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All the plots are from HGTD TDR except measurement 
results at USTC

https://cds.cern.ch/record/2719855


Introduction | Pile-up
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Hard scatteringPile-up

Jet from hard 
scattering

Jet from 
pile-up

Spurious 
pile-up jets

1 mm

𝜂 ≈ 2.4

• z0 and t0 can both be used to separate pile-up 
from hard scattering 

• z0 resolution in high |η| region is not good 
enough for ATLAS

• Adding timing information can improve the 
separation in the high |η| region

Hard scattering point

ttbar sample with 𝜇 = 200

Separating 
using time

𝜇 =
⟨ℒ0⟩𝜎inelastic

𝑛c𝑓rev
z0

t0



Introduction | HGTD
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ATLAS detector with HGTD
(High Granularity Timing Detector) 
installed

2.4 < 𝜂 < 4
120 mm < 𝑅 < 640 mm
𝑧 = ±3500 mm

2 double-sided plates

4 layers, 8000 modules
3.6 million LGADs (Low Gain Avalanche Detector)

Part of ATLAS Phase II upgrade High granularity



15x30 array
1.3x1.3 mm each

40 mm

20 mm

Introduction | LGAD
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HGTD module

LGAD use the n++ (N+) - p+ (P)- p structure

High E-field can provide ~20 gain

Dedicated ASIC electronics for HGTD

⇒ 30 ps resolution for MIPs (before irradiation)

50 μm



Introduction | Overview
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HGTD

30 ps resolution

HS and pile-up separation
LGAD technology
and ASIC electronics

Time resolution

HL-LHCIncreasing pile-up effect

Sensor test

Software and 
performance

Radiation damage

Resolution dependence 
on radiation dose



Sensor test | TCT measurement set up @USTC
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DUT

Lens

Probe

Pin hole

Sr-90 beta 
source e-

DUT1 DUT2 Trigger

Amplifier board

PMT

Scintillator

𝛾 𝑒−

sample
HV 2.) Biasing & Amplifier

digital
oscilloscope

1.) Laser/Beta source

3.) DAQ

TCT (Transient Current Technique)

𝑸, 𝝈𝒕, …

Established at USTC

TCT with 
beta scope

TCT with laser

HPK sensors



                             

       

  

  

  

  

   

   

 
  
 
  
 
 
 
  
  
 
 
  
 
 

            

            

          

            

            

            

            

          

            

            

            

            

          

            

            

            

            

          

            

            

            

            

          

            

            

              

       

 

 

  

  

  

  

  

 
 
 
  
 
  
 
 

            

            

          

            

            

            

            

          

            

            

            

            

          

            

            

            

            

          

            

            

            

            

          

            

            

Sensor Test | Beta scope
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Sr-90 beta 
source e-

DUT1 DUT2(Reference)

Trigger

Amplifier board

PMT

Scintillator

𝑡

Amp

Amp integral

TOA (Time of arrival)

𝑡1 𝑡2

Charge vs. Bias voltage 𝜎𝑡 vs Bias voltage

Consistent with results in TDR

HPK sensor

CFD (Constant Fraction 
Discriminator) method

50 %

𝜎DUT2 = 35 ps

𝜎𝑡1−𝑡2
2 = 𝜎DUT1

2 + 𝜎DUT2
2



Sensor test | Laser
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DUT

Lens

Probe

Pin hole

• Wavelength: 1064.29 nm

• Pulse width: 7.68 ps

• Pulse frequency: 21.9 MHz

Diameter: 20 μm

𝑡

Amp

Amp integralTOA

Trigger time 
provided by 
laser

                  

       

 

 

  

  

  

  

  

 
 
 
  
 
  
 
 

              

                  

       

 

  

  

  

  

  

  

  

 
  
 
  
 
 
 
  
  
 
 
  
 
 

              

Max amplitude (mV)

No Landau fluctuation in laser test 
in contrast with beta scope resultsHPK sensor

Beta scope results

Charge vs. Bias voltage

𝜎𝑡 vs Bias voltage



                   

          

 

  

  

  

  

   

 
  
 
  
 
 
 
  
  
 
 
  
 
 

               

         

                    

            

               

         

                    

            

               

         

                    

            

Sensor test | Time resolution
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HPK sensor type 3.1

𝑁: noise

𝑆: signal

𝑡rise: rising time of signal

𝜎𝑡
2 = 𝜎Landau

2 + 𝜎timewalk
2 + 𝝈𝐣𝐢𝐭𝐭𝐞𝐫

𝟐

𝜎timewalk is corrected and reduced with CFD method

𝝈𝐣𝐢𝐭𝐭𝐞𝐫 =
𝑁

d𝑉/d𝑡
=

𝑁

𝑆/𝑡rise
Close

𝝈𝒕-laser is close to 𝝈𝐣𝐢𝐭𝐭𝐞𝐫-beta scope

Time resolution at 10 fC is about 30 ps, which satisfies 

current specification

30



Sensor test | USTC sensor
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USTC sensor

                          

       

  

  

  

   

   

   

 
  
 
  
 
 
 
  
  
 
 
  
 
 

            

       

            

       

Similar timing performance 

USTC Sensor

Designed by USTC and produced by IME

Also satisfy current specification for HGTD

More details in Xiao Yang’s talk (link)

https://indico.ihep.ac.cn/event/12369/session/30/contribution/155/material/slides/0.pdf


Software and performance | Performance overview
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𝑡reco − 𝑡truth distribution for VBF H(inv) events 𝑡reco
0 − 𝑡truth

0 distribution for VBF H(inv) events

HGTD can provide a way to determine 𝒕𝟎 (time of the primary vertex) information for tracks



Software and performance | Lepton isolation
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Improve about 10% at 1.6 vertices/mm

Identifying pile-up tracks
Un-isolated electron relabeled 
as isolated electron

Electron track

Pileup track

Δ𝑅 = 0.2

𝒛𝐭𝐫𝐤
𝟎 𝒛𝐞𝐥𝐞𝐜 𝐭𝐫𝐤

𝟎

𝒕𝐭𝐫𝐤
𝟎

𝒕𝐞𝐥𝐞𝐜 𝐭𝐫𝐤
𝟎

𝑧trk
0 − 𝑧elec trk

0

𝜎𝑧0
> 𝑠

𝑡trk
0 − 𝑡elec trk

0

𝜎𝑡
> 𝑠

①
②

1.6



Software and performance | Pileup jet suppression
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𝑅𝑝T =
∑𝑝T

trk PV0

𝑝T
jet

൝
𝑅𝑝𝑇 > 𝑠, Hard scattering jet

𝑅𝑝𝑇 < 𝑠, Pile−up jet

PV (Primary Vertex)

Jet from hard 
scattering

Improve up to about 50% at 85% signal (HS) efficiency

Subtract pile-up tracks

Correctly label mislabeled HS jet

Timing 
information

Enhance



Software and performance | Luminosity measurement
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• HGTD as a luminometer

• High granularity gives low occupancy

⇒ 𝑛hits ∝ ⟨pp interaction⟩

• Special two-timing-window scheme at ASIC level 

to provide in-situ measurement for noise and 

afterglow

• Analysis channels can benefit from precise luminosity 

measurement:

• ggH(→γγ)

• ggH(→ZZ*)

• ggH+VBF, H→ττ

• …



Summary

• HGTD, a novel detector to be installed on HL-LHC in the forward region, can 
provide high-precision timing information for charged particles;

• The LGAD technology is used, R&D work is being performed to measure the time 
resolution of the candidate sensors, and their characteristics agree with what’s 
expected for un-irradiated sensors;

• Performance studies has been done to explore the full potential of HGTD, and it 
has been shown the timing information can improve physics studies in multiple 
ways

• More results coming!

Tao Wang (USTC)15
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Thanks for listening!
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Backup



Calibration

• Calibration signal generated by signal generator with attenuator
• Injected signal leading edge ~1 ns
• Injected charge Q= ΔV*1 pF
• Average result of 1000 signals

• Calibration constant =
Injected charge

Voltage integral 18

1 pF

Calibration
signal

Output signal
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• Amax: the maximum amplitude of the 
waveform

• Tmax: time when the amplitude of the 
waveform is maximum

• RMS: RMS of the head part of the waveform 
(before the peak)

• TOA: time when the amplitude of the signal 
crosses 0.5*Amax

• Collected charge: the peak integral divide by 
the calibration constant

Waveform analysis



20

Events selection
DUT1 DUT2(Reference)

       

         

 

    

    

    

    

   

    

    

 
 
 
  
  
 

                

                      

               

       

         

 

    

    

    

    

   

    

    

 
 
 
  
  
 

                

                      

               

• Events recorded when the PMT 
is triggered

• Events chosen as the signal 
events while the events on 
both DUT1 and DUT2 are in the 
signal region (cut applied on 
the 2d distribution of Amax 
and Tmax)

Tmax: time when the amplitude of the waveform gets maximum
Amax: the maximum amplitude of the waveform



Time reconstruction

• CTD(Constant Threshold Discriminator): the time of arrival is defined as the time where the signal 
crosses a constant threshold. The effects of time-walk can be corrected if the signal amplitude is known.

• CFD(Constant Fraction Discriminator): the time of arrival is defined as the time where the signal crosses 
a constant fraction (𝑓CFD) of the maximum amplitude. However, since the threshold is crossed before 
the maximum amplitude is reached, this method cannot be implemented in the read-out electronics.

• CFD is used in the offline analysis. 21

CFDCTD



σjitter =
RMS

slope
=

RMS

Ampl ∗ 20%
T60% − T40%

RMS: Mean of the RMS distribution
Ampl: MPV of the maximum amplitude distribution
T40%(60%): Time when the average waveform reach 40%(60%) of the maximum amplitude 22

        

         

 

    

    

    

    

   

    

    

 
 
 
  
  
 

                

                      

               

Jitter estimation



Beta scope test
23

Laser test



Sensor Test | Beta scope
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Sr-90 beta 
source e-

DUT1 DUT2(Reference)

Trigger

Amplifier board

PMT

Scintillator

𝑡

Amp

Amp integral

TOA (Time of arrival)

𝑡1 𝑡2

𝑡TOF = 𝑡2 − 𝑡1 𝜎𝑡TOF
2 = 𝜎DUT1

2 + 𝜎DUT2
2

𝜎DUT2 = 35 ps

HPK Type 3.1 
sensor at 230 V

Amp integral

Constant
= 𝑄

𝑄 𝑡TOF

HPK sensor

CFD (Constant Fraction 
Discriminator) method

50 %



Sensor test | Laser
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DUT

Lens

Probe

Pin hole

• Wavelength: 1064.29 nm i.e. 1.165 eV

• Pulse width: 7.68 ps

• Pulse frequency: 21.9 MHz

Collimation Diameter: 20 μm

Reducing laser 
intensity

𝑡

Amp

Amp integralTOA

Trigger time 
provided by 
laser

𝑡TOF = 𝑡TOA − 𝑡trigger

𝜎𝑡TOF ≈ 𝜎𝑡TOA

𝜎𝑡trigger
2 ≈ 0

                  

       

 

 

  

  

  

  

  

 
 
 
  
 
  
 
 

              

                  

       

 

  

  

  

  

  

  

  

 
  
 
  
 
 
 
  
  
 
 
  
 
 

              

Amp integral

Max amplitude
≈ Const.⟹

𝑄

Max amplitude
≈ Const.

Max amplitude (mV)

No Landau fluctuation in laser test

HPK sensor



Luminosity measurement impact
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