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MIP Timing Detector for CMS Phase-2 Upgrade

q Important to maintain detector performance during HL-LHC running
◦ Time information will help to reduce pileup effects from approximately 200 simultaneous interactions

q MIP timing detector (MTD) consists of barrel timing layer (BTL) and endcap timing layer (ETL),
providing 30-50 ps time resolution per track
◦ BTL: LYSO crystal scintillator + SiPM readout
◦ ETL: Silicon based sensor (LGAD) + ASIC readout
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MTD Physics motivation: pile-up mitigation 

q Important to maintain detector performance 
during HL-LHC running
◦ Time information will help to reduce pileup effects from 

approximately 200 simultaneous interactions
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The display of an event with a Higgs boson produced in the VBF 
process on top of 200 pile-up collisions. 
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MTD Physics motivation: pile-up mitigation 

q The mitigation of pile up effect improves all physics objects
q 4D vertexing (position+time) can remove 

◦ Spurious pileup tracks from “isolation cone” around leptons
◦ Rejects spurious jets formed from pileup particles.
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MTD Physics motivation: particle ID

q MTD can provide significant improvement for particle ID 
◦ heavy ion charm tag. 

q Significant gains for searches for long-lived new particles. 
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Mip Timing Detector (MTD) Project
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Overview of endcap timing layer (ETL)
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ETL structure
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ETL Module assembly

q LGAD+ASIC assemblies mounted on AlN (Aluminum Nitride) carrier plates
q Aerotech 3+1 axis gantries were used for ETL module assembly
q Labview program for the set-up and motion of gantry required for module assembly

q Fermilab, SiDet, Detector test Area

4,6: Conductive film
5: AlN carrier
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Module design 
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Service hybrids
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Parameters for time resolution determination 
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Noise source
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Endcap Timing Layer ReadOut Chip (ETROC)

q Total ETROC size: 16 X 16 pixel cell 
◦ One pixel cell size: 1.3mm X 1.3mm to match the LGAD sensor 

pixel size

q Targeting signal charge (1MIP): ~6 fC
q TDC (time-to-digital converter) range 

◦ ~5 ns TOA (time of arrival) 
◦ ~10 ns TOT (time over threshold)

pixel
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ETROC Development Plan 
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Low Gain Avalanche Diode (LGAD) Sensors
q Sensor producer 

◦ HPK (Hamamatsu, Japan), FBK (Italy), CNM (Spain), NDL (China)
q LGAD characteristics

◦ Precision position reconstruction and timing resolution
◦ Highly improved radiation tolerance
◦ Large signals with low noise 
◦ Thin implanted gain layer of overall thickness of 35–50 μm

q The additional doping layer present at the n-p junction
◦ Generates the high field necessary to achieve charge 

multiplication.

HPK 4x4 sensor array(𝟏×𝟑𝒎𝒎𝟐 pads)

FBK 2x8 sensor array(𝟐×𝟐𝒎𝒎𝟐 pads)
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Low Gain Avalanche Detectors (LGAD)
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Silicon Detectors after Irradiation
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Test beam with 120 GeV proton at Fermilab 
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LGAD sensor test with 120 GeV proton beam
FNAL test beam facility (FTBT)

q Beam properties at FTBT
◦ 120 GeV proton beam
◦ Beam width : few mm to few cm
◦ 100k protons per 4 second spill per minute

q Strip and Pixel telescope
◦ Provides proton track position

q Extra strip layer after cold box
◦ Prevent scattered proton
◦ Measure efficiency ~99% 

q Photek Micro-Channel Plate (MCP)
◦ Provided a very precise reference 

timestamp (~10 ps)
q Cold box (Environmental Chamber)

◦ LGAD sensor and MCP are mounted
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LGAD prototyping campaigns

q Optimization of gain layer & thickness for best time resolution
q Improving radiation hardness, Developing large arrays of sensors
q Prototypes satisfy 

◦ Time performance < 40 ps
◦ Uniform performance of all sensor surface

HPK 3.1 sensors (2x2)

Hamamatsu 12-inch wafer
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Irradiated FBK 2x8 arrays sensor test

q Validation of beta source measurement
q Irradiated FBK 2x8 arrays sensor test 

◦ Signal amplitude
◦ Hit efficiency
◦ Timing performance
◦ Radiation damage

q Prototype LGAD Sensor testing 

LGADs
𝒕𝟏

MCP
𝒕𝟎

120 GeV 
proton beam

Cold box

Time resolution of FBK 2x8 array

𝐭𝟏(𝐋𝐆𝐀𝐃) 𝐭𝟎(𝐌𝐂𝐏)

∆𝐭Signal 
amplitude

Silicon Detector Facility (SiDet)

2D map of hit efficiency
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Validation of beta source measurement 
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Time Resolution of LGAD Sensor
qTime resolution is obtained between timestamp of LGAD and MCP 
q∆𝑡 distribution fit with Gaussian to obtain width 𝜎!
qUniform at ~40 ps on 16-channel board

HPK type 3.1, 4x4 array (𝟑×𝟏𝒎𝒎𝟐 pads)

work in progress
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MetalizedNon-metalized

Irradiated FBK 2x8 arrays sensor test – signal amplitude 
q Hadron fluence - 4 ∗ 10()𝑛*+/𝑐𝑚,

q Most of the initial gain gradient is removed
q Better radiation hardness underneath metalization

◦ Metalized MPV ~ 40 mV
◦ Non-metalized MPV ~35 mV

2D mpv map of average amplitude

FBK UFSD2 2x8 arrays (2×𝟐𝒎𝒎𝟐 pads)

1D projection plot of amplitude in  x-coordinate
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2D effieicny map of hit efficiency

Irradiated FBK 2x8 arrays sensor test - Hit efficiency

1D projection of hit efficiency in x-coordinate

q Efficiency measurement
◦ 𝑒𝑓𝑓 = $%&'&( '%)*+ && -./()0 )1&23 '4%3-4&05 .( 6789 $)5

$%&'&( '%)*+ .( '303-*&$3
q Efficiency reaches ~99% in all regions except for gaps

◦ LGAD sensor maintains performance despite the radiation damage

Zoom
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Irradiated FBK 2x8 arrays sensor test – Timing performance
q Timing uniformity with respect to 

MCP reference
◦ Time difference between time stamp of 

LGAD and MCP
◦ ∆𝑡 = |𝑡( 𝐿𝐺𝐴𝐷 − 𝑡- 𝑀𝐶𝑃 |
◦ Time resolution : ∆𝑡 distribution fit with 

Gaussian to obtain width 𝜎.

LGADs
𝒕𝟏

MCP
𝒕𝟎

120 GeV 
proton beam

Cold box
q LGAD, MCP time stamp

◦ Larger signals (LGAD) reach threshold 
earlier

◦ Constant Fraction Discriminator (CFD) 
-Threshold as fraction of peak amplitude

𝐭𝟏(𝐋𝐆𝐀𝐃) 𝐭𝟎(𝐌𝐂𝐏)

∆𝐭

LGAD signal

MCP
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1D projection of ∆𝒕 in x-coordinate

1D projection of time resolution

Irradiated FBK 2x8 arrays sensor test – Timing performance

Average ∆𝒕 between MCP and FBK

Time resolution of FBK 2x8 array

q Latest FBK production maintains less than 40 ps resolution for the entire lifetime
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q MPV collected charge
◦ Metalized region

MPV peak ~7.6 fC
◦ Non-metalized region 

MPV paek ~ 6.7 fC
q Latest prototype sensor

◦ 10 fC with a whole lifetime in the detector 

MetalizedNon-metalized

Irradiated FBK 2x8 arrays sensor test – Collected charge
2D mpv map of collected charge
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AC-LGAD strip sensor
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Photograph of the AC-LGAD sensor. 
The seventeen individual strips are 
referenced according to labels 0 to 
16, from left to right. 

Cross section of a segmented AC-LGAD. For simplicity, 
only three AC electrodes are shown, and the figure is 
not to scale. 

Combined signal effciency of
adjacent strips as a function of the
proton track x and y position, for
signals with amplitudes above a 100
mV threshold. In (a) individual strip
effciencies are also shown, and
vertical grey bands indicate the strip
positions in the x-direction.
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AC-LGADs for Electron Ion Collider
q AC-LGAD based Time of Flight (TOF) can provide the Particle ID for every particle in EIC.

◦ based on 30 ps timing resolution
◦ Ideally coarse pitch (500 µm, 1-2 cm strips) for sparse readout
◦ TOF can be used tracking layer (~20 µm resolution)

q TOF ID complements Cherenkov-based ID for soft particles.

AP
CT

P 
W

or
ks

ho
p 

on
 th

e 
Ph

ys
ic

s o
f E

IC
CH

AN
G

-S
EO

N
G

M
O

O
N

 (K
N

U
)

ECCE detector



35

AC-LGADs for Electron Ion Collider
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Barrel TOF simulation (eta=0)
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Silicon detectors in High Energy Physics (HEP)

Interconnect
(bump bonding)

Sensor
Sensor

Readout electronics
Analog Digital

Electronics
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PN Junction Diode
Zero Biased
PN Junction Diode

+ +
+ +
+ +
+ +

- -
- -
- -
- -

I-V curve

Forward Biasing Voltage Reverse Biasing Voltage
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ETL Sensor Test at FNAL

❑ LGAD Sensor characterization with beta source measurement

◦ Ensure a guaranteed level of readout accuracy over various operating 
condition

❑ Measure signal amplitude, risetime, resolution, signal-nose ratio, 
etc

Silicon Detector Facility (SiDet)

Fermilab Test Beam Facility (FTBF)

q Designated beamtime Feb 19-25 (primary user) 2020
◦ Extensive characterization of ETROC0 with LGADs
◦ Characterization of irradiated non-uniform FBK 2x8 arrays
◦ Validation of beta source measurement with HPK 3.1  sensor.

q Parasitic running Feb 26 – March 6 2020
◦ Sensor test for next generation LGAD
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LGAD Testing & Module assembly at Fermilab

Testing board 
assembly

LGAD sensor 
testing

ETL module 
assembly

Photodetector timing lab Detector test Area
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