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Overview 
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•  Motivations : Why precision timing? 
  

•  Latest Developments: 
•  Silicon-based calorimeters 
•  MCP-based calorimeters 
•  Crystal-based calorimeters 



High Luminosity ! High Pileup! 
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Future Hadron Colliders must face high pileup 



Calorimeters face unique 
pileup challenges 
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•  Pileup jets can be misidentified 

Jet from Primary 
interaction 

Jet from pileup 



Calorimeters face unique 
pileup challenges 
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•  Pileup jets can be misidentified 
•  Particles and energy from pileup contaminate the 

calorimeter signal 

From primary 
collision 

From Pileup 
real jet 

At 140 PU, Neutral 
pileup particles 
contribute 100% 
energy to a 50 GeV Jet 



Calorimeters face unique 
pileup challenges 
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•  Pileup jets can be misidentified 
•  Particles and energy from pileup contaminate the 

calorimeter signal 
•  Missing transverse energy resolution severely degraded 

Every pileup interaction contributes ~3 
GeV in quadrature to the MET resolution 

At 200 PU ! ~40 GeV 



Precision Timing As a Solution 
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An obvious solution… 

Measure the time 
stamp of a particle at 
the interaction point 

Identify which vertex 
it came from 

Longer  
time of flight 

Shorter 
time of flight 
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An obvious solution… 

Measure the time 
stamp of a particle at 
the interaction point 

Identify which vertex 
it came from 

Shorter 
time of flight 
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time of flight 



How to use Time Information? 
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Allows to identify the calorimeter clusters that correspond 
to pileup and to remove them 

Within time 
window 

Outside time 
window 

real jet 



Intrinsic limitations? 
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•  Limitations from Physics: 
•  Electromagnetic Shower Fluctuations? 

•  Limitations from Hardware: 
•  Detector Sensor Limitation 
•  Digitization Limitation 
•  Clock Synchronization 

Past 2 years have seen tremendous progress on 
understanding many of these items 



EM Shower Fluctuations 
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•  Using the most precise timing device (Photek-240 
MCP-PMT), it was shown that the impact of EM shower 
fluctuations are below the 10ps level 

Si Xie, et al: “Study of the timing performance of micro channel plate 
photomultiplier for use as an active layer in shower maximum detector.”, 
NIM A, 795 (2015) p. 288-292 
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Silicon-Based Calorimeters 
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•  Well studied calorimeters with possibility of high granularity 
digital readout 

•  CMS Phase II Upgrade proposed to use a silicon-based 
design and significantly increased interest in HEP community 
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•  Silicon-based calorimeters have a number of intrinsic 
advantages: 
•  Fast primary signal formation (few ns) 
•  No secondary time-scales from scintillation or photon 

transport 
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Silicon-Based Calorimeters 



Precision Timing with Silicon 
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•  Many testbeam studies in the past year on timing properties of 
silicon sensors, with many positive results  

6mm x 6mm Si sensor, thickness 325 µm 

At Fermilab Testbeam Facility 
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•  Many testbeam studies in the past year on timing properties of 
silicon sensors, with many positive results  

At Fermilab Testbeam Facility 
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Precision Timing with Silicon 
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•  Many testbeam studies in the past year on timing properties of 
silicon sensors, with many positive results  

At CERN 

Nice agreement with simulation 



Precision Timing with Silicon 
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•  Many testbeam studies in the past year on timing properties of 
silicon sensors, with many positive results  

At CERN 

Time resolution 
measurements consistent 
with results from Fermilab 
testbeam studies 



Precision Timing with Silicon 
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•  Many testbeam studies in the past year on timing properties of 
silicon sensors, with many positive results  

At CERN 

Radiation Damage studies: 
•  Reduction in pulse amplitude and rise-time 



Micro-Channel Plate (MCP) Based 
Calorimeters 
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•  Similar advantages as silicon-based calorimeters 
•  Directly sensitive to secondary shower particles 

•  Potentially higher gain than silicon sensors : > 10^5 

•  Studies performed at Fermilab Testbeam Facility 

Photonis MCP 

Photek MCP 

Scintillator Trigger 
(~ 2mm x 2mm ) 

Reference time 
detector 

Electron Beam @  
Fermilab Testbeam Facility 

Tungsten Absorber Absorber thickness is 
varied to probe the 
shower profile 

Active Element is 
Photonis 85012 MCP  



Photonis Micro-Channel Plate (MCP) 
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•  Pixelated 8x8 , 6.5mm pitch per pixel 
•  25 µm pores 
•  Active area 5.3cm x 5.3cm 
•  Standard Operating Gain: 10^5 

Photonis 85012  
MCP  



Pixelated Readout 
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•  Pixelated readout allowed for studies of position and time 
resolution 

114

(see Figure 12.2). During the course of the experiment it was found that the pixel
labelled 44 in Figure 12.2 did not function properly and was therefore not used in
the analysis of the data. Four DRS4 high speed waveform digitizers were used to

Figure 12.2: The external view of the Photonis XP85011 MCP-PMT is shown on
the left, and the schematic diagram is shown on the right. The red square indicates
the pixels used for the experiment and data analysis.

acquire the signals from the Photek 240 MCP-PMT, the cherenkov counter, and the
eight operational channels from the Photonis XP85011 MCP-PMT. In order to al-
low a synchronized readout of four separate DRS4 units we split the signals from
the Photek 240 MCP-PMT into four, and connected them to each of the four DRS4
units, thus achieving a “calibration” between the four di↵erent units.

12.3 Event Selection and Pulse Reconstruction
Reconstruction of the signal pulses and timestamps is performed using the identical
methods described in Chapter 11 and other studies [41, 181, 183]. Figure 12.3
shows example pulses from one pixel channel of the Photonis XP85011 MCP-PMT
and the Photek 240 MCP-PMT digitized by the DRS4.

The time resolution is measured as the standard deviation of the Gaussian fit to the
TOF distribution t0 � t1, where t0 is the time recorded at the “start” detector, and
t1 is that of the “stop” detector. To assign a time stamp for each signal pulse, we

 0
.5

 m
m

)
×

En
tri

es
 / 

(0
.5

 m
m

 

0

5

10

15

20

25

30

X Axis [mm]
0 2 4 6 8 10 12 14 16 18

Y 
Ax

is
 [m

m
]

0

2

4

6

8

10

12

14

16

18

 0
.5

 m
m

)
×

En
tri

es
 / 

(0
.5

 m
m

 

0

5

10

15

20

25

30

X Axis [mm]
0 2 4 6 8 10 12 14 16 18

Y 
Ax

is
 [m

m
]

0

2

4

6

8

10

12

14

16

18

 0
.5

 m
m

)
×

En
tri

es
 / 

(0
.5

 m
m

 

0

5

10

15

20

25

30

35

40

45

X Axis [mm]
0 2 4 6 8 10 12 14 16 18

Y 
Ax

is
 [m

m
]

0

2

4

6

8

10

12

14

16

18

Beamspot location 
clearly identifiable 

Y Axis [mm]
0 2 4 6 8 10 12 14 16 18

Fr
ac

tio
n 

of
 E

nt
rie

s 
/ 0

.5
 m

m

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22
Beam displacement:

Known:      2.00 mm
Measured: 1.65 mm

Known:      2.00 mm
Measured: 1.86 mm



Pixelated Readout 

Si Xie 22 

•  Pixelated readout allowed for studies of position and time 
resolution 
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(see Figure 12.2). During the course of the experiment it was found that the pixel
labelled 44 in Figure 12.2 did not function properly and was therefore not used in
the analysis of the data. Four DRS4 high speed waveform digitizers were used to

Figure 12.2: The external view of the Photonis XP85011 MCP-PMT is shown on
the left, and the schematic diagram is shown on the right. The red square indicates
the pixels used for the experiment and data analysis.

acquire the signals from the Photek 240 MCP-PMT, the cherenkov counter, and the
eight operational channels from the Photonis XP85011 MCP-PMT. In order to al-
low a synchronized readout of four separate DRS4 units we split the signals from
the Photek 240 MCP-PMT into four, and connected them to each of the four DRS4
units, thus achieving a “calibration” between the four di↵erent units.

12.3 Event Selection and Pulse Reconstruction
Reconstruction of the signal pulses and timestamps is performed using the identical
methods described in Chapter 11 and other studies [41, 181, 183]. Figure 12.3
shows example pulses from one pixel channel of the Photonis XP85011 MCP-PMT
and the Photek 240 MCP-PMT digitized by the DRS4.

The time resolution is measured as the standard deviation of the Gaussian fit to the
TOF distribution t0 � t1, where t0 is the time recorded at the “start” detector, and
t1 is that of the “stop” detector. To assign a time stamp for each signal pulse, we

Obtained position resolution 
of 1mm (with 6mm pixels) 
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•  Pixelated readout allowed for studies of position and time 
resolution 
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(see Figure 12.2). During the course of the experiment it was found that the pixel
labelled 44 in Figure 12.2 did not function properly and was therefore not used in
the analysis of the data. Four DRS4 high speed waveform digitizers were used to
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acquire the signals from the Photek 240 MCP-PMT, the cherenkov counter, and the
eight operational channels from the Photonis XP85011 MCP-PMT. In order to al-
low a synchronized readout of four separate DRS4 units we split the signals from
the Photek 240 MCP-PMT into four, and connected them to each of the four DRS4
units, thus achieving a “calibration” between the four di↵erent units.

12.3 Event Selection and Pulse Reconstruction
Reconstruction of the signal pulses and timestamps is performed using the identical
methods described in Chapter 11 and other studies [41, 181, 183]. Figure 12.3
shows example pulses from one pixel channel of the Photonis XP85011 MCP-PMT
and the Photek 240 MCP-PMT digitized by the DRS4.

The time resolution is measured as the standard deviation of the Gaussian fit to the
TOF distribution t0 � t1, where t0 is the time recorded at the “start” detector, and
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Figure 12.8: The time distributions obtained using the highest energy pixel (left) and the
energy weighted algorithm (right) are shown for one example run. The distributions are
fitted with Gaussian models, and the width parameter of the Gaussian is displayed on the
plot.

pileup. A highly granular readout is required to achieve these goals.

This chapter reports the results on position and time resolution measurements of a
secondary emission based calorimeter prototype that used the Photonis XP85011
MCP-PMT as the sensitive element. Using a pixelated readout of the MCP-PMT
a highly granular information of the shower development in the transverse plane is
obtained. Combining the measurements from a 3⇥3-pixel readout a sub-millimeter
position resolution is measured, which far exceeds the 6 mm size of the individ-
ual pixels. While the more granular readout degrades the signal to noise for each
individual pixel, the proper combination from independent pixels preserves a good
time resolution. The mesured time resolution improves with the increase in the

Single Pixel Combined All Pixels 



Combining Multiple Calorimeter Layers 
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•  Very recent (June 2016) testbeam studies used 
multiple sensitive layers that sampled the 
shower twice 

•  Demonstrated improved time resolution using 
information from multiple layers 



Crystal Calorimeters 
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•  Calorimeter type with a long history in HEP 
•  Certain crystals give large light yield (eg. LYSO) and is 

ideal for precision timing 

Lead Tungstate (CMS ECAL) Tungsten-LYSO 
Shashlik Prototype 



Crystal Calorimeters 
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•  Calorimeter type with a long history in HEP 
•  Certain crystals give large light yield (eg. LYSO) and is 

ideal for precision timing 

Tungsten-LYSO 
Shashlik Prototype 



Crystal Calorimeters 
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•  Timing in crystal calorimeters are further complicated by: 
•  Optical Transit 
•  Scintillation 

γx 

γx 

t1 

t2 

Scintillation light propagation 
cS < c 



Crystal Calorimeters 
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•  Timing in crystal calorimeters are further complicated by: 
•  Optical Transit 
•  Scintillation 
•  Wave-length shifting fibers 
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Photosensor directly on LYSO tile

Shashlik with Y11 fibers

Shashlik with DSB1 fibers

Differently doped fibers can 
lead to faster rise-time and 
better time resolution 

Recent testbeam studies have tried to understand these effects 



Shashlik Fiber Prototype 
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•  Proof of concept demo with shashlik fiber prototype 
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•  Proof of concept demo with shashlik fiber prototype 
•  Observe scaling with 1/√E – driven by S/N 
•  Can reach ~50ps at highest energies 

σ = 48 ± 2 ps

 Δt (ns)

Electron beam
 200 GeV

Shashlik Fiber Prototype 
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•  Further studies have been performed on radiation-hard 
capillary fibers and achieve similar time resolution for the 
same S/B 

Shashlik Fiber Prototype 
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•  Front-end readout electronics planned to be replaced 

CMS Barrel ECAL Upgrade 

•  Trans-impedance amplifier, 
oversampling & reduced CR-RC 
shaping time all improve timing 
performance 
•  Primarily motivated by need to 

cope with higher L1 bandwidth  
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•  Front-end readout electronics planned to be replaced 

CMS Barrel ECAL Upgrade 

•  Trans-impedance amplifier, 
oversampling & reduced CR-RC 
shaping time all improve timing 
performance 
•  Primarily motivated by need to 

cope with higher L1 bandwidth  

•  Testbeam measurements indicate 
time resolution of 30-35ps can be 
achieved 
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Summary 

34 

•  Lots of excellent progress in precision timing calorimeters 
over the past couple of years 

•  Progress on multiple fronts: 
•  Silicon and MCP based calorimeters 
•  Shashlik-fiber calorimeters 
•  Homogeneous crystal calorimeters 

•  No fundamental show-stoppers for ~20ps level precision 
•  Many test beam studies already achieve sub-20ps precision 

•  Major next step : demonstrate 20ps precision in a large 
synchronized system 



Backups 
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