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“[Science is] a series of peaceful interludes 
punctuated by intellectually violent revolutions”
T. Khun, “The Structure of Scientific Revolutions”, 1962
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¡ HEP is in an interlude period, awaiting for the next revolution
¡ The Higgs boson discovery consolidated the Standard Model (SM) paradigm
¡ LHC is the current most powerful tool to directly probe SM anomalies
¡ 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 
èNew experimental results will provide necessary guidance

“[Science is] a series of peaceful interludes 
punctuated by intellectually violent revolutions”
T. Khun, “The Structure of Scientific Revolutions”, 1962
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¡ Guidance will come from direct searches, and systematic 
tests of the SM paradigm. 
See g-2 and LHCb flavor anomalies.
§ Are these anomalies evidence of the breaking of the SM 

paradigm in the lepton flavor sector?

Ø New methodologies and technologies are critical
Ø HEP experiments are no longer table-top, preparation 

for the next generation of experiments must start  
decades ahead of time
Ø A long term vision and planning is critical 

Ø Impact of novel technologies extends beyond HEP

by Wolfgang Altmannshofer
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“New directions in science 
are launched by new tools 
much more often than 
by new concepts”
Freeman Dyson
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Ø We are only at the beginning of the LHC program!
Ø We only accumulated 5% of the total expected LHC data     

We are HERE

Current LHC key numbers:
¡ p-p collision energy: 13 TeV
¡ Peak luminosity: 2.1 x 1034 cm-2s-1

¡ Int. luminosity/exp.: 150 fb-1 at 13 TeV
¡ Average Pileup in Run-II: 33 (peak ~65)

HL-LHC key numbers:
¡ p-p collision energy: 14 TeV
¡ Peak luminosity: 5-7.5 x 1034 cm-2s-1

¡ Int. luminosity: 3,000 – 4,000 fb-1

¡ Average Pileup: 200
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Ø The high number of interactions per bunch crossing (pileup ~200) 
is one of the most serious challenges for the detectors
Ø Reduced accuracy of most physics objects

§ Jets, b-jet tagging, missing ET, lepton identification, …

Ø One of the key elements to mitigate the effect of pile-up is 
the precise assignment of tracks to vertices
Ø Extremely challenging in the forward region
Ø Common times for tracks nearby in space indicate that they are likely from 

the same vertex

Ø Time for hits to be linked with pixel/strip tracks and calorimeter clusters.
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Ø New silicon-based systems for timing to mitigate pileup
Ø Goal: ~30 ps time resolution per hit

1. CMS MIP Timing Detector (MTD) in -3 <|h|< +3 
▪ Barrel: Crystal read out by SiPMs - Endcap: fast-time silicon (15.6 m2 of LGADs)

2. ATLAS High Granularity Timing Detector (HGTD) in 2.4<|h|< 4.0
▪ End-cap only: fast-time silicon (6.4 m2 of LGADs)

ATLAS HGTD

Major Detector Upgrades for HL-LHC
• Protect against high radiation
• Mitigate pileup rates and occupancy
• Keep low pT requirements for main triggers
• Precise measurements up to large rapidity
• Lighten the detector, dropping material

Figure 1.5: A simplified GEANT geometry of the timing layer implemented in CMSSW for simu-
lation studies comprises a LYSO barrel (grey cylinder), at the interface between the Tracker and
the ECAL, and two silicon endcap (orange discs) timing layers in front of the CE calorimeter.

either option.

1.4 Overview of the MIP timing detector
Figure 1.5 shows a simplified implementation in GEANT of the proposed layout integrated
in the CMS detector. The MTD will comprise a barrel and an endcap region, with different
technologies based on different performance, radiation, mechanics and schedule requirements
and constraints:

• Cost effective design over a large area: Performance studies motivate the need of a
hermetic coverage, with time resolution of order 30–40 ps for charged tracks through-
out the detector lifetime.

• Integration constraints: A single layer device between the Tracker and calorimeters,
covering up to |h| ⇠ 3, is imposed by space and integration constraints.

• Granularity: A channel area of order 1 cm2 in the barrel, and varying in the endcaps
down to 3 mm2 at |h| ⇠ 3, yields a good compromise between low time response
spread within a channel, low occupancy and low channel count. The channel occu-
pancy is limited to a few percent, ensuring both a small probability of double hits,
needed for unambiguous time assignment, and a manageable data volume.

• Radiation tolerance: The devices must be able to operate efficiently up to an inte-
grated luminosity of 4000 fb�1, without any maintenance intervention for the barrel
detector, whereas the endcap detector may be accessible during the HL-LHC era.
Table 1.2 shows the expected particle fluence and radiation doses at possible timing
layer locations, between the Tracker and the ECAL calorimeter, and in front of the
neutron moderator of the endcap calorimeter.

• Marginal impact on the Tracker performance and design: The proposed design of the
barrel timing layer requires the outer radius of the tracker to be reduced by up to

8

CMS MDT
ETL
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Ø Low Gain Avalanche Diode (LGAD) will be used at HL-LHC
Ø Process similar to standard n-in-p sensors + built-in multiplication

Ø High and uniform electric field

Ø 300 kV/cm over ~ 1 µm near junction è Gain Layer
Ø Bulk  field ~ 20 kV/cm saturates electron drift velocity (~ 107cm/s)

Ø High S/N thanks to gain
Ø Moderate gain (10-100)  through electron impact ionization LGAD

oxide
aluminum

n++

High resistivity wafer – p-

100-300um

+ -

LGAD: electrons multiply in gain layer and produce 
additional e/h pairs (no hole multiplication)
• gain electrons have ~no effect on signal
• gain holes dominate signal 

Std Sensor

oxide
aluminum

JTE n gain layer - p+
n++

Epitaxial layer – p-

substrate – p++

50 um

Gain layer edge 
terminates on JTE 

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

LGAD
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Ø Time = Threshold Crossing (Time of Arrival) 
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Ø Time = Threshold Crossing (Time of Arrival) 
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Ø Time = Threshold Crossing (Time of Arrival) 

§ Landau fluctuations in the 
deposited charge in the sensor
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Ø Time = Threshold Crossing (Time of Arrival) 

§ Jitter (noise in signal): 
è high S/N and fast rise time

§ Landau fluctuations in the 
deposited charge in the sensor



Alessandro Tricoli 15

Ø Time = Threshold Crossing (Time of Arrival) 

§ Fast/Low noise electronics, precise digitizer (TDC/oscilloscope), stable clock

§ Time Walk (TW): differences in signal amplitudes 
§ negligible after offline TOT-based correction 

§ ToT correction to account for TW [tcorr = ToA – f(ToT)]

§ Jitter (noise in signal): 
è high S/N and fast rise time

§ Landau fluctuations in the 
deposited charge in the sensor
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Ø Thin LGADs: 50 µm active thickness
Ø Fast charge collection (~1 ns) ß high repetition rate
Ø Short rise time (~400 ps) ß minimizes jitter
Ø Minimizes Landau fluctuations in charge generation ß faster
Ø However, total charge is also reduced (smaller signal needs lower noise 

electronics), therefore higher gain is advantageous
Ø Time resolution: ~25 ps with 50 µm active thickness
Ø Radiation tolerance ~2.5x1015 neutrons/cm2

Ø LGADs for ATLAS and CMS: 
Ø 50 µm thickness
Ø 1.3 mm pixel pitch
Ø Space resolution is limited by coarse pitch
Ø Several m2 of sensors bump-bonded to 

dedicated ASICs (ALTIROC for ATLAS, ETROC 
for CMS)

Ø Time resolution pre-irradiation 30-40 ps per hit
Ø Also proposed for ALICE, LHCb upgrades

oxide
aluminum

JTE n gain layer - p+
n++

Epitaxial layer – p-

substrate – p++

50 um

and thermal di↵usion and finally (vi) the oscilloscope and front-75

end electronics response. The program has been validated com-76

paring its predictions for minimum ionizing and alpha particles77

with measured signals and TCAD simulations, finding excel-78

lent agreement in both cases. All the subsequent simulation79

plots and field maps shown in this paper have been obtained80

with WF2.81

5. Optimization of UFSD Sensors82

5.1. The e↵ect of charge multiplication on the UFSD output83

signal84

Using WF2 we can simulate the output signal of UFSD sen-85

sors as a function of many parameters, such as the gain value,86

sensor thickness, electrode segmentation, and external electric87

field. Figure 5 shows the simulated current, and its components,88

for a 50-micron thick detector. The initial electrons (red), drift-89

ing toward the n++ electrode, go through the gain layer and90

generate additional e/h pairs. The gain electrons (violet) are91

readily absorbed by the cathode while the gain holes (light blue)92

drift toward the anode and they generate a large current.93

Figure 5: UFSD simulated current signal for a 50-micron thick detector.

The gain dramatically increases the signal amplitude, gener-
ating a much higher slew rate. The value of the current gener-
ated by a gain G can be estimated in the following way: (i) in
a given time interval dt, the number of electrons entering the
gain region is 75vdt (assuming 75 e/h pairs per micron); and
(ii) these electrons generate dNGain / 75vdtG new e/h pairs.
Using again Ramo’s theorem, the current induced by these new
charges is given by:

diGain = dNGainqvsat

k

d
/ G

d
dt, (5)

which leads to the expression:

diGain

dt
⇠ dV

dt
/ G

d
dt. (6)

Equation (6) demonstrates a very important feature of UFSD:94

the current increase due to the gain mechanism is proportional95

to the ratio of the gain value over the sensor thickness (G/d),96

therefore thin detectors with high gain provide the best time97

resolution. Specifically, the maximum signal amplitude is con-98

trolled only by the gain value, while the signal rise time only by99

the sensor thickness, Figure 6.100

Figure 6: In UFSD the maximum signal amplitude depends only on the gain
value, while the signal rise time only on the sensor thickness: sensors of 3
di↵erent thicknesses (thin, medium, thick) with the same gain have signals with
the same amplitude but with di↵erent rise time.

Using WF2 we have cross-checked this prediction simulat-101

ing the slew rate for di↵erent sensors thicknesses and gains,102

Figure 7: the slew rate in thick sensors, 200- and 300-micron,103

is a factor of ⇠ 2 steeper than that of traditional sensors, while104

in thin detectors, 50- and 100-micron thick, the slew rate is 5-6105

times steeper. For gain = 1 (i.e. traditional silicon sensors) WF2106

confirms the predictions of equation (3): the slew rate does not107

change as a function of thickness.108

Figure 7: Simulated UFSD slew rate as a function of gain and sensor thickness.
Thin sensors with even moderate gain (10-20) achieve a much higher slew rate
than traditional sensors (gain = 1).

5.2. Segmented read-out and gain layer position109

As stated above, excellent timing capability requires very110

uniform fields and gain values however this fact might be in111

contradiction with the request of having finely segmented elec-112

trodes.113

There are 4 possible relative positions of the gain layer with114

respect of the segmented read-out electrodes, depending on the115

type of the silicon bulk and strip, Figure 8. For n � in � p de-116

tectors (top left), the gain layer is underneath the read-out elec-117

trodes, while it is on the opposite side of the read-out electrodes118

in the p � in � p design (bottom left). Likewise, for p � in � n119

sensors the gain layer is at the read-out electrodes, while it is on120

the opposite side for n � in � n sensors (bottom right). The use121

of n-bulk sensors presents however a very challenging problem:122

for this geometry, the multiplication mechanism is initiated by123

the drifting holes, and therefore is much harder to control as it124

3

Thinner = Shorter Rise Time G
ain = H

igher Signal
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Ø EIC and Muon 
Collider are to be 
included in the plans

ILC

CLIC Muon 
Collider

FCC
(ee, hh)

EIC 
CEPC 

SppC
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Ø Enhance capabilities for particle identification at e+e- colliders, 
and nuclear physics and rare process detection experiments

Ø Pileup mitigation at future hadron colliders 
Ø Forward proton tagging at hadron colliders and EIC
Ø Beam background mitigation at Muon Collider
Ø Beam monitoring at colliders
Ø Space applications
Ø Photons science and photonics

FCC
(ee, hh)

ILC

CLIC

EIC 

p +

PIENUX
PAN

Muon 
Collider

NA62

Ø Demand for 4D detectors that provide fine 
space and time resolution in a single device

CEPC 

SppC
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from DOE Instrumentation BRN, 2020

Ø Technical requirements of future HEP 
experiments are driven by 4 main 
scientific goals 
Ø Higgs properties @ sub-% precision 
Ø Higgs self-coupling @ 5% precision

Ø Higgs connection to Dark Matter
Ø New particles and phenomena at multi-TeV scales

Ø Technical requirements based on existing 
proposals
Ø Muon Collider’s requirements still to be included

Science Measurement Technical Requirement (TR) PRD

Higgs properties
with sub-percent
precision

Higgs self-coupling
with 5% precision

TR 1.1: Tracking for
e
+
e
�

TR 1.1.1: pT resolution:
�pT/pT = 0.2% for central tracks
with pT < 100 GeV,
�pT/p

2
T = 2⇥ 10�5/GeV for central tracks

with pT > 100 GeV
TR 1.1.2: Impact parameter resolution:

�r� = 5
L

15 (p [GeV] sin
3
2 ✓)�1

µm
TR 1.1.3: Granularity : 25⇥ 50 µm2 pixels
TR 1.1.4: 5 µm single hit resolution
TR 1.1.5: Per track timing resolution of 10 ps

18, 19,
20, 23

Higgs connection
to dark matter

TR 1.2: Tracking for
100 TeV pp

Generally same as e+e� (TR 1.1) except
TR 1.2.1: Radiation tolerant to 300 MGy and
8⇥ 1017 neq/cm2

TR 1.2.2: �pT/pT = 0.5% for tracks
with pT < 100 GeV
TR 1.2.3: Per track timing resolution of 5 ps
rejection and particle identification

16, 17,
18, 19,
20, 23,
26

New particles
and phenomena
at multi-TeV scale

TR 1.3:
Calorimetry
for e+e�

TR 1.3.1: Jet resolution: 4% particle
flow jet energy resolution
TR 1.3.2: High granularity: EM cells of
0.5⇥ 0.5 cm2, hadronic cells of 1⇥ 1 cm2

TR 1.3.3: EM resolution : �E/E = 10%/
p
E
L

1%
TR 1.3.4: Per shower timing resolution of 10 ps

1, 3,
7, 10,
11, 23

TR 1.4:
Calorimetry
for
100 TeV pp

Generally same as e+e� (TR 1.3) except
TR 1.4.1: Radiation tolerant to 4 (5000) MGy and
3⇥ 1016 (5⇥ 1018) neq/cm2

in endcap (forward) electromagnetic calorimeter
TR 1.4.2: Per shower timing resolution of 5 ps

1, 2, 3,
7, 9, 10,
11, 16,
17, 23,
26

TR 1.5: Trigger and
readout

TR 1.5.1: Logic and transmitters with
radiation tolerance to 300 MGy and
8⇥ 1017 neq/cm2

TR 1.5.2: Total throughput of 1 exabyte per second
at 100 TeV pp collider

16, 17,
21, 26

Table 2: Technical Requirements [27, 28] to enable the physics program for Higgs and the Energy Frontier
and map to Priority Research Directions. The Science column lists the goals of the science program. Progress
towards each goal is realised both by electron positron colliders and proton proton colliders. Accordingly,
there is no specific alignment between the goals in the Science column with the rows across the other columns.

reconstruction of highly collimated jets and to cope with the high pileup. In addition, the silicon tracking
sensors and electronics will need to maintain good performance after unprecedented exposure to radiation
of approximately 1 ⇥ 1018 neq/cm2 and 300 MGy of total ionizing dose (TID) [27]. The pixel detector
replacements planned for the LHC Long Shutdown 4 in 2031 will o↵er an excellent opportunity to develop
detectors which may benefit from some of the emerging technologies motivated by R&D towards a 100 TeV
pp collider.

Finally, future tracking detectors will be 4D detectors as they will not only measure the position of
particles, but also their time of arrival. This capability will allow the new generation trackers to cope
with the extreme linear density of pileup vertices and particle rates expected at the 100 TeV pp collider
and maintain reasonable detector occupancy levels. In addition to mitigating e↵ects of pileup and high
occupancy, precise measurements of particle arrival time allows the reconstruction and identification of new
long-lived particles, which naturally occur in theories with new particles very weakly coupled to the SM.

In the past ten years, the timing technology has made substantial progress. Today, state-of-the-art

23

Technical Requirements:
• 5-10 ps time resolution per track
• <5 µm space resolution per hit
• 8x1017 n/cm2 radiation tolerance in hadron colliders
• Low mass 
• Low power dissipation
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Ø 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)

Ø Space resolution per track <3-5 µm è ≲25 µm pixel pitch
Ø Low material budget to minimize multiple scattering 

Ø <1% for Vertex Det./ Tracker è ~100 µm si-tracker thickness
Ø Power dissipation 0.1-0.2 W/cm2

Ø Timing < 1 ns – 100 ns

Ø 4D detectors can enhance capabilities for particle identification and reconstruction at e+e- colliders
Ø Measurements of Higgs boson properties, dark matter searches etc.

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

CLIC

• Bunch spacing 0.5 ns è σt<500 ps for 
unambiguous track assignment to BC

• Good timing to suppress machine 
induced background (e.g. ggàhadrons) 
and improve mass reconstruction from 
jets (e.g. in HAà4b search)

• Good timing can impact particle flow

Timing needs 
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Ø Broad physics program
Ø Long-Lived particle detection, Dark Matter searches, Higgs coupling and electroweak measurements etc. 

• Time resolution 5 – 10 ps needed at FCC-hh
• 5 ps à effective pileup of ≤1 at |h|<3.5 

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

Ø ~430 m2 of silicon (250 m2 ATLAS/CMS at HL-LHC)
Ø pixels as small as 25 x 50 µm à Track resolution < 10 µm per layer

• 16 billion readout channels
Ø Material budget ~1-2.5% X0 per layer
Ø Radiation levels up to 8 x 1017 n/cm2

Ø Resolution on transverse impact parameter (d0) ~5 µm: b-, t- and c-tagging
Ø Resolution on longitudinal impact parameter z0 critical for pileup mitigation:

• 125 µm spacing between vertices at |h|=1.5, 3 for pT=1, 10 GeV 
è Timing is necessary to correctly assign tracks to vertices 
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Ø EIC Time of Flight (ToF): fine time and space resolution 
needed for p/K/p separation at low/medium momentum

Ø 20-30 ps timing per hit needed
Ø Pixel/strip to extrapolate tracks from inner tracker 

and improve momentum resolution
Ø Low material budget

Ø Particle identification at EIC and rare-process detection experiments EIC 

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

Track pT resolution 
improvement with fine 
ToF det. segmentation

Ø CERN’s NA62 GigaTracker for rare 
Kaon decays:  timing to remove 
accidental background to K+àp++ nn

Ø 30 ps timing per track, 300 µm 
pixel pitch, high rates

_

NA62

20 ps/√2

EIC

EIC
by Wei Li (Rice)

by Wei Li (Rice)
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Ø Forward proton tagging at EIC (e-hadron collisions)
Ø integral part of EIC physics programs 

Ø EIC Roman Pots: physics impacted by smearing of proton momentum
Ø 35 ps timing removes crab cavity rotation effect
Ø Fine space resolution (≤500/√12 µm)  mitigates angular divergence effect

Angular Divergence 

Roman Pots

Zero-degree 
calorimeter

EIC Forward

25 mrad

Crab Cavity Rotation 

e’
(Q2)

e gL*

x+ξ x-ξ 
H, H, E, E (x,ξ,t)~~

g

p p’
t

Deeply Virtual 
Compton 
Scattering at EIC
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Ø Forward proton tagging at hadron colliders
Ø Forward physics with proton tagging: central diffraction (e.g. exclusive jet production), exclusive g-g production, light-by-light scattering etc. 

Ø Forward Physics at the (HL-)LHC and future hadron collider: fine time 
and space resolution needed for precise proton momentum 
reconstruction and association to correct vertex (pileup suppression)

Ø 10-30 ps timing to suppress pileup, ~10 µm tracker resolution
Ø Radiation hard detector needed

TOTEM
Central Diffraction

TOTEM

• Tracking (Pixels+Strips)
• Timing (LGADs)+SAMPIC chip

TOTEM
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Ø Beam Induced background mitigation at Muon Collider
Ø Background from muon decays: multitude of particles from secondary 

interactions that hit the detectors   

Ø Muon Collider Tracker: 1% occupancy goal to mitigate Beam Induced 
Background with high resolution in position and time measurements

Ø No timing in tracker requires 25 x 25 µm pixels 
è 5 billion channels

Ø Tracker with 20-30 ps timing 
è 1-2 billion channels (similar to CMS at HL-LHC)

D. Lucchesi, S. Jindariani et al.
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Ø Timing for astro-particle detection : <100 ps timing to 
separate hits from primary particles and secondary
backsplash, and for particle spectroscopy via ToF

Ø Radiation hard detectors
Ø Low mass and low power electronics
Ø Compact detector

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

Ø In-situ measurement of Jupiter’s Radiation Belt 
(PAN- Penetrating Particle Analyser) : highly 
energetic and penetrating particles, i.e. ~100 
MeV electrons, ~GeV/(n) ions - Elias Roussos et al.

Ø Spectrometer with successive tracking and 
timing layers

A. Seiden at TIPP ‘21
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¡ 4D Photon detectors have multiple applications in visible and X-ray
§ Imaging:

▪ Low energy ion mass spectroscopy 
è LGAD increases camera sensitivity

▪ Single photon detection (quantum information)
è LGAD with high multiplication (a new frontier for LGAD)

▪ 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:
▪ Soft-X-rays: 250 eV - 1.5 keV range is of considerable scientific 

interest (characteristic energies from Carbon, transition element L-
edges, and rare-earth M-edges)  
è LGAD with low noise and high signal improves sensitivity at such 

low energies

A. Seiden, TIPP 21

• 2 ns between closest signals
• 20 µm thick sensor can reach 700 ps

X-ray Detection: speed is the goal
Excellent Rate capability for LGAD:  
Signals in an 8 keV X-Ray beam

by SCIPP

HPK 50 µm
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Ø Several developments needed to meet requirements of future experiments in HEP, Nuclear 
Physics, Photon Science, Astro-particles, Imaging etc.
1. Improve time resolution to 10-20 ps per hit 
2. Achieve space resolution of  ≤5 micron

3. Reduce power dissipation in readout electronics
4. Reduce material budget
5. Improve radiation hardness
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W1836
(dose: 3e12 cm−2)
Eimplant= 300 keV

W1840
(2.75e12 cm−2, Eimplant= 380 keV)

W2004
(2.5e12 cm−2, Eimplant= 380 keV)

W1837/W1837 
(3.25e12 cm−2, Eimplant= 300 keV)

è BNL’s LGAD Time resolution 26 ps
(50 μm sensor thickness)

Ø With 50 µm thickness, resolution levels off because of 
Landau fluctuations at about 30 ps àThinner sensors
Ø Landau fluctuations proportional to the detector thickness

Ø Jitter dominates in thin detectors à to be minimized with 
low noise electronics and large signal (gain and voltage).

Simulation M. Li et al. (2021) 
doi:10.1109/TNS.2021.3097746.

Ø Time resolution improves for thinner sensors! 
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Ø LGAD with 20 µm thickness: produced by HPK
Ø Rise time ~200 ps vs ~400 ps in a 50 µm LGAD
Ø Very good S/N ratio with only Gain=8

Time [ps]
24000 25000 26000 27000 28000 29000 30000

Am
pli

tud
e [

mV
]

12-

10-

8-

6-

4-

2-

0

H20_prerad V90

Averaged Pulse for 
20 µm thick HPK 
LGAD (Gain = 8)

20 µm thick 
LGAD

MIP Time resolution for thin 
LGAD versus S/N ratio

Ø Signal height can be adjusted by changing detector 
voltage and gain. 
Ø Modest value of S/N required to get to about 20 ps time resolution for the 

20 µm thick sensor.

Ø 10 ps timing resolution with ~20 µm thick LGADs may 
be possible

A. Seiden (UCSC), CPAD21
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Ø LGADs have opened up the possibility of excellent timing using silicon sensors for MIP signals.  

Ø LGAD limitation is the coarse segmentation, ~ 1x1 mm2 pads
Ø Lateral dimensions of Gain layer must be much larger than thickness of substrate, for a uniform multiplication. 
Ø Dead volume (gain~1) between the implanted region of the gain layer

Ø pixels/strips (pitch ~ 100 µm) have a Fill Factor <<100% and is Voltage dependent
Ø large pads are preferred (~ 1 mm); e.g., HGTD of ATLAS and MTD of CMS
Ø 4D detector not possible!!!

oxide
aluminum

JTE 
n

gain layer - p+
n++

Epitaxial layer – p-

substrate – p++

n++

Active 
Volume

Dead Volume Dead Volume
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Ø LGAD-based technologies have been developed to combine the good timing of LGADs with position resolution. 
Ø AC-coupled LGAD (AC-LGAD) ß Most advanced
Ø Deep Layer AC-LGAD
Ø Deep Junction LGAD
Ø Trench Isolation LGAD (TI-LGAD)
Ø Inverted LGAD (iLGAD)

Large pads (~1 mm2) àTiming only Can be finely pixelated àTime+Space (4D)
Pixel pitch mostly limited by in-pixel components 
in readout electronics
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Dielectric

n+

Bulk

Ø One large low-doped / high-r n+ implant over the all active area (instead of a highly doped low-r n++)
Ø No p-stop, JTE, inter-pad gap

Ø A thin insulator over the n+ where electrodes are placed èAC-coupling
Ø Signal is bipolar and is still generated by drift of multiplied holes into the substrate, AC-coupled through dielectric

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

Ø 100% fill factor and fast timing information at a per-pixel level both achieved è 4D
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Ø Signal sharing can be exploited to improve space 
resolution beyond 1/√12 by combining signal from 
multiple electrodes
Ø Signal sharing depends on electrode geometry (pitch, gap size) 

and resistivity of n+ layer  è tunable
Ø Sparse metallization results in lower capacitance (thus noise), 

and lower power by limiting channel count.

0 5 10
Time [ns]

600-

400-

200-

0

Vo
lta

ge
 [m

V]

Left Strip
Center Strip
Right Strip

Signal from neighboring electrodes generated by 
120 GeV protons  (FNAL test-beam)

Apresyan et al., 2020 JINST 15 P09038

Ø Signal decreases as we move away from hit position
Ø To be exploited to improve position resolution 

Amplitudes generated by IR laser at varying distance from 
readout channel - A. Seiden (UCSC) TIPP Conf. 
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Ø 100 µm metal pixel, 200 µm pitch 
gives ~5 µm resolution without 
requiring very small pixels.

Ø Position resolution is improved interpolating between several electrodes
Ø At low signal, space resolution dominated by jitter

Ø Low noise electronics needed
Ø Larger geometries have worse position resolution

Ø Need high gain

Ø ~1 µm resolution is at reach 
with medium-size pixels

BNL 16-strip AC-LGAD with pitch 100 µm, gaps 44 µm 

Ø 1 µm space resolution with large 
signal (>400 mV, i.e. ~5 MIPs charge) 
injected by IR laser 
Ø Spatial resolution computed via χ2

minimization of signal fractions observed by 
adjacent strips 

500 µm pitch 

200 µm pitch 

100 µm pitch 

By Torino group
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FNAL: A. Apresyan, R. E. Heller, 
C. Madrid, C. Pena, S. Xie
BNL: W. Chen, G. D’Amen, G. 
Giacomini, A. Tricoli

BNL strip sensor with 
constant metal width (80 µm) 
and variable pitch: 
100, 150, 200 µm

Narrow 
Pitch

Medium 
Pitch

Wide 
Pitch

FNAL test-beam with 120 GeV protons and improved tracking resolution

Ø 100% efficiency for all 3 geometries
Ø Pitch and gap size can be adjusted to 

minimize number of channel and det. 
capacitance (thus noise)
Ø Power in electronics is an important 

constraint on large tracker design and 
depends on the no. of channels

Ø Signal sharing can be exploited to improve 
space resolution beyond 1/√12 by 
combining signal from multiple electrodes
Ø Signal sharing depends on electrode geometry (pitch, 

gap size) and on resistivity of n+ layer  è tunable
Ø Sparse metallization results in lower capacitance (noise), 

and lowered power by limiting channel count.
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Ø Space resolution: <12 µm (limited by tracker resolution) for all 3 geometries
Ø Best space resolution in gap between electrodes
Ø Combination of strips improves resolution on electrodes

Ø Combination of 1st and 2nd largest amplitude strips: parametrization of hit position vs A1/(A1+A2)
Ø Time Resolution: 30-33 ps for all 3 geometries

Ø Best time resolution per electrode is at center of electrode
Ø Combination of strips improves time resolution in gaps between electrodes

Ø Use amplitude-weighted average time of 1st and 2nd largest amplitude strips: tw=(1/SA2
i)*(SA2

i*ti)

FNAL test-beam with 120 GeV protons and improved tracking resolution

BNL strip sensor with 
constant metal width (80 µm) 
and variable pitch: 
100, 150, 200 µm
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Ø AC-LGADs will be read out by ASICs in most experiments

Ø In ATLAS HGTD, DC-LGADs are read-out by ALTIROC chip
Ø Designed in CMOS 130 nm
Ø 2 TDC: TOT and TOA

Ø Can it read out also AC-coupled LGAD? 
èYes! a stepping stone for future ASIC developments
Ø AC-LGAD strip wire-bonded to ALTIROC0 

Analog signal

Digital signal

AC-LGAD wire-
bonded to ALTIROC0

AC-LGAD Strip sensor by BNL
• 2x2 mm2 , 16 strips
• Pitch 100 μm, gap 44 μm

ALTIROC pixel

by BNL, IJCLAB, Omega team
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• IR Laser induced charge
• ALTIROC Analog readout: charge (A.U.)

ToT vs Amplitude
b-particles (90Sr)

Ø Signal sharing visible in ASIC output 
Ø Approx. linear correlation between 

ToT and analog amplitude
Ø ToT can be used as proxy for Amplitude 

when combining signals from neighboring 
electrodes in position and time 
measurements 

by BNL, IJCLAB, Omega team

Ø Measurement of Time Resolution (jitter only) 
with IR Laser as Dt(Laser Trigger, Digital Channel TOA)

• Digital output jitter ~14 ps for an injected charge of ~5 MIPs
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Ø EIC Roman Pots: aim for 500 x 500 µm2 pixels with ~30 ps time resolution
Ø 1310 cm2 silicon, 128 modules, 512 ASICs (32x32 channels),  ~500k channels
Ø Signal sharing  between pixels to improve time and space resolution
Ø Low occupancy
Ø Low radiation environment
Ø Triggerless system

Ø ASIC design is ongoing based on ALTIROC experience
Ø Option A: TDCs for ToA and ToT (a la HGTD)
Ø Option B: TDC for ToA and ADC for amplitude measurements

by IJCLAB, Omega team
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Ø Material budget and cost for large volume trackers is 
a concern for future collider experiments  

Ø Monolithic Active Pixel Sensor (MAPS) are 
established technologies
Ø Combine readout circuitry and sensing elements in a single and 

compact device (low mass)
Ø Commercial CMOS foundries can be used
Ø Cost savings, i.e. in bump-bonding, cooling
Ø Used at STAR, LHC and planned to be used at EIC
Ø New MAPS generation with TowerJazz (TJ) 65 nm technology

Ø Can we develop a Monolithic AC-LGAD?
Ø Combining MAPS qualities with fast-timing capabilities
Ø TowerJazz 65 nm processing as target

by BNL team (https://indico.fnal.gov/event/45625/)

Mini-Malta (DMAPS)
• TJ 180 nm CMOS
• Pixel 36.4 x 36.4 µm2

• High resistivity epitaxial 
p-type substrate

• Proposed for ATLAS ITk
outer pixel layer

arXiv:1909.11987
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Ø One of the biggest challenges is radiation hardness at hadron colliders
Ø LGADs will operate up to 2.5 1015 n/cm2 at HL-LHC
Ø Effective reduction of gain in LGADs at high fluence, and sudden 

death at high voltages have been observed 
Ø Boron in gain layer loses effectiveness 

à raising the voltage to maintain a large enough net gain layer field

Ø Death (crater) in HPK 50 µm LGADs at Vbias >600 V (≳ 1015 n/cm2)
àUnder investigation at FNAL testbeams

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

R. Heller (FNAL) at RD50 https://indico.cern.ch/event/1029124/

Crater

Single proton interaction with large ionization (40-50 MeV deposited energy)
- Excess charge leads to highly localized conductive path 
- Large current in narrow path→ “Single Event Burnout” 
- Critical field of ~12 V/µm

carbonated 
gain layer 

Ø More investigation is needed
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Ø Several ideas and ongoing studies to improve radiation hardness
Ø Carbon infusion in gain layer (carbon ties up defects that otherwise would inactivate Boron)
Ø Thinner gain layer: damage sites uniformly distributed over the silicon after irradiationà thin gain layer reduces volume exposed to radiation 
Ø Deep gain layer  e.g. ~ 2 µm: amplification depends not only on the field but also its spatial extent

Ø Significant R&D needed for future hadron colliders (~8x 1017 n/cm2 !!)
Ø Near goal: ~ 5E15 n/cm2

Ø Long term goal to combine gain in the bulk and in gain layer è sufficiently large signal from thin sensors 

• Deep and narrow gain layer
• 2nd epi layer grown over the p+ implant

• FNAL idea and BNL fabrication
• SBIR coll. with Cactus Material, Inc

oxide

gain layer - p+

n+

Epitaxial layer – p-

substrate – p++

n++n++

2nd epi layer
AC-pads

Deep-Layer AC-LGAD

Ø Encouraging 
first results at 
FNAL test-beam
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§ 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)

§ The impact of this novel silicon technologies can be vast: nuclear physics, 
measurements of rare processes, space science, photon science, imaging etc.

“Natural science […] describes nature exposed to 
our method of questioning.”
W. Heisenberg, “Physics and Philosophy”, 1962
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§ In just a few years LGADs have reached the level of maturity for use at the HL-LHC in timing 
detectors 
§ 30 ps resolution with 50 µm active thickness

§ LGADs are a stepping stone to develop 4D detectors
§ AC-LGAD is the most mature technology

§ Internal signal sharing combined with internal gain 
§ 100% fill factor
§ Potential to reach <20 ps time resolution (with ~20 µm thickness) and <5 µm space resolution à 4D detectors

§ Pixel size can be kept large (200 x 200 µm2)  to achieve 5 µm position resolution à power saving in electronics
§ Potential to combine AC-LGADs with readout circuitry in a monolithic detector à low-mass detector

§ Longer term R&D is needed to optimize the radiation hardness
§ 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.
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¡ SM only accounts for a small amount of 
energy of the Universe ~4% 

¡ Apparent convergence of SM interaction 
couplings (strengths of forces) - Grand 
Unification ?

¡ SM does not account for gravity -
unification at Planck Energy ?

¡ SM has many free parameters  
(particle masses, couplings etc.)

¡ Fine-tuning of Higgs mass

Grand 
Unification

Planck Energy

gravity

Ø Several indications that the SM is not the ultimate theory of particle physics
§ a more comprehensive theory is expected to emerge (a new revolution in particle physics)

LHC
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¡ Guidance will come from direct searches, and systematic 
tests of the SM paradigm. 
See g-2 and LHCb flavor anomalies.
§ Are these anomalies evidence of the breaking of the SM 

paradigm in the lepton flavor sector?

Lepton Flavor 
Universality 
violation at 3.1σ 
at LHCb

Data-theory 
discrepancy 
on g-2 at 4.2σ

Ø New methodologies and technologies are critical
Ø HEP experiments are no longer table-top, preparation 

for the next generation of experiments must start  
decades ahead of time

Ø A long term vision and planning is critical 
Ø Impact of novel technologies extends beyond HEP
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50 µm thick Diode
(Gain  = 1)

50 um thick LGAD
(Gain  = 20)

Signal dominated 
by holes drift in 
substrate

(Vbias= 200V)

Ø LGADs have larger 
amplitudes than Diodes
Ø Higher S/N
Ø Longer signal ~ 1 ns

Ø LGAD pulse maximum is determined by the collection time of the last drifting electron
Ø Determined by the detector thickness and the (saturated) drift velocity, i.e. providing a fixed time
Ø At this point Gain Holes are still drifting

Ø So for constant weighting field & velocity, peak time is approx. independent of ionization and gain 
(determine tot. no. of drifting holes) and Landau fluctuations (determine clumping of ionisation)
Ø Such uniformity of arrival time is very useful for time measurements
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Figure 2: Values of Ew for two di↵erent geometries: On the left side the geom-
etry is 300 µm strip pitch with a 50 µm strip implant while on the right the strip
implant is 290 µm.

be applied without causing electric breakdown. This request31

also implies that UFSD need to use very high resistivity silicon32

so that the electric field is as uniform as possible.33

Weighting Field. The weighting field Ew describes the cou-34

pling of the charge carriers to the read-out electrode and it de-35

pends uniquely on the geometry of the sensor. The best pos-36

sible weighting field is obtained for geometries similar to that37

of a parallel plate capacitor, while highly segmented sensors38

su↵er from a strongly varying Ew. The values of Ew for two39

di↵erent strip geometries are shown in Figure 2: 300 µm pitch40

and a 50 µm implant on the left side and 300 µm pitch and a41

290 µm implant on the right side. The white dashed lines are42

the pitch boundaries. Since the particles are crossing the sensor43

perpendicularly, the weighting field should be uniform along44

the x-axis, which is clearly not the case on the left side.45

2.1. Signal amplitude in silicon sensors without gain46

Using Ramo’s theorem we can calculate the maximum cur-
rent in a detector of thickness d, assuming a saturated drift ve-
locity vsat:

Imax = Nq
k

d
vsat = 75dq

k

d
vsat = 75qkvsat (3)

where Ew =
k

d
and N is the number of e/h pairs (N = 75d). This47

result shows an interesting feature of silicon sensors: the peak48

current does not depend on the sensor thickness. Thick sensors49

have indeed a larger number (N) of initial e/h pairs, however50

each pair generates a lower initial current (the weighting field is51

inversely proportional to the sensor thickness d), Figure 3. This52

cancellation is such that the peak current in silicon detectors53

is always the same, Imax ⇠ 1 � 2 µA, regardless of the sensor54

thickness and therefore the time resolutions of thin and thick55

sensors are very similar.56

3. Charge Multiplication in Silicon Sensors57

Charge multiplication in silicon sensors happens when the
charge carries are in electric fields of the order of E ⇠ 300
kV/cm. Under this condition the electrons (and to less extend
the holes) acquire enough kinetic energy that are able to gen-
erate additional e/h pairs. A field value of 300 kV/cm is not
reachable applying an external voltage VBias without causing

Figure 3: The initial signal amplitude in silicon sensors does not depend on
their thickness: thin and thick detectors have the same maximum current, and
thick detectors have longer signals.

electrical breakdown, but it is obtained by implanting an ap-
propriate charge density that locally generates very high fields
(ND ⇠ 1016/cm

3). The gain has an exponential dependence
from the electric field:

N(l) = Noe
↵(E)l (4)

where ↵(E) is a strong function of the electric field and l is the58

path length inside the high field region. The additional dop-59

ing layer presents at the n � p junction in the LGAD design,60

Figure 1, generates the high field necessary to achieve charge61

multiplication.62

4. The Weightfield2 simulation program63

We have developed a full simulation program, Weightfield264

(WF2) [5] with the specific aim of assessing the timing capabil-65

ity of silicon and diamond sensors.66

Figure 4: The graphical user interface of the simulation program Weight-
field2.The highlighted sections control the selection of the impinging particle,
the geometry of the sensor and the parameters of the read-out electronics.

This program uses GEANT4 [6] libraries to simulate the en-67

ergy released by an impinging particle in silicon (or diamond),68

and Ramo’s theorem to generate the induced signal current. The69

program has a graphical user interface, shown in Figure 4, that70

allows configuring many input parameters such as (i) incident71

particle, (ii) sensor geometry, (iii) presence and value of inter-72

nal gain, (iv) doping of silicon sensor and its operating condi-73

tions, (v) the values of an external B-field, ambient temperature74

2

and thermal di↵usion and finally (vi) the oscilloscope and front-75

end electronics response. The program has been validated com-76

paring its predictions for minimum ionizing and alpha particles77

with measured signals and TCAD simulations, finding excel-78

lent agreement in both cases. All the subsequent simulation79

plots and field maps shown in this paper have been obtained80

with WF2.81

5. Optimization of UFSD Sensors82

5.1. The e↵ect of charge multiplication on the UFSD output83

signal84

Using WF2 we can simulate the output signal of UFSD sen-85

sors as a function of many parameters, such as the gain value,86

sensor thickness, electrode segmentation, and external electric87

field. Figure 5 shows the simulated current, and its components,88

for a 50-micron thick detector. The initial electrons (red), drift-89

ing toward the n++ electrode, go through the gain layer and90

generate additional e/h pairs. The gain electrons (violet) are91

readily absorbed by the cathode while the gain holes (light blue)92

drift toward the anode and they generate a large current.93

Figure 5: UFSD simulated current signal for a 50-micron thick detector.

The gain dramatically increases the signal amplitude, gener-
ating a much higher slew rate. The value of the current gener-
ated by a gain G can be estimated in the following way: (i) in
a given time interval dt, the number of electrons entering the
gain region is 75vdt (assuming 75 e/h pairs per micron); and
(ii) these electrons generate dNGain / 75vdtG new e/h pairs.
Using again Ramo’s theorem, the current induced by these new
charges is given by:

diGain = dNGainqvsat

k

d
/ G

d
dt, (5)

which leads to the expression:

diGain

dt
⇠ dV

dt
/ G

d
dt. (6)

Equation (6) demonstrates a very important feature of UFSD:94

the current increase due to the gain mechanism is proportional95

to the ratio of the gain value over the sensor thickness (G/d),96

therefore thin detectors with high gain provide the best time97

resolution. Specifically, the maximum signal amplitude is con-98

trolled only by the gain value, while the signal rise time only by99

the sensor thickness, Figure 6.100

Figure 6: In UFSD the maximum signal amplitude depends only on the gain
value, while the signal rise time only on the sensor thickness: sensors of 3
di↵erent thicknesses (thin, medium, thick) with the same gain have signals with
the same amplitude but with di↵erent rise time.

Using WF2 we have cross-checked this prediction simulat-101

ing the slew rate for di↵erent sensors thicknesses and gains,102

Figure 7: the slew rate in thick sensors, 200- and 300-micron,103

is a factor of ⇠ 2 steeper than that of traditional sensors, while104

in thin detectors, 50- and 100-micron thick, the slew rate is 5-6105

times steeper. For gain = 1 (i.e. traditional silicon sensors) WF2106

confirms the predictions of equation (3): the slew rate does not107

change as a function of thickness.108

Figure 7: Simulated UFSD slew rate as a function of gain and sensor thickness.
Thin sensors with even moderate gain (10-20) achieve a much higher slew rate
than traditional sensors (gain = 1).

5.2. Segmented read-out and gain layer position109

As stated above, excellent timing capability requires very110

uniform fields and gain values however this fact might be in111

contradiction with the request of having finely segmented elec-112

trodes.113

There are 4 possible relative positions of the gain layer with114

respect of the segmented read-out electrodes, depending on the115

type of the silicon bulk and strip, Figure 8. For n � in � p de-116

tectors (top left), the gain layer is underneath the read-out elec-117

trodes, while it is on the opposite side of the read-out electrodes118

in the p � in � p design (bottom left). Likewise, for p � in � n119

sensors the gain layer is at the read-out electrodes, while it is on120

the opposite side for n � in � n sensors (bottom right). The use121

of n-bulk sensors presents however a very challenging problem:122

for this geometry, the multiplication mechanism is initiated by123

the drifting holes, and therefore is much harder to control as it124

3

Conventional detector:  
• Rise time similar for thick and thin, same slew rate: 

Ionization ~  D, weighting field ~ 1/Dà D cancels out.

oxide
aluminum

n++

High resistivity wafer – p-

100-300um

LGADs:  
• Rise time (and slew rate) are different for thick and thin detectors:  tRise ~ electron collection time ~ D  

è fast signals with thin sensors.

oxide
aluminum

JTE n gain layer - p+
n++

Epitaxial layer – p-

substrate – p++

50 um

Thinner = Shorter Rise Time 

G
ain = H

igher Signal



Ø Applications to Photon Science, Photonics, and photoelectron spectroscopy   

• LGADs have great potentials for photon detection thanks to signal amplification  
- Standard LGAD design aims at detecting charged particles, high energy photons (X-rays/g), high energy electrons 
- Dedicated design for soft X-rays and low-energy electrons (low-penetrating particles)

51

LGAD for MIPs, X-rays

n-in-p junction (hole collection)

hole
e

p-in-n junction (electron collection)
Pixelation possible in a double sided design

holee

N+

LGAD for low-penetrating particles

by BNL
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All silicon process done in BNL Instrumentation Division Class-100 Clean Room

Furnaces for
dry oxidations 

and annealings

Double-sided
mask aligner

Wet bench
(HF, RCA I & II, 

piranha, 
polyetch, …)

Sputtering 
(Al, Al1%Si, Ti)

RTA for sintering Laser dicing
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è Excellent sensor performance 
(current ~1 nA/cm2)

Ø CNM (Spain), FBK (Italy), HPK (Japan), IHEP-NDL (China) are also producing LGADs.
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iLGAD

n++

gain layer - p+
n++

JTE 
n

Fine-pitch electrodes

Ø Closely-spaced electrodes can be put on the opposite of the wafer (CNM, Spain), but wafers must be thick to 
be processed.

à not possible to associate fast-time information on a per-pixel level
• 100% fill factor
• signal in single pixel (no sharing)
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Deep-Junction LGAD

Under processing at BNL

• Bury the p-n junction (Deep Junction) so that fields are low at 
the surface, allowing conventional segmentation

• Deep junction is depleted under the applied voltage.
• Over the junction, a few µm thick p-type HR epitaxial layer is 

grown.
• n+ electrodes (strip and pixels) are then implanted and DC-

contacted by aluminum.
• It is a DC-LGAD, signal induced in the strips/pixels by drift of 

the multiplied holes in the substrate;  spatial resolution as in 
conventional silicon strip detectors.

• Concept developed at SCIPP
• Prototypes under development through a Cactus/BNL/SCIPP 

collaboration SBIR and LDRD funding
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Trench Isolation LGAD  (TI-LGAD)

no-gain region

Pixel 1 Pixel 2
Trench

Multiplication region Multiplication region

Ø JTE	and	p-stop,	which	limit	fill-factor,	are	
replaced	by	a	single	trench	in	DC-LGADs.

• Trenches	act	as	a	drift/diffusion	barrier	
for	electrons	and	isolate	the	pixels.

• ~100%	fill	factor
• Signal	in	single	pixel	(no	share)

• Trenches	are	a	few	microns	deep	and	<	1µm	
wide,	filled	with	Silicon	Oxide

• Fabrication	process	of	trenches	is	compatible	
with	the	standard	LGAD	process	flow.	

by Torino and FBK groups
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¡ Primary collision vertices spread out with sz=45 mm 
¡ Pileup will reach μ=200 

§ → 1.6 vertices/mm (mean)

§ → need <0.6 mm ITk z0 resolution

Ø ITk performs well up to |η|~2-2.5 
Ø huge degradation beyond thatITk resolution

Limited by granularity Limited by geometry
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Ø New technique: measure time
Ø ATLAS Timing Det. (HGTD) complements ITk by exploiting the time spread of collisions 

and reduce pile-up contamination

Beamspot size:
z ~50 mm
t ~175 ps

Tracker (ITk)

Ti
m
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g 

D
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. (
H

G
TD

)

ØWith 30 ps time resolution 
è 30/180 = 6x pile-up rejection than with 
tracker alone
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Ø Linear correlation between Amplitude and collected charge
Ø Approx. linear correlation between ToT and analog amplitude

Ø ToT can be used as proxy for Amplitude when combining signals from neighboring electrodes in 
position and time measurements 

by BNL, IJCLAB, Omega team

IR Laserb-particle (90Sr)

ToT vs Amplitude

Ø b-particle: Jitter & Landau 
contributions to signal

Ø Laser: only Jitter contribution
Ø laser intensity corresponding to 

signal deposited by ~5 MIPs
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Ø Forward proton tagging at hadron colliders
Ø Forward physics with proton tagging: central diffraction (e.g. exclusive jet production), exclusive g-g production, light-by-light scattering etc. 

Ø Forward Physics at the (HL-)LHC and future hadron collider: fine time 
and space resolution needed for precise proton momentum 
reconstruction and association to correct vertex (pileup suppression)

Ø 10-30 ps timing to suppress pileup, ~10 µm tracker resolution
Ø Radiation hard detector needed

ATLAS AFP 

TOTEM
Central Diffraction

TOTEM

• Tracking (Pixels+Strips)
• Timing (LGADs)+SAMPIC chip

TOTEM
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W1836
(dose: 3e12 cm−2)
Eimplant= 300 keV

W1840
(2.75e12 cm−2, Eimplant= 380 keV)

W2004
(2.5e12 cm−2, Eimplant= 380 keV)

W1837/W1837 
(3.25e12 cm−2, Eimplant= 300 keV)

è BNL’s LGAD Time resolution 26 ps
(50 μm sensor thickness)

Ø With 50 µm thickness, resolution levels off because of 
Landau fluctuations at about 30 ps àThinner sensors
Ø Landau fluctuations proportional to the detector thickness

Ø Jitter dominates in thin detectors à to be minimized with 
low noise electronics and large signal (gain and voltage).

Simulation

M. Li et al. (2021) 
doi:10.1109/TNS.2021.3097746.

Ø Time resolution improves for thinner sensors! 

y = 0.87x

0

10

20

30

40

50

60

0 10 20 30 40 50 60

Te
m

p
o

ra
l R

e
so

lu
tio

n 
[p

s]

Thickness [um]

WF2 Simulation
Minimum temporal resolution vs sensor thickness using CDF = 50% 

by N. Cartiglia

Simulation
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Ø Position resolution is improved interpolating between 
several electrodes
Ø E.g. 100 µm metal pixel, 200 µm pitch gives better than 10 µm 

resolution without requiring very small pixels.

Ø few µm resolution is at reach with medium-size pixels

By Torino group

Ø At low signal, space resolution dominated by jitter
Ø Low noise electronics needed

Ø Larger geometries have worse position resolution
Ø Need high gain and lower n+ resistivity to improve 

sharing
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by Gabriele D’Amen (BNL), PSD21, Sept ‘21


