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• Origin of  Universe

– Standard Model for Particle Physics

• Observation of  Higgs Boson indicate “What we expect” was right.

– But at the same time we cannot describe everything only by 

“What we expect”

• What is Dark Matter and Dark Energy?

• Why matter > anti-matter?

• Neutrino Mass?

• Hierarchy Problem

• Quantization of  Gravity     etc

These must be hints of  new physics?

Huge progress in this 15years.

→ Very interesting phase to prepare new exp.
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• Non-Accelerator Experiment
– Cosmic Microwave Background (CMB)

• COBE and WMAP measured temperature uniformity of  CMB. These measurement 
indicate existence of  Dark Matter/Energy as well as age of  the universe.

– Search for WIMP Dark Matter
• XENON1T, LUX etc.. Under ground experiment

• Fermi-LAT, AMS-02 etc… Experiment at Satellite or International Space Station.

• Accelerator Experiment
– To measure observed phenomena precisely, we need to precisely control the 

production of phenomena. 

– Once we succeed the production, we can measure the phenomena very 
precisely.

– But we need to create huge energy/mass phenomena (10s GeV to a few TeV)

→ Need huge accelerator

WMAP
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2012: Higgs

• Before 1980s
– e+ e- collider : Observation of  low mass particles (~ a few GeV)

• 1974 J/ψ
• 1975 τ
• 1979 gluon

• After 1980s
– Proton collider : Observation of  heavier mass particles.

• 1983 W,Z

• 1995 top

• 2012 Higgs

– e+ e- collider : Precision measurement
• 1989 : neutrino : 3 generation

• LEP Electroweak measurement

ISR

(CERN)

SppS : W/Z observation →LEP : mesurement

LEP : top mass expectation? → Tevatron : Top observation

LEP : EW measurement +Tevatron : Top mass measurement → LHC : Higgs observation

Complementarity ：
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2012: Higgs

• Before 1980s
– e+ e- collider : Observation of  low mass particles (~ a few GeV)

• 1974 J/ψ
• 1975 τ
• 1979 gluon

• After 1980s
– Proton collider : Observation of  heavier mass particles.

• 1983 W,Z

• 1995 top

• 2012 Higgs

– e+ e- collider : Precision measurement
• 1989 : neutrino : 3 generation

• LEP Electroweak measurement

ISR

(CERN)

SppS : W/Z observation →LEP : measurement

LEP : top mass expectation? → Tevatron : Top observation

LEP : EW measurement +Tevatron : Top mass measurement → LHC : Higgs observation

Complementarity ：

Huge impact by Observation
New physics (expected heavy)

are searched by Hadron Collider

FCC-hh?
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[Difficulty of  pp collider analysis]

• Difference of  center-of-mass energy and energy used for collisions.
– Parton Distribution Function (PDF)

• Complicated collision due to composite particle of  proton
– Huge QCD background

– Spectator of  the proton collisions
→Underlying event

– Multiple collisions in a bunch crossing
→Pile-up

– 10 order of magnitude difference between pp cross section and 
interesting events.
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Improvement of Inner tracker

e.g. 

Current ATLAS

(ATLAS IBL)

HL-LHC upgrade

(Pixel @HL-LHC)
φ
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250um

Very dense tracks
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Improvement of granularity

140 pileup @ HL-LHC

1500 pileup @ FCC-hh

50um
50um
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• Collider experiment gets high energy and high intensity.
→Future Tracking detector should have timing information for all hits!

• Tentative Requirement
– 30ps timing resolution &~o(10)um spatial resolution

– (hadron collider) ~o(1016)neq/cm2 radiation tolerance

Detector Hit Tracking

4D tracking！
Particle identification

β = 1 β = 0.95

150ps difference at R=1m β measurement to obtain mass

Mass spectrum for new particle

Solve pileup hits in an event K+ π+ separation

e.g.  Mass measurement 

for Long lived chargeno
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𝜎𝑡
2= 𝜎𝑡𝑤

2 + 𝜎𝑗
2

𝜎𝑡𝑤:Time walk

𝜎𝑗: Jitter (electronics)

Time Walk Time Jitter

𝜎𝑗 =
𝜎𝑛
𝑑𝑉
𝑑𝑡

=
𝜎𝑛
𝑆
𝑡𝑟

=
𝑡𝑟
𝑆
𝜎𝑛

S : pulse height

σn : Noise

tr : rise time 

Timing resolution:

Time walk : 
can be reduced by using Constant Fraction Threshold

Jitter (electronics) :
can be reduced faster rise time or larger signal

Faster signal turn on and good S/N ratio

should be the key to improve timing resolution
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TCAD simulation

Non-Uniform charge deposition 

𝐼𝑖𝑛𝑑 =

𝑖

𝒒𝒊 Ԧ𝑣𝑑𝑟𝑖𝑓𝑡,𝑖 ∙ 𝐸𝑤,𝑖

Thinner active thickness 

will help to reduce the effect

50um

20um
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𝜎𝑡
2= 𝜎𝑡𝑤

2 + 𝜎𝑗
2+ 𝜎𝐿

2

𝜎𝑡𝑤:Time walk

𝜎𝑗: Jitter (electronics)

𝜎𝐿: Landau noise

𝜎𝑗 =
𝜎𝑛
𝑑𝑉
𝑑𝑡

=
𝜎𝑛
𝑆
𝑡𝑟

=
𝑡𝑟
𝑆
𝜎𝑛

S : pulse height

σn : Noise

tr : rise time 

testbeam

IR Laser50um thick sensor : saturated timing resolution ~30ps

Thinner sensor should have better resolution.
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AC-LGAD sensor

HGTD (ATLAS LGAD)

AC-LGAD sensor

HGTD ASIC

Collaboration for EICROC

Si-Ge BiCMOS Monistic

28nm ATLAS ASICBi-CMOS ASIC

Bi-CMOS ASIC for EIC

Sensor Development

ASIC Development

collaboration

collaboration

EICROC

collaboration
collaboration

Will focus on HPK AC-LGAD in this seminar
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• Read out principle of AC-LGAD

Assuming ZCbulk,Zcint>>ZCcp…

n+

p++

Cbulk

CcpCcp Ccp

Rimp RimpRimp Rimp

signal readout 
crosstalk/sharing

CintCint

Cinput Cinput Cinput

• Additional cross talk is expected due to the inter electrode capacitance Cint

– Amount of  cross talk may also depend on input capacitance on the electronics. 

– Effect must be understood → Sensor with smaller Cint should be important
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Low Vgain

Larger Signal & Smaller cross talk

Parameter space for doping concentration

n+ doping concentration

Lower p+ doping
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Low Vgain

Larger Signal & Smaller cross talk

Parameter space for doping concentration

A-1

A-2

A-3

C-1

C-2

C-3

B-1

B-2

B-3

D-a/b

E-b

C-2b

x 1/10x 1/2x 1/2

n+ doping concentration

Pad type

Strip type Pixel type
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500um
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Al size : 42,38,34,30um
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C2-b

C2
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E-b

Larger n+ resistivity

→larger signal

Normalized to C type

Larger n+ resistivity
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Normalized to C type

JFY2019

sample

JFY2020

sample

JFY2019

sample

JFY2020

sample

E-bD-b

D-a
C2-b

C2 All C to E types 

works fine. 

→ Can choose depends 

on application

NIMA 1048(2023) 168009 
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• Charge sharing approach
– For lepton collider or other low occupancy 

colliders.

– Reconstruct particle position using charge sharing 
(charge fraction to next channels)
• Relatively low n+ implant resistivity

– Pros. : Very good spatial resolution if high 
resolution ADC used.

– Cons. : Smaller signal size. Need high resolution 
ADC.

Fine pitch strip with narrow Al

(to reduce inter strip cap.)

HPK strip/pixel approach HPK pad and BNL sensor approach
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Pixel sensor

➢ Various of pitch 

➢ 5 times larger Ccp compared with E-b (2020) type : E-600

200um 150um 100um 50um

Used thinner di-electric layer (Oxide layer)

→ Electrode capacitance increased by factor of 5 !!

E120 E240 E600

C120 C240 C600

Ccp [pF/mm2]

R
im

p
[𝛀
/□

]

1600

400
50um pitch electrode sensor has not been yet tested

due to difficulty of  wire bonding. 
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150um pixel

Signal MPV
: 122.4±5.5mV

Noise
100 um pitch pixel 

• Compared signal size of  6 types Ccp/Rimp.
– 150um pixel sensors 

– Two n+ resistivity types and 3 Ccp types

• Compared signal size of  3 pixel size
– 100/150/200um pitches are compared.

Successfully developed

Good S/N 100um pitch 

pixel detector!

Signal size comparison by Ccp/Rimp Pulse height comparison by pixel pitches
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MPV 34mV

80um pitch Strip 

Successfully developed

Good S/N 80um pitch strip detector!
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MPV 34mV

80um pitch Strip 

Successfully developed

Good S/N 80um pitch strip detector!

However, the signal size is much smaller than pixel sensors

Signal MPV
: 122.4±5.5mV

Noise
100 um pitch pixel 

(c.f.)

Why so small signal?

How much effect of interstrip capacitance?

Significantly smaller signal compared with pad type detector.

How much signal attenuation in the strip?

This might affect to the signal size un-uniformity and delay of  

signal readout.
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Strip sensor with cut line

➢ Strip sensor which has different electrode 

length (to study inter electrode cap.)

Cutline

Pattern diagram

16 strips x 2

Strip length [mm]

S
ig

n
a
l 
s
iz

e
 [

V
]

short strip long strip

Effect of inter 

strip capacitance

reduced by 60% 

Where signal disappeared?
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Strip sensor with cut line

➢ Strip sensor which has different electrode 

length (to study inter electrode cap.)

Cutline

Pattern diagram

16 strips x 2

Strip length [mm]
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 [
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]

short strip long strip

Effect of inter 

strip capacitance

reduced by 60% 

C
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Strip length [mm]

Where signal disappeared?

→ Cross talk via Cint
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Ch9 Ch13

Ch10 Ch14

Ch11 Ch15

Ch12 Sum

Amplitude distribution with residual

Obtained track 

pointing resolution

52.4 ± 2.9 um

Position resolution 

for each channel (ave.)

56.2 ± 1.4 um

Position resolution

of LGAD sensor

20.3 ± 3.2um

• Testbeam @ Tohoku University (ELPH)
– 800MeV electron beam

– Trigger rate : 200-400Hz

– Strip E-b type 170V @ 20oC

4 layer of  Telescope 

(25um x 500um pixel)

Trigger by scintilator

Specify region (ROI)

e-

N
o

rm
a
li

z
e
d

 A
m

p
li

tu
d

e 

Relative track position [mm]

No charge weight used. 

binary readout information only
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Tested :

2x2 pad (500um x 500um electrode size)

Three different thickness : 50um, 30um and 20um
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Achieved 15um resolution

with 500um□ pad sensor

HPK AC-LGAD Pad (C-2 type)
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Photek PMT 240 (90Sr source)

Infra-Red (pico sec) laser

~9ps timing resolution

5ps timing jitter
Old method

2 layer coincidence

→ 𝜎𝑡 = 𝜎∆𝑡/ 2

𝜎𝑡
2= 𝜎𝑡𝑤

2 + 𝜎𝑗
2+ 𝜎𝐿

2

𝜎𝑡𝑤:Time walk

𝜎𝑗: Jitter (electronics)

𝜎𝐿: Landau noise

Timing resolution

MIP

IRMIP

• Photek PMT240 (MCP-PMT)
– Mes. Of timing resolution to MIP

– 9ps PMT240 resolution (reference)

– Don’t know injecting position.

• Infra-red (pico sec) laser
– Known injecting position(Size：1.8um)

– 5ps jitter

– No landau noise
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t=50um t=20um

σt 38.4ps 34.4ps

σj 26.8ps 30.7ps

σL 27.1ps 15.5ps

𝝈𝒕
𝟐= 𝝈𝒕𝒘

𝟐 + 𝝈𝒋
𝟐+ 𝝈𝑳

𝟐

34.4±0.4ps

@105V

38.4±0.4ps

@190V
10ps timing resolution!!

Infra-red laser (Edep~ a few times MIP) Beta-ray measurement

𝝈𝒕
𝟐= 𝝈𝒕𝒘

𝟐 + 𝝈𝒋
𝟐+ 𝝈𝑳

𝟐

• Timing resolution measurement by two methods
𝜎𝑗 =

𝜎𝑛
𝑑𝑉
𝑑𝑡

=
𝜎𝑛
𝑆
𝑡𝑟

=
𝑡𝑟
𝑆
𝜎𝑛

By laser measurement,

calculated noise for each Volt.

Calculate jitter for MIP meas.

Evaluated Landau term.

20um sensor have smaller landau term in timing resolution.

Need to reduce jitter to obtain better timing resolution →ASIC?
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~20ps

~25ps

~35ps
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After NIEL

1.5e15neq/cm2

P+ doping concentration measured by Bulk C
Radiation damage study by FBK sensors

Depends on : p+ concentration, type of dopant and diffusion of p+

Interstitial Boron

Substitutional Boron

Carbon annealing
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Lower p+ doping

Non-irrad : p+ dope dependence

Non-irrad (20oC)

Non-irrad

(-20oC conv.)

1e14neq/cm2

(-20oC) 5e14neq/cm2

(-20oC)

ΔVgain=93.57±0.03V / 1e14neq/cm2

Drastic improvement is necessary 

to use in Future hadron colliders.



March 13th, 2023BNL Physics Seminar 35



March 13th, 2023BNL Physics Seminar 36

Effective Dope

n+ dope elec.

n+ dope gain

p+ dope gain

Depth

Irradiation has been performed first compensation prototype (DC-LGAD) in January 2023 

and measured quickly → we can show first results today!
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𝑁𝐴(∅) = 𝑁𝐴(0) ∙ 𝑒
−𝐶𝐴∅

Donor removal

Acceptor removal

𝑁𝐷(∅) = 𝑁𝐷(0) ∙ 𝑒
−𝐶𝐷∅

𝑁𝐴 ∅ − 𝑁𝐷 ∅ = 𝑁𝐴 0 ∙ 𝑒−𝐶𝐴∅ − 𝑁𝐷(0) ∙ 𝑒
−𝐶𝐷∅

Any idea of  CA and CD from past measurement?

Compensated effective p+ gain layer will change by following formula 

CD=2.4 x 10-13 cm2 for phosphorus and CA=2.0 x 10-13 cm2 for boron 

in very high resistivity p-type and n-type materials (>1kΩcm).

→ How about lower resistivity ? (like 1 x 1016 cm-3 p+ concentration)
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𝑁𝐴 ∅ − 𝑁𝐷 ∅ = 𝑁𝐴 0 ∙ 𝑒−𝐶𝐴∅ − 𝑁𝐷(0) ∙ 𝑒
−𝐶𝐷∅

𝑁𝐴 ∅ − 𝑁𝐷 ∅ = (𝑁𝐴 0 − 𝑁𝐷 0 ) ∙ 𝑒−𝐶𝐴∅

𝑁𝐴 ∅ = 𝑁𝐴 0 ∙ 𝑒−𝐶𝐴∅
reference

If  CA>CD ? If  CA<CD ?

CA/CD=1.5 CA/CD=0.8

Reduction of effective p+ must be 

the same as non-compensated case

CA/CD=1.01

Shorter life time
Slightly longer life time

Not detreated performance until some point 

Most likely… 

This is the case

If this is true, 

compensation is not promising. 



March 13th, 2023BNL Physics Seminar 40

Interstitial Boron

Substitutional Boron

non-irrad

6E14 n/cm2

3E15 n/cm2

This method is promising to study further.

PAB

PAB

PAB
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ACLGAD with 80um pitch strip sensor

Good S/N ratio : 99.98% at 1e-4 noise rate

ACLGAD with 100um x 100um pixel sensor

Larger signal than strip sensor!!

LGAD detector with Radiation tolerance

Compensation method may not work

Partially activated Boron is promissing

20um thick ACLGAD successfully 

developped

We achived ~20ps level time resolution!

Small signal due to : 

inter strip capacitance

→Strip specific issue

Much better solution !
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Large size prototype

Gain Uniformity

EIC prototype

New Application 

to Collider 

detector

HGTD prototype

3cm length 

500um pitch strip

2cm x 2cm

100um pitch pixel
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