcap) provide - 593 mm .

support structures to modules, cooling lines, power Silicon modules are mounted

distribution and electrical signal transmission on a support structure that
also provides cooling

hybrids

28 Barrel modules on each stave (14 mod. per side)

modules

18 End-caps modules on each petal (9 mod. per side)

‘Completed Stave Core _r
ale Ehean's 'M

Stave Core Interior

RIS =
) (IR R O O e O D
K HORE-CORMPEAaR

o e ‘.g.'gi’” B

Copper ground strip in Co-cured facing (Kapton
End-of-Stave region bus tape cured into
carbon fiber facesheet)

Cross section of stave core
Cu bus

Locking point insert

0 -
—@ e ™,
:fég:’ gegegee Kapton fiex hybrid Readout ICs tape
Carbon foam enclosing titanium pipe ’ TP \ Carbon
Si Stri nt tul fiby
~ C-channel m;ﬂf ! ,acrﬁ,g
Brookhaven
k' National Laboratory End closeout High T conductivity foam Carbon honeycomb




ITk Module Loading on Staves

s . -
@ Volumetric Glue :
Dispenser

1| Confocal Laser
for Metrology

¥ : 2" O e erererasaran=

e - -
1\\ E Long focal length al oy
N ST Microscope
=

Tses|  Stave with loaded
Modules

5 l =il s
=4 Volumetric Glue
Dispenser

=S [ Gluing module to carbon support structure.
u Modules must be placed to within 50 micron accuracy.

Microscope

20



Quality Control and Assurance on Staves

e  Visual inspection: before/after bonding and electrical tests

e  Metrology: inspect module positions and glue thickness
e  Mechanical Tests: envelope test and glue weight, wire pull tests

e  Electrical and Functional Tests: ensure functioning of all channels at room temp. and cold (-40 C) conditions

Metrology with confocal laser: assess accuracy of loading process

PHOO

s00 400 z00 o z00
Acrotech = (1)

Insulated/Dry Col

a00

s00

Testing of final stave is done at cold temperature (~ -40 °C) inside a “coldbox”
Detectors will run cold in experiment to reduce current in sensor that is due to radiation damage

DAQ tests

200 400

N 4 Modules(20C)
s 4 Modules(-35C)

4 Modules(20C)
u: 780,63 , o: 45 51
4 Modules(-35C)
1 68527, 0:91.72

600 800 1000 1200
Input Noise [e™]

Visual Inspection

Image Edit View Go Help Image Edit View Go Help

Module 4 BeforeBridgeRemoval_Corne... — + X
Image Edit View G Image Edit View Go Help

Electrical and DAQ tests at room
and cold conditions

are compared with module results
prior to stave loading

21



Stave Core &
Bus Tape

ITk

Project

Module and Stave Assembly Process at BNL

Module
Assembly Station

Loaded
Modules

Modules
Reception
Tests

Wire
Bonding

Stave

Stave shipped to
CERN

End Of Stave card (EoS): interface between a stave and
upstream ATLAS: connections for data and command lines,
and it houses IpGBT chip set and the VTRXx optical link.

International Strip ITk

National Laboratory

L:> Brookhaven

e Radius sta;:{se:: < mci::lzfes h)ﬁ)?izs AB#C‘;fBO ch:n‘:Ifels i

0 405 28 784 1568 15680 4,01 7,45

1 562 40 1120 2240 22400 5,73 10,53

2 762 56 1568 1568 15680 4,01 14,75

3 1000 72 2016 2016 20160 5,16 18,96

Total full barrel 392 10976 14784 147840 37,85 103,43
Disk z-position pet:ilsskper #modules |# of hybrids |# of ABC130 ch:n:il = m?

0 1512 32 576 832 7168 1,83 5,03

1 1702 32 576 832 7168 1,83 5,03

2 1952 32 576 832 7168 1,83 5,03

3 2252 32 576 832 7168 1,83 5,03

4 2602 32 576 832 7168 1,83 5,03

5 3000 32 576 832 7168 1,83 5,03

Total end-caps 384 6912 9984 86016 11 Mio 60,39

Total total 17888 24768 233856 | 48,9 Mio 163,82
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Pile-up challenge from LHC to HL-LHC

HL-LHC .

EXPERIMENT

HL-LHC ti event in ATLAS ITK
at <u>=200

Pile-up: number of concurrent scattering processes (140 — 200).
O OO0 O OO0OO0OO0OO0OO0OO0O0
Density of events: number of events 1 mm (0.2 - 2 event/mm)

O GO0 A0

Pileup:
~200 interactions/bunch crossing at HL-LHC

Hard-scatter jet

“Stochastic”
pile-up jet

QCD pile-up jet

The high number of interactions per bunch crossing

Pileup: . . .
~50 interactions/bunch crossing at LHC (pileup ~200) is a serious challenge for the
detectors

Reduced accuracy of particle reconstruction

Pile-up Hard scatter

One of the key elements to mitigate the effect of
pile-up is the precise assignment of tracks to vertices
u.“ Brookhaven

National Laboratory 23




New technique: measure time

Pile-up Mitigation at HL-LHC

24

Beamspot size:
~50 mm
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New technique: measure time

Pile-up Mitigation at HL-LHC
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ATLAS, CMS Timing detectors at HL-LHC

New silicon-based systems for timing to mitigate pileup
» @Goal: ~30 ps time resolution per hit
1. CMS MIP Timing Detector (MTD) in -3 <|n|< +3

Barrel: Crystal read out by SiPMs - Endcap: fast-time silicon (15.6 m? of LGADs)

ATLAS High Granularity Timing Detector (HGTD) in 2.4<|n|< 4.0

End-cap only: fast-time silicon (6.4 m> of LGADs)

LGADs
in endcaps

N

CMS MTD

area
120640 mm

N\

CMS

/=

k;‘ Brookhaven
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Fast-Time Silicon Sensors:

Low Gain Avalanche Diode (LGAD) will be used at HL-LHC
Process similar to standard n-in-p sensors + built-in multiplication
High and uniform electric field
» 300 kV/cm over ~ 1 um near junction =» Gain Layer
» Bulk field ~ 20 kV/cm saturates electron drift velocity (~ 107cm/s)
High S/N thanks to gain
» Moderate gain (10-100) through electron impact ionization

Std Sensor

\ aluminum
AN
AN

AN
\
Highresistivity wafer — p-
AN JTE n
AN
\
100-300um \

Gain layer edge terminates
on JTE

LGAD

aluminum

|| 50 um

Epitaxial layer — p

+ \é -
N substrate — p
AN

N Substrate is just for handling, can be thinned
down after fabrication

National Laboratory

Q“ Brookhaven

LGADs

Cathode
Ring

Avalanche
Region

Depletion
Region

Anode
Ring

LGAD: electrons multiply in gain layer and
produce additional e/h pairs (no hole
multiplication)

27



How to measure good time with LGADs

Time =Threshold Crossing (Time of Arrival)

Higher the gain
=>» Higher the signal amplitude
=>» Faster the signal

—
time walk

I Q“ Brookhaven
National Laboratory
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How to measure good time with LGADs

Time =Threshold Crossing (Time of Arrival) Uncertainty

2 2 2 2 2
O—det = O-Landau + O-jitter + (rTW + CrTDC

ToA ToA t

time walk

I k}\ Brookhaven
National Laboratory



How to measure good time with LGADs

S

Time =Threshold Crossing (Time of Arrival) Uncertainty

2 2 2 2
Tdet = OLandau T Tjitter T 91w + 91pC

Threshold

Landau fluctuations in the L
deposited charge in the sensor - - ToA ToA t

1of- Gain =12.8

time walk

k}\ Brookhaven

National Laboratory
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How to measure good time with LGADs

S

Uncertainty

Time =Threshold Crossing (Time of Arrival)

2 2 2 2 2
Odet = YLandau + O-jitter + Orw + 9TDC
Threshold / / _\ )\
Landau fluctuations in the : B
deposited charge in the sensor . ToA ToA t
"ot as " time walk
Jitter (noise in signal): :
=» high S/N and fast rise time Tlitter = N ~ Frise
(dv/dt) (S/N)

gy =

P
~
~|<

k}\ Brookhaven

National Laboratory




How to measure good time with LGADs

S

Uncertainty

Time =Threshold Crossing (Time of Arrival)
2 _ 2 2 2 2
O—det - O-Landau + O-jitter + (TTW + G-TDC

Threshold

Landau fluctuations in the

ToA ToA t

deposited charge in the sensor
"ot " time walk
Jitter (noise in signal): {
= high S/N and fast rise time itter = N s
(dv/dt) (S/N)

Time Walk (TW): differences in signal amplitudes
negligible after offline ToT-based correction =» critical to correct for radiation damage (lower and lower signal amplitudes)

ToT correction to account for TW [teorr = TOA =f(ToT)]

G\ Brookhaven Fast/Low noise electronics, precise digitizer (TDC/oscilloscope), stable clock

National Laboratory
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How to measure good time with LGADs

(Vpias= 200V)

6

—_ x10
< S
5 50 um thick Diode 12— 50 um thick LGAD
3 (Gain =2) 1ol . (Gain =20)
- \
8l— “\\;:\ . -
- \  Signal dominated by > LGADs have larger amplitudes than Diodes
°F, \  holesdriftin ~  Higher SIN
4F \ substrate > Longer signal ~1 ns
\
! ! I I ! L Ix107° O?ﬂ . | \\ I | L Ix107°
0.8 1 12 14 16 18 0 0.5 1 1.5 2 2.5
Time [s] Time [s]

[Eeetrons | GamElL [ Holes Gain Holes - Tota

Cathode
Ring

LGAD pulse maximum is determined
by the collection time of the last

drifting electron

Determined by the detector thickness and the
(saturated) drift velocity, i.e. providing a fixed time

At this point Gain Holes are still drifting

Avalanche
Region

Depletion
Region

.
G‘Brookhaven' —1 e

National Laboratory Ring 33




LGADs in ATLAS and CMS

LGADs for ATLAS and CMS:
50 um thickness

1.3 mm pixel pitch

{ Active

Space resolution is limited by coarse pitch cm

Several m? of sensors bump-bonded to dedicated CMS MTD-ETL
ASICs (ALTIROC for ATLAS, ETROC for CMS) i

Time resolution pre-irradiation 30-40 ps per hit

|| area
1204640 mm

ATLAS HGTD

aluminum
Thin LGADs: 50 um active thickness
Fast charge collection (~1 ns) € high repetition rate

Short rise time (~400 ps) € minimizes jitter

Epitaxial layer — p

substrate — p**

Minimizes Landau fluctuations in charge generation € faster

However, total charge is also small (smaller signal needs low noise
electronics), therefore higher gain is advantageous

Time resolution: ~25 ps with 50 um active thickness

Radiation tolerance ~2.5x10%5 neutrons/cm?
¢ Brookhaven >
National Laboratory 34




4D Detectors at Future Lepton Colliders

» 4D detectors for particle identification and reconstruction at e*e colliders
> Measurements of Higgs boson properties, dark matter searches etc.

» Future Linear or Circular e*e colliders: low-mass detectors with high position
accuracy for precision reconstruction of particle momentum, impact parameter,
secondary vertices, and particle identification (Particle Flow)

» Space resolution per track <3-5 um

» Low material budget to minimize multiple scattering =» ~100 um si-tracker thickness
» Low power dissipation 0.1-0.2 W/cm?
» Timing<1ns—100ns

» 4D tracker could be considered for e+e- if physics gain is significant
with respect to increased material budget

» Beam Induced background mitigation at Muon Collider

»  Background from muon decays: multitude of particles from secondary interactions that hit the detectors

» Muon Collider Tracker: 1% occupancy to mitigate Beam Induced Background with
high resolution in position and time measurements
» Notiming in tracker requires 25 x 25 um pixels = g billion channels
» Tracker with 20-30 ps timing = 1-2 billion channels (similar to CMS at HL-LHC)

L:> Brookhaven
National Laboratory 35




4D Detectors at Future Hadron Colliders

10*

FCC(CMS)=1OOO(1 40), oBurh=75mm:

pT=1 GeV/c, no timing

pT=1 GeV/c, dt=25ps

pT=1 GeV/c, 8t=5ps

—————— pT=5GeV/c, no timing
pT=1OGeV/c, no timing

| ] CMS ph2: pT=1GeV/c, no timing

) CMS ph2: p =1GeV/c, 5t=25ps

Pile-up

Broad physics program at Hadron Colliders
Long-Lived particle detection, Dark Matter searches, Higgs coupling and electroweak measurements etc.

—

(@)

w
T T T TTIm

3

» Future Hadron colliders (FCC-hh): pileup (~1000), impact parameter resolution,
and radiation damage are main concerns as well as cost for a large tracker

Effective pile-up
o

» ~430m?of silicon (250 m2 ATLAS/CMS at HL-LHCQ) / :
» Trackresolution < 10 um per layer 1 N T
> Radiation levels up to 8 x 107 n/cm? ; L ;
> Timing is necessary to correctly assign tracks to vertices: ~ 5 ps per track 10° FCC-hh
10—2 :-I\ L1 | L |
0 4 5 6

Forward proton tagging at hadron or electron-ion colliders

Proton tagging: central diffraction, exclusive y—y production, light-by-light scattering etc. Deeply Virtual Compton
o Scattering at EIC EIC Forward

)

C
» Forward Physics at the (HL-)LHC and future hadron collider: M(Q)Y'

» 5 pstiming to suppress pileup, 5 um tracker resolution
> Radiation hard detector needed p ==

e
1\ »
(\\Oea = » \
Roman Pots

» EIC Roman Pots: physics impacted by smearing of proton momentum Crab Cavity Rotation

» 35 pstiming removes crab cavity rotation effect ~ ~ e Angular Divergence
> Fine space resolution (s500/y/12 um) mitigates angular divergence effect — — s
¢ Brookhaven — = 25.mrad
k‘ National Laboratory - 2 > S ~ — .




4D detectors for particle identification

Particle identification at EIC and rare-process detection experiments

» EICTime of Flight (ToF): fine time and space resolution needed for p/K/m separation

at low/medium momentum

» 20-30 ps timing per hit needed
» Strip + TOF to improve momentum resolution

» Low material budget

Time resolution / hit | Position resolution / hit | Material budget / layer
Barrel ToF (Tracker) <30 ps (3-30 pum for Tracker) < 0.01 X,
Endcap ToF (Tracker) <25 ps (30-50 pm for Tracker) e-direction < 0.05X
- h-direction < 0.15X
1.0<n< 3.5
a 15 R R AR RS AR AR AR
) forward jl
14 ; ; . e [ R
- 2timing layers 1 11
13 T o S
- 20ps/y2 1
T T 107

k? Brookhaven

National Laboratory

1.2

10

nfk separation: 0.1~4-5 GeV; k/p
separation: 0.1~7-8 GeV

by Wei Li (Rice)

IR12
Electrons Injector

p— L
IR2 nac
- Polarized
‘ 41GeV Arc "%\) Electron

- E | C Source
Possible Detector

Location

Possible Detector lon Transfer

Electron Storage i
Location § Line
Ring
R

Electron
Injector (RCS)

(Polarized)
lon Source

100 meters
—_—



4D Detectors in Space and Imaging

Space detectors for charged cosmic ray and y-ray measurements
require solid state tracking based on silicon microstrip sensors

Operating Missions
Mission Si-sensor Strip- Readout Readout Spatial
Start area length channels pitch resolution
Fermi-LAT 2008 ~74m? 38cm ~880-103 228 ym ~ 66 ym
AMS-02 2011 ~7m? 29-62cm | ~200-10° 110 ym ~7um
DAMPE 2015 ~7m? 38cm ~70-103 242 ym ~40ym

Future Missions

Planned Si-sensor Strip- Readout Readout Spatial

operations area length channels pitch resolution
HERD 2030 ~35m? 48-67cm | ~350-10° | ~242uym | ~40um
ALADInO 2050 ~ 80-100 m? 19-67cm | ~2.5-10° ~100pm | ~5um
AMS-100 2050 ~180-200 m? ~100cm | ~8-10° ~100pm | ~5um

A. Seiden at TIPP 21

4D Photon detectors have multiple applications in visible and X-ray
Imaging:
= Low energy ion mass spectroscopy
= Single photon detection (QIS)

= Medical imaging (PET): timing improves ToF resolution hence extend application to
children

Biology:
= Sub-ns timing allows to study fast evolving samples
Soft X-rays for studies of nanoscale dynamics of materials:

k;\ Brookhaven = Soft-X-rays: 250 eV - 1.5 keV range is of considerable scientific interest (characteristic
e energies from Carbon, transition element L-edges, and rare-earth M-edges)

Timing for astro-particle detection : <100 ps timing to
separate hits from primary particles and secondary

backsplash, and for particle spectroscopy via ToF
» Radiation hard detectors

» Low mass and low power electronics
» Compact detector

[ 3 GHz Pulse trains atthe LCLS |

Eight LCLS puls
700 ps apart

Shaped laser

Ises for dynamic
ooﬁ\p&ession

/
X-ray Detection: speed is the goal

38



Development towards 4D detectors

Increasing need to 4D capabilities in a single detecting element
Several developments needed to meet requirements of future experiments in HEP,
Nuclear Physics, Photon Science, Astro-particles, Imaging etc.

Improve time resolution to 10-20 ps per hit

Achieve space resolution of ~1 micron

Reduce power dissipation in readout electronics

Reduce material budget

Improve radiation hardness

k}‘ Brookhaven

National Laboratory
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Improvements on Time Resolution

=> BNL’s LGAD Time resolution 26 ps L o Tase . . .
- \ T e o With 5o um thickness, resolution levels off because of
o BN 1840 Landau fluctuations at about 30 ps = Thinner sensors
36 3 p
2 Landau fluctuations proportional to the detector thickness
534 Wa840
E . _2, Eim ant= 8o keV = = = =
. RIS T e 30 ) Time resolution improves for thinner sensors!
£ (dose: 3e12 cm™) 20, 30 micron thick sensors are being produced and tested
S 301 Eimplant=300 keV W2004
8 (2.5€12 cM™2, Eimplant= 380 keV)
* N / Signal height can be adjusted by changing
1
2 (3-25€22 M2, Eimplare= 300 ke) detector voltage and gain
& » o » N < 20 ps timing resolution with ~20 um thick
LGADs is achievable
Rl s R S R R LS IS I R
& 50 E_ -o- Timing resolution, test result _E
8 E  -© Timing resolution, WeightField2 3
‘§ 45F -»-Landau contribution, WeightField2 = . . . .
T aof o Jiter contibuton, Weightfield2 E Jitter dominates in thin detectors
gF . E - to be minimized with low noise electronics and large signal (gain and voltage).
= 255— Boeg E
- B o 3
20 ot —
15 E— A,,»*‘A‘x . lati —i O _ N - Irise
S0 s a0 s a0 T a s a0 as S0 s
Thickness [um]
k? Brookhaven M. Li et al. (2022)
National Laboratory d0i:10.1109/TNS.2021.3097746.




New designs towards 4D det. > AC-LGAD
JTeialummum

LGAD-based technologies have been developed

to combine the good timing of LGADs with

position resolution.

AC-coupled LGAD (AC-LGAD) € Most advanced

Deep Layer AC-LGAD
Deep Junction LGAD

Trench Isolation LGAD (TI-LGAD)

Inverted LGAD (iLGAD)

LGAD
/\jc-signal
e .
e ainiayersp T e,
epitaxial layer - p ‘_. particle
substrate - p**
v

I dielectric
n

J

AC-LGAD
AC-signal

AC-signal / \
| _pad |

AC-signal

E?

n+

TEn —
" particle

epitaxial layer - p°

substrate - p**

r

n
JTEn

k}\ Brookhaven

National Laboratory

dlelecw AC+ pads

e gty

Epitaxial layer — p

‘t substrate — p** T

Can be finely pixelated
-> Time+Space (4D)

n

Epitaxial layer — p

Std LGAD
AC-LGAD

substrate — p**

Large pads (~1 mm?) = Timing only

One large low-doped / high-p n* implant over the all active area
(instead of a highly doped / low-p n**)
A thin insulator over the n* where electrodes are placed = AC-
coupling
Signal is bipolar, generated by drift of multiplied holes into the substrate, AC-coupled through dielectric

Signal is shared between multiple electrodes
Electrons collected at the resistive n* and then slowly flow to an ohmic contact at the edge (n**)

100% fill factor and fast timing information at a per-pixel level = 4D

= - AC- Louphng o lpacltl\ e
-- oxu e pad amp
\
E S

'== T sheet ‘
. resmdncq

= 2 VA [)+ gain reilitwe
+ e I

n == | =

|

p.SI Cet

| ?
‘ ptt

|||—|
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Signal Sharing in AC-LGAD

FNAL 120 GeV proton beam
— T T T T T

BNL Strip AC-LGAD: 100 um pitch, 20 um
gap, 1.7 mm long strip

BNL2020, 220V
— T T T

Signal sharing depends on electrode geometry (pitch, gap size) % o
and resistivity of n+ layer - tunable S -2of
—40f-
> Signal decreases for electrodes away from hit position 6ot
> It is exploited to improve space/time resolution 80F-
-100f-

> Sparse metallization results in lower capacitance iy ST ST

O

2 4 6 8 10

(noise), and lower power by limiting channel count. Signal from neighboring electrodes Timensl
generated by 120 GeV protons

_ FNAL 120 GeV proton beam HPK C2, 180V
BNL Strip AC-LGAD: E ¢ ]
100 um pitch, 80 pm metal g SSETRTIATeY PEISERE — —ENUIMERY o PNAL 120 GeV protonbeam _____BNL2020, 2200 21407 B

- - (2] - -
width, 1.7 mm long strip = i 2 r Sinalo-channal fimest ] 2 1o0k ]
R vl o e s 1 5 ek ingle-channel timestamp 3 . 3 120 =
5 F 1 5 . . ] HPK Pixel: ) § F — — - Binary readout .
@ 250 4 3 F Multi-channel timestamp E 500 x 500 mm € 0ol E
g F ] g SO ] S Ft Multi-channel reconstruction E
S 2F — —- Binary readout a1 € F ] % g0l E
3 20p 1 F 4op ] €t ]
o F ——— Two-strip reconstruction ] E r 5
15 P — 30 . 601~ ]
1o 1w - “F E
E ] F 3 20 A
SE = 10 - 0; 1
E | 1 | 1 | E E ] [ ISP Y PSRN | ST PR B |

i Ll PN R | R Lol [ | . -0.4 -0.2 0 0.2 0.4

03 -02 01 0 0.1 0.2 0.3 03 -02 -01 0 0.1 02 03 Track x position [mm]

Track x position [mm] Track x position [mm]

" Brookh : ~1 um resolution is at reach with medium-size pixels
¢ Brookhaven
National Laboratory 42




Radiation Hardness in LGADs

One of the biggest challenges is radiation hardness at hadron colliders

LGADs will operate up to 2.510* nfcm? at HL-LHC m : : ® : : ® :
Effective reduction of gain in LGADs at high fluence, and sudden death at high voltages 000 000 000
»  Boron in gain layer loses effectiveness =» Acceptor Removal Y O o ‘.. o ...

- raising the voltage to maintain a large enough net gain layer field 000 TY 000

>  Death (crater) in HPK 50 um LGADs at V,,;,c >600 V (> 1075 n/cmg?)

> AC-LGADs are subject to similar radiation damage as LGADs

FBK 45-micron UFSD3.2 W13
50
a5 |
40 : \
35 | carbonated i
30 | gainlayer —

25

Resolution [ps]

20 r

15 ~New - 8.0E+14 - 150E+15  ——2.50E+15 = i 7 S oA
\» ¥ % ~ . 2 - ~ o -‘.“’ S =
R Lt P S

10 : : : : :
0 100 200 300 400 500 600
Bias [V]
Several ideas and ongoing studies to improve radiation hardness
»  Carbon infusion in gain layer (carbon ties up defects that otherwise would inactivate Boron)
» Thinner gain layer: damage sites uniformly distributed over the silicon after irradiation = thin gain layer reduces volume exposed to radiation

~ Brookhaven ~ Deep gain layer e.g. ~ 2 um: amplification depends not only on the field but also its spatial extent
National Laboratory 43




"Natural science [...] describes nature
exposed to our method of questioning.”
W. Heisenberg, "Physics and Philosophy”,

4 1962

Conclusions

In HEP we are searching for experimental guidance for New Physics
The LHC and Future Collider experiments aim at pushing further out the boundaries of exploration of HEP landscape

This exploration needs novel detectors
Fast-time silicon technologies will be the key for coping with the challenging HL-LHC environment (high radiation and pileup) and at future

collider experiments (hadron and lepton colliders)
Multiple and diverse ideas for 4D silicon detectors are being studied

The impact of this novel silicon technologies can be vast in many fields

Nuclear physics, measurements of rare processes, space science, photon science, imaging etc.
Detectors have to be designed holistically from the start as all parts are interdependent:

Coherent design of sensors, front-end electronics, services, cooling, power management, on/off-detector data-reduction,

interplay with other subsystems etc.

44
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Questions?
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