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H I G H  L U M I N O S I T Y  E N V I R O N M E N T S

• The LHC and possible future colliders will play a key role in 
answering fundamental questions by probing rare processes 

• High instantaneous luminosities (larger than 1034 cm-2s-1) 
• HL-LHC: aiming at 5.3-7.6 ×1034 cm-2s-1 

• Future collider: even higher in order to probe more exotic 
processes
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H I G H  L U M I N O S I T Y  E N V I R O N M E N T S

• Extremely harsh experimental conditions expected in HL-LHC 
• Ionizing doses up to 250 kGy at η = 2.5; 

•  Ch. hadrons up to 2.3x1014 at η=2.5;  

• Neutrons up to 1.9x1014 cm−2 for |η| ≤ 1.5 (1.1x1015 at η=2.5)
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H I G H  L U M I N O S I T Y  E N V I R O N M E N T S

• Major upgrades to CMS to cope with these challenges 
• To reduce the impact of ~200 pileup interactions, upgraded CMS 

detector will assign a precise time stamp to all particles 

• EM showers: remove the neutral energy deposits from PU 

• Charged particles: remove confusion from overlapping vertices
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H I G H  L U M I N O S I T Y  E N V I R O N M E N T S
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Physics Motivation for Precision Timing
Challenges

Collect more data to increase LHC reach:
• Pileup interactions up to 140
• Key measurements will be affected by this harsh environmentHigh Luminosity ⇒ High pileup

Multiple pp collisions close to each other: deteriorate physics performance. 
Up to 200 pileup interactions at the HL-LHC
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P R E C I S I O N  T I M I N G  A S  A  S O L U T I O N

longer time

shorter time

longer time

shorter time

A possible solution is to use precision timing

measure time stamp of a 
particle at the detector  

Identify from what 
vertex it was produced 

then
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Jet$from$Primary
interactionJet$from$pileup

H I G H  L U M I N O S I T Y  E N V I R O N M E N T S

Many challenges come with high pileup: 
• Jets from pileup could be associated with the main interaction 

• Pileup particles merging with particles coming from main interaction 

• Vertices could overlap in the longitudinal direction
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T H E  H L - L H C  C H A L L E N G E
CMSSW: Time-aware vertexing  

5

}  Event with 50 pileup collisions (ease eye analysis) 
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EXAMPLES OF  
MERGED VERTICES IN 3D

}  4D reconstruction with track time information at ~25 ps
5 cm RMS

150 ps RMS

50 pileup collisions

4D vertex reconstruction with track-timing at the ~25 ps level

CMS time-aware vertex reconstruction
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CMSSW: Time-aware vertexing  

6

}  The challenge with 200 pileup collisions
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}  HL-LHC baseline (as of ECFA): tRMS = 180 ps, zRMS = 4.8 cm

T H E  H L - L H C  C H A L L E N G E

200 pileup collisions
CMS time-aware vertex reconstruction

HL-LHC conditions: 150 ps RMS spread,  4.8 cm RMS on Z

vertex merging 
increases dramatically

precision timing = 
mitigates vertex merging
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H I G H  L U M I N O S I T Y  E N V I R O N M E N T S

Missing transverse energy is very important for many 
BSM physics searches

pileup particles significantly contribute to the missing ET resolution

• Every pileup interaction contributes   

~ 3 GeV to the missing ET  resolution 

in quadrature 

• At 140 pileup interactions, the 

missing ET  resolution due to pileup 

will be ~40 GeV
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PA R T I C L E  I S O L AT I O N  A N D  I D

Precision timing for charged particles
more pileup → increased  pileup rate associated to primary vertex (PV)

• Degradation of charge 

isolation, b-tagging, JET/MET 

performance 

• ~30 ps time resolution recovers 

current performance 

About 20% of tracks are from 
pileup at HL-LHC conditions
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V E R T E X  R E C O N S T R U C T I O N  A N D  T I M I N G

4D vertex reconstruction provides significant improvement

• Pileup charge multiplicity 

reduced five-fold

recover current performance 
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M U O N  R E C O N S T R U C T I O N

MIP timing provides considerable improvement in muon 
isolation

same level of fake rate

>10% improvement 
 per μ
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TA U  R E C O N S T R U C T I O N
MIP timing also provides considerable improvement in tau 

isolation

~ same level of fake rate

>20-30% improvement per 𝜏
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H→ ƔƔ P R O J E C T I O N  AT  H L - L H CPerformance projections Hàγγ  

12

ECFA

}  Reduction in primary vertex selection efficiency has  
dramatic (30%) effect on the effective Hàγγ resolution

}  Almost fully recovered by global timing 
}  ~30% improvement in effective integrated luminosity for  

stat. limited differential cross sections

Precision timing for High Energy Photons - H ! ��

Reduction in primary vertex selection e�ciency has a dramatic (30%)
e↵ect on e↵ective H ! �� resolution

Partially recovered by calorimeter timing alone, and almost fully recovered
by calorimeter + MIP timing (⇠ 30% improvement in e↵ective integrated
luminosity for stat. limited di↵erential cross sections)
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Performance projections Hàγγ  
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200 PU scenario has a dramatic impact on vertex reconstruction:  
30% increase in effective H→ɣɣ resolution

Performance ~recovered by using global timing + photon vertexing: 
30% improvement on H→ɣɣ resolution

Only a ~5% effect on cross-section uncertainty
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P R E C I S I O N  T I M I N G  G O A L S

1 cm

Δt ≈ 30 ps

How precise does the timing measurement need to be?

• Particles travel at near the speed of light 
• 1 cm is equivalent to ~33 ps   
• To distinguish pileup interactions separated by 1 cm requires a time 

resolution of ~30 ps 
• Typical collider beam-spots are ~10 cm ⇒ rejection factor of 10 
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Use very precise 
detector

S E C O N D A R Y  E M I S S I O N  C A L O R I M E T E R

One possible solution:

Possible sensitive materials: 
Multichannel plate 

silicon 
cadmium-telluride



Cristián H. Peña, Caltech 18

S E C O N D A R Y  E M I S S I O N  D E T E C T O R S

Secondary emission calorimeters provide some intrinsic advantages: 
• Radiation hard 
• No optical transparency issues 
• No optical transport issues 
• Intrinsically fast: 

• Signal formation and decay are fast (full pulse in a few ns) 
• Major advantage for future colliders (enables higher bunch 

crossing rate)

MCP example pulse: 

2 ns pulse width
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HGC Timing Modules
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T H E  H I G H - G R A N U L A R I T Y  C A L O R I M E T E R

Zoltan Gecse

The CMS HGC Design

•Construction:
• Hexagonal Si-sensors built into modules.
• Modules with a W/Cu base plate and 
PCB readout board.

• Modules mounted on copper cooling 
plates to make wedge-shaped cassettes.

• Cassettes inserted into absorber 
structures at integration site (CERN)

3

•System divided into three parts:
• EE – Silicon with tungsten absorber
28 sampling layers – 25 Xo + ~1.3 λ

• FH – Silicon with brass absorber
12 sampling layers – 3.5 λ

• BH – Scintillator with brass absorber
11 layers – 5.5  λ

•EE and FH are maintained at – 30C,
BH is at room temperature

EE: silicon + tungsten absorber 
28 layer: 25 X0 , 1.3 λ 
FH: silicon + brass absorber 
12 layer: 3.5 λ 
BH: scintillator + brass absorber 
11 layer: 5.5 λ

Zoltan Gecse

Construction of the First Prototype
•Beijing: H. Zhang
•Caltech: BA. Apresyan, S. Xie
•FNAL:

• G. Bolla, Z. Gecse, C. Gingu, J. 
Freeman, R. Lipton, A. Rhonzin, 
R. Rivera, P. Rubinov, L. Uplegger

• Iowa: B. Bilki
•Minnesota:

• R. Chatterjee, E. Frahm, S. 
Nourbakhsh, R. Rusack

•Northwestern:
• J. Bueghly, A. Kumar, N. Odell,
M. Velasco

•UCSB:
• J. Incandela, S. Kyre, M. Miller,
D. White

5

•Goals:
• FNAL Test Beam I, EE 1 layer, March 23
• FNAL Test Beam II, EE 28 layers, May 15
• CERN Test Beam I, EE28 + HF12, August
• CERN Test Beam II, EE28 + HF12, Sept.

silicon wafer  
(hexagonal 128 pixels)
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S A M P L I N G  C A L O R I M E T E R  T I M I N G

HGC	silicon	wafer

Equipped one HGCal sensor with fast  
readout electronics 

• 300 μm sensor thickness, 25 cell 
instrumented  

• Each channel is amplified by 120x 
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M C P - B A S E D  S E C O N D A R Y  E M I S S I O N  C A L O R I M E T E R
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E X P E R I M E N TA L  S E T U P

Photek

HGCal	timing	
layer

output 
 channels
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T I M I N G  R E S O L U T I O N  ( S I N G L E  L AY E R )
Shower	reconstruction

8

Event	display	from	32	GeV	electron	beam	run.	6X0

tungsten	absorber	was	placed	1	mm	away	from	the	

HGCal	timing	layer.	Charge	collected	is	shown	inside	

each	pad.	Total	sums	for	7	and	19	pads	are	shown	in	

the	top	right	corner.

Event	display	from	16	GeV	electron	beam	run.	6X0

tungsten	absorber	was	placed	1	mm	away	from	

the	HGCal timing	layer.	Charge	collected	is	shown	

inside	each	pad.	Total	sums	for	7	and	19	pads	are	

shown	in	the	top	right	corner.

• Time stamp is determined  by  combining 7 pads 
around the center 

• Time resolution of ~15 ps with a single timing layer
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T I M I N G  R E S O L U T I O N  ( S I N G L E  L AY E R )

• Time resolution improves as a function of energy 

• Time resolution of ~15 ps with a single timing layer
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M U LT I P L E  T I M I N G  L AY E R S

Study the impact on time resolution by combining 
multiple sampling layers
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M U LT I P L E  T I M I N G  L AY E R S
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Two layer time resolution

• Combined two layer (average) improves the time 
resolution 

• Time resolution of ~12 ps with a two timing layer at about 
the shower maximum



28

CMS Timing Layers
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P R E C I S I O N  T I M I N G  I N  C M S

• CMS Phase 2 upgrade aims to achieve high precision timing measurements 
• In ECAL barrel: new electronics to achieve ~30 ps resolution for 30 GeV 

photons 
• In HGCal: design to achieve ~50 ps timing resolution per layer in EM 

showers, multiple layers can be combined 
• MIP timing detector: cover up to |η|<3.0 to time stamp charged particles 

in the event: ~30 psec timing resolution  
• LYSO + SiPM layer in the barrel, Low Gain Avalanche Detector (LGAD) 

layer in the endcap 
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B A R R E L  T I M I N G  L AY E R  ( B T L )

• Use thin (few mm) scintillating crystals to generate light: 

• LYSO crystals provide a very bright signal to a single 
MIP          (up to ~40k photons per mm) 

• 100% efficient to MIP with good S/N 

• Good radiation tolerance to HL-LHC conditions 

• Light read-out using SiPMs: 

• Fast and compact devices 

• Vast experience (CMS HCAL) and testing for 
radiation hardness, collaboration with manufacturers, 

• Strong knowledge from R&D for TOF-PET scanners
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T E S T  B E A M  R E S U LT S

• Evaluate timing performance of different crystals and SiPM options 
using 150 GeV muons

• Best results with 5 mm thick LSO:Ce,Ca + NUV-HD FBK SiPMs 
• R&D on SiPMs has large potential for improvement of timing
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E N D C A P  T I M I N G  L AY E R  ( E T L )

• Much harsher radiation environment in the endcap 
region 

• Silicon sensor with specially doped thin region that 

• produces high electric field produces avalanche 
providing signal 15-30 gain  

• Large community: RD50 collaboration, several 
manufacturers (CNM, FBK, Hamamatsu) 

• Key Challenge: achieve radiation tolerance up to 
2x1015 neq/cm2 at |η| = 3.0 for 3000 fb−1
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H.	Sadrozinsky @	
30th RD50	meeting

Hamamatsu	2x2	LGAD	
array3x3	mm2 pixels

FNAL	readout	board:	
4	pixel	HPK	sensor• Time resolution of 30-40 psec 

demonstrated up to 1015 neq/cm2 

• Active R&D is ongoing to increase the 
radiation tolerance 

• Alternative dopants: boron, gallium, 
boron+carbon, gallium+carbon
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L G A D  S E N S O R  U N I F O R M I T Y
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Precision tracking detector available at FTBF 
allowed high precision characterization of the 

sensor uniformity

Recent test beam at FNAL

100% efficient sensor
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uniform gain across the sensor

Precision tracking detector available at FTBF 
allowed high precision characterization of the 

sensor uniformity

Recent test beam at FNAL

pixel boundary
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I R R A D I AT E D  S E N S O R  P E R F O R M A N C E
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𝜎t ∼ 35 ps

• Irradiation causes gain layer to fade 

• To preserve time resolution and gain, need to increase the operating bias 
voltage 

• Excellent uniformity of signal across the irradiated HPK sensor area

FNAL TB
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S U M M A R Y

• A detector equipped with precision timing capabilities will 
cope with the effect of large pileup at the HL-LHC and beyond 

• Could be use at various level: vertex reconstruction, particle 
ID and isolation, increase S/B in physics analysis 

• Positively disruptive technology 

• Time resolutions of 20-30 ps already achieved with several 
technologies 

• Complementarity between calorimetry and tracking 

• Calorimeters: expect to maintain good time resolution with 
highly irradiated sensor and multiple layers 

• Endcap regions detectors are approaching the required time 
resolution for the expected high doses.
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B A C K U P

Backups
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P R E L I M I N A R Y  R E S U LT S
Shower	reconstruction

8

Event	display	from	32	GeV	electron	beam	run.	6X0

tungsten	absorber	was	placed	1	mm	away	from	the	

HGCal	timing	layer.	Charge	collected	is	shown	inside	

each	pad.	Total	sums	for	7	and	19	pads	are	shown	in	

the	top	right	corner.

Event	display	from	16	GeV	electron	beam	run.	6X0

tungsten	absorber	was	placed	1	mm	away	from	

the	HGCal timing	layer.	Charge	collected	is	shown	

inside	each	pad.	Total	sums	for	7	and	19	pads	are	

shown	in	the	top	right	corner.

Timing	fit

• A	linear	fit	is	performed	on	the	rising	edge	of	the	pulse	to	extract	the	time	of	the	
event

• A	fit	is	performed	from	20%	to	90%	of	amplitude (red	line)
• 45%	of	that	is	assigned	as	the	time	stamp (blue line)

6

• A	sample	pulse	showing	the	
linear	fit	on	the	rising	edge	to	
extract	time	stamp	(red	line).	

• The	intersect	of	blue line	with	
the	red	line	is	assigned	as	the	
time	stamp	

Reconstructed charge in 
each pixel

Central pixel pulse and 
time stamp

32 GeV electron shower

time stamp



Cristián H. Peña, Caltech 40

Search for New Physics in High-Mass Diphoton Events
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H I G H  L U M I N O S I T Y  E N V I R O N M E N T S

Tracking based vertexing also starts to suffer at such 
high pileup conditions

start to have  
overlapping vertices
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LYSO-based precision timing calorimeters
Dustin Anderson1, Artur Apresyan2, Adolf Bornheim1, Javier Duarte1, Cristián Peña1,

Maria Spiropulu1, Anatoly Ronzhin2 and Si Xie1†
1California Institute of Technology and 2Fermi National Accelerator Laboratory

Introduction

I The High-Luminosity Large Hadron Collider (HL-LHC) will collect
approximately 3 ab�1 of data at a higher average number of primary
interactions per bunch crossing (pileup)

I The HL-LHC program will carry out precise measurements of Higgs
properties and search for physics beyond the SM:

I Pileup will increase up to 140

I Unless the e↵ects of pileup are
mitigated, physics object
performance will degrade.

Tuesday, June 9, 2015

Cristián Peña

Caltech
4

Physics Motivation for Precision Timing
Challenges

Collect more data to increase LHC reach:
• Pileup interactions up to 140
• Key measurements will be affected by this harsh environment

I Possible mitigation: calorimeter equipped with a time resolution
with O(20-30 ps) time resolution

Photodetector Performance

I Test photodetector time resolution
by impinging ⇠50 ps light pulse

I Large number of photons

I DRS4 readout
(electronic time resolution ⇠5 ps)

I MCP-PMT has a very fast time
response (rise time ⇠100 ps) and
low TTS (⇠ 100 ps)

I MCP-PMT di↵erential time
resolution ⇠ 7 ps
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I Hamamatsu SiPMs have a rise
time '1 ns and good SPTR
(⇠ 300 ps)

I Large number of photons by
impinging ⇠50 ps light pulse

I SiPM di↵erential time
resolution ' 14 ps

I MCP and SiPM have similar
performance (' 10 ps) for
large number of photons. t (ns)∆
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Shashlik Calorimeter Techonology

I Each shashlik cell: 26 layer of LYSO and tungsten (absorber)

I Light readout provided by 4 wavelength shifting fibers

I Radiation hard in HL-LHC conditions up to 3 ab�1

I Energy resolution of 10%/
p

E(GeV ) � 1%

I Single shashlik cell is tested with di↵erent photodetectors to obtain timing
resolution

I See Brad Cox’s talk last Thursday
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• R&D  for HL-LHC on LYSO/W shashlik calorimeter
• Radiation hard in HL-LHC up to 3 ab-1

• Energy resolution of 10%/√E ⊕ 1%
• Energy resolution performance shown in test beam 

on a 4x4 matrix
• Use single shashlik cell to test timing performance 

Beam test results: MCP-PMT readout

I 4-150 GeV e� beams (FNAL + CERN)

I 4 DSB1 WLS fibers ( 2.4 ns decay time)

I Dual readout into Hamamatsu R3809 MCP
(rise time ⇠150 ps and TTS ⇠ 25ps)

I Photek 240 MCP as reference time (rise
time ⇠115 ps and TTS ⇠ 170ps)

I DRS4 based readout (5 GSPS, 700 MHz
analog bandwidth)

I Time resolution follows 1/
p

E

dependence

I Time resolution for 150 GeV
electrons is ⇠ 70ps

I At large energy, time resolution is
limited by MCP response
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New beam test results: SiPM readout

I 20-200 GeV electron beam (CERN)

I Fibers are read out independently by 4 SiPMs (1x1, 3x3 mm, 10,000
pixels)

I DSB fibers coupled through optical connector and clear fibers to SiPM

I Photek 240 MCP as reference time detector

LYSO/W Shashslik 

LYSO cube 

SiPMs 

Beam 

MCP 
Photek 240 

MCP Hamamatsu 

Hodoscope 

I Time resolution obtained by combining the readout from the four fibers

I Improvement in time resolution wrt. the results using MCPs

I Time resolution for 200 GeV electrons is about 50 ps

I Tested same setup using capillaries and obtained very similar results

scintillation light from the LYSO–tungsten shashlik calorimeter is
extracted via the edges of two LYSO layers, thereby removing
completely the WLS mechanism and long light propagation dis-
tance, the best time resolution achieved was 55 ps. This result

indicates that this calorimeter design can achieve the 30 ps time
resolution benchmark obtained with the LYSO cube, provided
some improvement to the light collection efficiency is achieved.

In comparing results using different light extraction schemes,
we found that, at a given light yield, the time resolution depends
significantly on the light propagation fluctuations. As the light
yield increases, the dependence on the light propagation fluctua-
tions is reduced. The effect can be seen in the summary, Fig. 16,
which shows the dependence of the time resolution on the
average pulse height for the shashlik cell with light extracted
through the DSB1 fibers, and for the sampling calorimeter with the
LYSO cube. For the same average pulse height of 500 mV, the LYSO
cube time resolution is about half of the time resolution of the
shashlik using the DSB1 fibers, which have also twice the rise time.
As the pulse height increases, the time resolution improves.
Extrapolating to the regime of very large light yields, we should
be able to reach asymptotically the best resolution without
limitations from the light propagation fluctuations.

In summary, using a LYSO-based calorimeter and different light
propagation experimental setups, we obtained an approximately
30 ps resolution time measurement for the maximum light yield
achieved. As a follow-up, we will investigate the time resolution in
the limit of a very large light yield, and attempt to improve the
light collection efficiency in these types of detectors.
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Fig. 14. Time-of-flight distributions for the LYSO–tungsten shashlik calorimeter with signal extracted from the edges of two LYSO layers.
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Conclusions

I Measure 50 ps time resolution using a single LYSO/tungsten shashlik cell
for 200 GeV electrons

I Preliminary SiPM readout result improves previous time resolution
measurements using MCP-PMTs

I Measure 50 ps time resolution using side readout of the single
LYSO/tungsten shashlik cell for 32 GeV electrons

I Limiting factors in MCP readout still under investigation
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Introduction

I The High-Luminosity Large Hadron Collider (HL-LHC) will collect
approximately 3 ab�1 of data at a higher average number of primary
interactions per bunch crossing (pileup)

I The HL-LHC program will carry out precise measurements of Higgs
properties and search for physics beyond the SM:

I Pileup will increase up to 140

I Unless the e↵ects of pileup are
mitigated, physics object
performance will degrade.
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Physics Motivation for Precision Timing
Challenges

Collect more data to increase LHC reach:
• Pileup interactions up to 140
• Key measurements will be affected by this harsh environment

I Possible mitigation: calorimeter equipped with a time resolution
with O(20-30 ps) time resolution

Photodetector Performance

I Test photodetector time resolution
by impinging ⇠50 ps light pulse

I Large number of photons

I DRS4 readout
(electronic time resolution ⇠5 ps)

I MCP-PMT has a very fast time
response (rise time ⇠100 ps) and
low TTS (⇠ 100 ps)

I MCP-PMT di↵erential time
resolution ⇠ 7 ps
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I Hamamatsu SiPMs have a rise
time '1 ns and good SPTR
(⇠ 300 ps)

I Large number of photons by
impinging ⇠50 ps light pulse

I SiPM di↵erential time
resolution ' 14 ps

I MCP and SiPM have similar
performance (' 10 ps) for
large number of photons. t (ns)∆
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Shashlik Calorimeter Techonology

I Each shashlik cell: 26 layer of LYSO and tungsten (absorber)

I Light readout provided by 4 wavelength shifting fibers

I Radiation hard in HL-LHC conditions up to 3 ab�1

I Energy resolution of 10%/
p

E(GeV ) � 1%

I Single shashlik cell is tested with di↵erent photodetectors to obtain timing
resolution

I See Brad Cox’s talk last Thursday
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• R&D  for HL-LHC on LYSO/W shashlik calorimeter
• Radiation hard in HL-LHC up to 3 ab-1

• Energy resolution of 10%/√E ⊕ 1%
• Energy resolution performance shown in test beam 

on a 4x4 matrix
• Use single shashlik cell to test timing performance 

Beam test results: MCP-PMT readout

I 4-150 GeV e� beams (FNAL + CERN)

I 4 DSB1 WLS fibers ( 2.4 ns decay time)

I Dual readout into Hamamatsu R3809 MCP
(rise time ⇠150 ps and TTS ⇠ 25ps)

I Photek 240 MCP as reference time (rise
time ⇠115 ps and TTS ⇠ 170ps)

I DRS4 based readout (5 GSPS, 700 MHz
analog bandwidth)

I Time resolution follows 1/
p

E

dependence

I Time resolution for 150 GeV
electrons is ⇠ 70ps

I At large energy, time resolution is
limited by MCP response
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New beam test results: SiPM readout

I 20-200 GeV electron beam (CERN)

I Fibers are read out independently by 4 SiPMs (1x1, 3x3 mm, 10,000
pixels)

I DSB fibers coupled through optical connector and clear fibers to SiPM

I Photek 240 MCP as reference time detector

LYSO/W Shashslik 

LYSO cube 

SiPMs 

Beam 

MCP 
Photek 240 

MCP Hamamatsu 

Hodoscope 

I Time resolution obtained by combining the readout from the four fibers

I Improvement in time resolution wrt. the results using MCPs

I Time resolution for 200 GeV electrons is about 50 ps

I Tested same setup using capillaries and obtained very similar results

scintillation light from the LYSO–tungsten shashlik calorimeter is
extracted via the edges of two LYSO layers, thereby removing
completely the WLS mechanism and long light propagation dis-
tance, the best time resolution achieved was 55 ps. This result

indicates that this calorimeter design can achieve the 30 ps time
resolution benchmark obtained with the LYSO cube, provided
some improvement to the light collection efficiency is achieved.

In comparing results using different light extraction schemes,
we found that, at a given light yield, the time resolution depends
significantly on the light propagation fluctuations. As the light
yield increases, the dependence on the light propagation fluctua-
tions is reduced. The effect can be seen in the summary, Fig. 16,
which shows the dependence of the time resolution on the
average pulse height for the shashlik cell with light extracted
through the DSB1 fibers, and for the sampling calorimeter with the
LYSO cube. For the same average pulse height of 500 mV, the LYSO
cube time resolution is about half of the time resolution of the
shashlik using the DSB1 fibers, which have also twice the rise time.
As the pulse height increases, the time resolution improves.
Extrapolating to the regime of very large light yields, we should
be able to reach asymptotically the best resolution without
limitations from the light propagation fluctuations.

In summary, using a LYSO-based calorimeter and different light
propagation experimental setups, we obtained an approximately
30 ps resolution time measurement for the maximum light yield
achieved. As a follow-up, we will investigate the time resolution in
the limit of a very large light yield, and attempt to improve the
light collection efficiency in these types of detectors.
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Fig. 14. Time-of-flight distributions for the LYSO–tungsten shashlik calorimeter with signal extracted from the edges of two LYSO layers.
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side MCP-PMT readout
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Conclusions

I Measure 50 ps time resolution using a single LYSO/tungsten shashlik cell
for 200 GeV electrons

I Preliminary SiPM readout result improves previous time resolution
measurements using MCP-PMTs

I Measure 50 ps time resolution using side readout of the single
LYSO/tungsten shashlik cell for 32 GeV electrons

I Limiting factors in MCP readout still under investigation
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Figure 10.5: A schematic diagram of the experimental setup for the TOF measurement
using the LYSO sampling calorimeter is shown on the left, along with a picture of the
experimental setup shown on the right.

plastic scintillator placed upstream and approximately 2 mm by 2 mm in cross
sectional area is used to trigger the DAQ readout on the DRS digitizer. Electron
events are identified by requiring a signal with amplitude larger than 10 mV in a
Cherenkov counter located upstream. Large lead bricks are placed upstream of the
Hamamatsu R3809 MCP-PMT (HAMB), out of the path of the beam. These shield
the photodetector from stray particles produced in events where an electromagnetic
shower occurs upstream of the lead radiator. Such stray shower particles yield very
fast signals which can significantly contaminate the scintillation signal. Using the
same experimental setup without the LYSO active element in place, we find that
stray shower type events yield less than 10% contamination and give a negligible
e↵ect on the scintillation signal.

The thickness of the LYSO active element is relatively small and captures only a
fraction of the total energy of the electron, but yields a reasonable energy measure-
ment as it is close to the shower maximum.

The TOF measurement is performed using the LYSO sampling calorimeter for elec-
tron beams with energies varying from 4 GeV to 32 GeV. The corresponding mea-
sured TOF distributions are shown in Figure 10.6. We achieve the best time resolu-
tion of 34 ps for electrons with beam energy of 32 GeV.

The time resolution measurement is plotted as a function of the beam energy in
Figure 10.15 (left). We fit the result to the sum of a 1/

p
E term and a constant

term of about 11 ps. Given that we measure the contribution to the intrinsic time

Δt = t1  - t0 : LYSO - MCP (reference)

t1: time stamp for (LYSO+MCP), CFD using linear fit
t0: time stamp for MCP-PMT, using mean of a Gaussian fit
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Figure 10.14: TOF distributions for the LYSO-tungsten shashlik calorimeter with
signal extracted from the edges of two LYSO layers.

Figure 10.15:
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Figure 10.16: Timing resolution measurement as a function of the electron beam
energy for (left) the LYSO cube sampling calorimeter (middle) the LYSO-tungsten
shashlik calorimeter read-out with DSB1 fibers (right) the LYSO-tungsten shashlik
calorimeter read-out directly by optically coupling to the edges of two LYSO layers.
In all cases we fit the data with a function of 1/

p
E and a constant term.

fiber a↵ects the timing performance. Besides the absorption and re-emission pro-
cesses in the fibers, we found that another important factor influencing the timing
performance is the light extraction e�ciency. Using DSB1 fibers, despite being
photostatistics limited, we obtained a best time resolution of about 100 ps. A future
development of such a detector will be focused on increasing the light collection
e�ciency. In a setup where the scintillation light from the LYSO-tungsten shashlik
calorimeter is extracted via the edges of two LYSO layers, thereby removing com-
pletely the wavelength shifting mechanism and long light propagation distance, we
achieve a best time resolution of 55 ps. The result indicates that such a calorimeter
design can achieve the 30 ps time resolution benchmark obtained with the LYSO
cube provided some improvement to the light collection e�ciency.
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Figure 10.6: TOF distributions for the LYSO cube sampling calorimeter for 4 GeV (top
left), 8 GeV(top right), 16 GeV (bottom left), 32 GeV (bottom right) electron beam energy.

resolution of the photodetector and the DAQ electronics to be about 20 ps [219],
using the results from the 32 GeV electron beam, we infer that the combined con-
tribution to the time resolution from the shower profile fluctuations, the scintillation
mechanism, and the light propagation time inside the LYSO cube is about 27 ps.

Timing Studies of the LYSO-Tungsten Shashlik Calorimeter
Wavelength shifting fibers readout (WLS Y11 & DSB1)

We study the time resolution of a LYSO-tungsten Shashlik calorimeter, one of the
proposed choices for the Phase 2 upgrade of the CMS endcap calorimeter sys-
tem [111]. We compare the time resolution performance for two alternative light
propagation schemes.

In our setup the scintillation light is collected by WLS fibers that pass through a set
of four holes in the LYSO and tungsten layers. In Figure 10.7, a shashlik cell and
the light extraction scheme is illustrated. A schematic diagram and a photograph
showing this experimental setup are shown in Figure 10.8. Two MCP-PMTs by
Hamamatsu (R3809) are used to collect the scintillation light, while a Photek 240
MCP-PMT is used as a reference time detector.

We compare the signal pulses obtained using two di↵erent types of WLS fiber in
the same LYSO-tungsten shashlik calorimeter. In Figure 10.9 (a) and (b) and we
show the pulse shapes averaged over a few hundred events obtained using DSB1
fibers [36] and Y11 fibers, plotted in blue and red respectively. We find that the rise
time of the pulse obtained using the DSB1 fibers, about 2.4 ns, is significantly faster
than the rise time of the pulse obtained using the Y11 fibers, which is about 7.1 ns.
To optimize the time resolution of this type of calorimeter the DSB1 fiber provides
a better choice than Y11 if only this parameter is considered. The signal rise times
we observe are comparable to the measured decay times of the corresponding WLS
fibers [36].

time resolution follow 1/√E 
shape

~34 ps time resolution for 32 
GeV electron showers

Time resolution is the width of 
the Gaussian fit
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Figure 10.7: The shashlik configuration based upon interleaved W and LYSO layers.
Twenty-eight LYSO crystal plates and twenty-seven W plates comprise the module. Four
WLS fibers are used to read out the scintillation light from the tiles.
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Figure 10.8: A schematic diagram of the experimental setup for the TOF measurement
using the LYSO-tungsten shashlik calorimeter with fiber signal extraction, along with a
photograph of the experimental setup.

Using the shashlik calorimeter cell with DSB1 fibers, we measure the time res-
olution for electron beams with energy varying between 4 GeV and 32 GeV. In
Figure 10.10 (b) we show the distribution of the pulse integral which is propor-
tional to the total collected charge, for the 32 GeV beam, and observe an energy
resolution of about 5% while for the small LYSO cube shown in 10.10 (a), the
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Introduction

I The High-Luminosity Large Hadron Collider (HL-LHC) will collect
approximately 3 ab�1 of data at a higher average number of primary
interactions per bunch crossing (pileup)

I The HL-LHC program will carry out precise measurements of Higgs
properties and search for physics beyond the SM:

I Pileup will increase up to 140

I Unless the e↵ects of pileup are
mitigated, physics object
performance will degrade.
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Physics Motivation for Precision Timing
Challenges

Collect more data to increase LHC reach:
• Pileup interactions up to 140
• Key measurements will be affected by this harsh environment

I Possible mitigation: calorimeter equipped with a time resolution
with O(20-30 ps) time resolution

Photodetector Performance

I Test photodetector time resolution
by impinging ⇠50 ps light pulse

I Large number of photons

I DRS4 readout
(electronic time resolution ⇠5 ps)

I MCP-PMT has a very fast time
response (rise time ⇠100 ps) and
low TTS (⇠ 100 ps)

I MCP-PMT di↵erential time
resolution ⇠ 7 ps
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I Hamamatsu SiPMs have a rise
time '1 ns and good SPTR
(⇠ 300 ps)

I Large number of photons by
impinging ⇠50 ps light pulse

I SiPM di↵erential time
resolution ' 14 ps

I MCP and SiPM have similar
performance (' 10 ps) for
large number of photons. t (ns)∆
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Shashlik Calorimeter Techonology

I Each shashlik cell: 26 layer of LYSO and tungsten (absorber)

I Light readout provided by 4 wavelength shifting fibers

I Radiation hard in HL-LHC conditions up to 3 ab�1

I Energy resolution of 10%/
p

E(GeV ) � 1%

I Single shashlik cell is tested with di↵erent photodetectors to obtain timing
resolution

I See Brad Cox’s talk last Thursday
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• R&D  for HL-LHC on LYSO/W shashlik calorimeter
• Radiation hard in HL-LHC up to 3 ab-1

• Energy resolution of 10%/√E ⊕ 1%
• Energy resolution performance shown in test beam 

on a 4x4 matrix
• Use single shashlik cell to test timing performance 

Beam test results: MCP-PMT readout

I 4-150 GeV e� beams (FNAL + CERN)

I 4 DSB1 WLS fibers ( 2.4 ns decay time)

I Dual readout into Hamamatsu R3809 MCP
(rise time ⇠150 ps and TTS ⇠ 25ps)

I Photek 240 MCP as reference time (rise
time ⇠115 ps and TTS ⇠ 170ps)

I DRS4 based readout (5 GSPS, 700 MHz
analog bandwidth)

I Time resolution follows 1/
p

E

dependence

I Time resolution for 150 GeV
electrons is ⇠ 70ps

I At large energy, time resolution is
limited by MCP response
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New beam test results: SiPM readout

I 20-200 GeV electron beam (CERN)

I Fibers are read out independently by 4 SiPMs (1x1, 3x3 mm, 10,000
pixels)

I DSB fibers coupled through optical connector and clear fibers to SiPM

I Photek 240 MCP as reference time detector

LYSO/W Shashslik 

LYSO cube 

SiPMs 

Beam 

MCP 
Photek 240 

MCP Hamamatsu 

Hodoscope 

I Time resolution obtained by combining the readout from the four fibers

I Improvement in time resolution wrt. the results using MCPs

I Time resolution for 200 GeV electrons is about 50 ps

I Tested same setup using capillaries and obtained very similar results

scintillation light from the LYSO–tungsten shashlik calorimeter is
extracted via the edges of two LYSO layers, thereby removing
completely the WLS mechanism and long light propagation dis-
tance, the best time resolution achieved was 55 ps. This result

indicates that this calorimeter design can achieve the 30 ps time
resolution benchmark obtained with the LYSO cube, provided
some improvement to the light collection efficiency is achieved.

In comparing results using different light extraction schemes,
we found that, at a given light yield, the time resolution depends
significantly on the light propagation fluctuations. As the light
yield increases, the dependence on the light propagation fluctua-
tions is reduced. The effect can be seen in the summary, Fig. 16,
which shows the dependence of the time resolution on the
average pulse height for the shashlik cell with light extracted
through the DSB1 fibers, and for the sampling calorimeter with the
LYSO cube. For the same average pulse height of 500 mV, the LYSO
cube time resolution is about half of the time resolution of the
shashlik using the DSB1 fibers, which have also twice the rise time.
As the pulse height increases, the time resolution improves.
Extrapolating to the regime of very large light yields, we should
be able to reach asymptotically the best resolution without
limitations from the light propagation fluctuations.

In summary, using a LYSO-based calorimeter and different light
propagation experimental setups, we obtained an approximately
30 ps resolution time measurement for the maximum light yield
achieved. As a follow-up, we will investigate the time resolution in
the limit of a very large light yield, and attempt to improve the
light collection efficiency in these types of detectors.
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Fig. 14. Time-of-flight distributions for the LYSO–tungsten shashlik calorimeter with signal extracted from the edges of two LYSO layers.
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Fig. 15. Timing resolution measurement as a function of the electron beam energy for (left) the LYSO cube sampling calorimeter, (middle) the LYSO–tungsten shashlik
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Conclusions

I Measure 50 ps time resolution using a single LYSO/tungsten shashlik cell
for 200 GeV electrons

I Preliminary SiPM readout result improves previous time resolution
measurements using MCP-PMTs

I Measure 50 ps time resolution using side readout of the single
LYSO/tungsten shashlik cell for 32 GeV electrons

I Limiting factors in MCP readout still under investigation
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Shashlik: 28 layer of LYSO/W 
readout with WLS fibers
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Figure 10.9: (a) Pulse shapes digitized by the DRS4 board and averaged over several
hundred events obtained from the LYSO-tungsten shashlik calorimeter with light extracted
using DSB1 (blue) and Y11 (red) WLS fibers. (b) DSB1(blue) shashlik average light pulse
shape compared with the averaged pulse shape obtained from direct optical coupling of the
photodetector to one edge of a LYSO tile in the shashlik calorimeter. (green)

energy resolution was about 20%. For this particular run in the Shashlik setup, no
electron identification requirements could be made due to a misconfiguration of the
upstream Cherenkov counter, so the background is visible.

TOF distributions, fitted to gaussian functions, are shown in Figure 10.11, and the
� parameter of the gaussian fit is plotted as a function of the beam energy in Fig-
ure 10.16. We find that the dependence of the time resolution on beam energy
follows a 1/

p
E functional form, indicating that the current calorimeter setup re-

mains in the photostatistics limited regime. The best time resolution we obtain with
this setup is 104 ps. As the measurements are photostatistics limited, the result can
be improved in the future if the light collection e�ciency is increased.

Directly coupled MCP-PMTs to LYSO shashlik plates

In this setup the MCP-PMT photodetectors are directly coupled to the edges of two
adjacent LYSO layers in the shashlik calorimeter and scintillation light is directly
transported to the photodetector through the edges of the tile layers. A schematic
diagram and corresponding picture of the experimental setup are shown in Fig-
ure 10.12. In Figure 10.13, we show a zoomed-in photograph of the exposed LYSO
plates from which the scintillation light signal is extracted.

With this setup we invoke an interplay between the light propagation jitter and the
limited photostatistics. By placing the photodetectors in direct contact with the
edges of two LYSO layers, we minimize the distance the scintillation light travels
to reach the photodetectors, and reduce the impact of light propagation jitter on the
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Figure 10.14: TOF distributions for the LYSO-tungsten shashlik calorimeter with
signal extracted from the edges of two LYSO layers.
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Figure 10.16: Timing resolution measurement as a function of the electron beam
energy for (left) the LYSO cube sampling calorimeter (middle) the LYSO-tungsten
shashlik calorimeter read-out with DSB1 fibers (right) the LYSO-tungsten shashlik
calorimeter read-out directly by optically coupling to the edges of two LYSO layers.
In all cases we fit the data with a function of 1/

p
E and a constant term.

fiber a↵ects the timing performance. Besides the absorption and re-emission pro-
cesses in the fibers, we found that another important factor influencing the timing
performance is the light extraction e�ciency. Using DSB1 fibers, despite being
photostatistics limited, we obtained a best time resolution of about 100 ps. A future
development of such a detector will be focused on increasing the light collection
e�ciency. In a setup where the scintillation light from the LYSO-tungsten shashlik
calorimeter is extracted via the edges of two LYSO layers, thereby removing com-
pletely the wavelength shifting mechanism and long light propagation distance, we
achieve a best time resolution of 55 ps. The result indicates that such a calorimeter
design can achieve the 30 ps time resolution benchmark obtained with the LYSO
cube provided some improvement to the light collection e�ciency.
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Figure 10.14: TOF distributions for the LYSO-tungsten shashlik calorimeter with
signal extracted from the edges of two LYSO layers.
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Figure 10.16: Timing resolution measurement as a function of the electron beam
energy for (left) the LYSO cube sampling calorimeter (middle) the LYSO-tungsten
shashlik calorimeter read-out with DSB1 fibers (right) the LYSO-tungsten shashlik
calorimeter read-out directly by optically coupling to the edges of two LYSO layers.
In all cases we fit the data with a function of 1/

p
E and a constant term.

fiber a↵ects the timing performance. Besides the absorption and re-emission pro-
cesses in the fibers, we found that another important factor influencing the timing
performance is the light extraction e�ciency. Using DSB1 fibers, despite being
photostatistics limited, we obtained a best time resolution of about 100 ps. A future
development of such a detector will be focused on increasing the light collection
e�ciency. In a setup where the scintillation light from the LYSO-tungsten shashlik
calorimeter is extracted via the edges of two LYSO layers, thereby removing com-
pletely the wavelength shifting mechanism and long light propagation distance, we
achieve a best time resolution of 55 ps. The result indicates that such a calorimeter
design can achieve the 30 ps time resolution benchmark obtained with the LYSO
cube provided some improvement to the light collection e�ciency.

DSB1 readout

edge readout

Faster rise time improves 
time resolution

~60 ps time resolution (32 GeV)

normalized pulse shapes; 
rise time differences
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RESULTS; SiPM READOUT
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Introduction

I The High-Luminosity Large Hadron Collider (HL-LHC) will collect
approximately 3 ab�1 of data at a higher average number of primary
interactions per bunch crossing (pileup)

I The HL-LHC program will carry out precise measurements of Higgs
properties and search for physics beyond the SM:

I Pileup will increase up to 140

I Unless the e↵ects of pileup are
mitigated, physics object
performance will degrade.
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Physics Motivation for Precision Timing
Challenges

Collect more data to increase LHC reach:
• Pileup interactions up to 140
• Key measurements will be affected by this harsh environment

I Possible mitigation: calorimeter equipped with a time resolution
with O(20-30 ps) time resolution

Photodetector Performance

I Test photodetector time resolution
by impinging ⇠50 ps light pulse

I Large number of photons

I DRS4 readout
(electronic time resolution ⇠5 ps)

I MCP-PMT has a very fast time
response (rise time ⇠100 ps) and
low TTS (⇠ 100 ps)

I MCP-PMT di↵erential time
resolution ⇠ 7 ps
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I Hamamatsu SiPMs have a rise
time '1 ns and good SPTR
(⇠ 300 ps)

I Large number of photons by
impinging ⇠50 ps light pulse

I SiPM di↵erential time
resolution ' 14 ps

I MCP and SiPM have similar
performance (' 10 ps) for
large number of photons. t (ns)∆
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Shashlik Calorimeter Techonology

I Each shashlik cell: 26 layer of LYSO and tungsten (absorber)

I Light readout provided by 4 wavelength shifting fibers

I Radiation hard in HL-LHC conditions up to 3 ab�1

I Energy resolution of 10%/
p

E(GeV ) � 1%

I Single shashlik cell is tested with di↵erent photodetectors to obtain timing
resolution

I See Brad Cox’s talk last Thursday
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• R&D  for HL-LHC on LYSO/W shashlik calorimeter
• Radiation hard in HL-LHC up to 3 ab-1

• Energy resolution of 10%/√E ⊕ 1%
• Energy resolution performance shown in test beam 

on a 4x4 matrix
• Use single shashlik cell to test timing performance 

Beam test results: MCP-PMT readout

I 4-150 GeV e� beams (FNAL + CERN)

I 4 DSB1 WLS fibers ( 2.4 ns decay time)

I Dual readout into Hamamatsu R3809 MCP
(rise time ⇠150 ps and TTS ⇠ 25ps)

I Photek 240 MCP as reference time (rise
time ⇠115 ps and TTS ⇠ 170ps)

I DRS4 based readout (5 GSPS, 700 MHz
analog bandwidth)

I Time resolution follows 1/
p

E

dependence

I Time resolution for 150 GeV
electrons is ⇠ 70ps

I At large energy, time resolution is
limited by MCP response
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New beam test results: SiPM readout

I 20-200 GeV electron beam (CERN)

I Fibers are read out independently by 4 SiPMs (1x1, 3x3 mm, 10,000
pixels)

I DSB fibers coupled through optical connector and clear fibers to SiPM

I Photek 240 MCP as reference time detector
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I Time resolution obtained by combining the readout from the four fibers

I Improvement in time resolution wrt. the results using MCPs

I Time resolution for 200 GeV electrons is about 50 ps

I Tested same setup using capillaries and obtained very similar results

scintillation light from the LYSO–tungsten shashlik calorimeter is
extracted via the edges of two LYSO layers, thereby removing
completely the WLS mechanism and long light propagation dis-
tance, the best time resolution achieved was 55 ps. This result

indicates that this calorimeter design can achieve the 30 ps time
resolution benchmark obtained with the LYSO cube, provided
some improvement to the light collection efficiency is achieved.

In comparing results using different light extraction schemes,
we found that, at a given light yield, the time resolution depends
significantly on the light propagation fluctuations. As the light
yield increases, the dependence on the light propagation fluctua-
tions is reduced. The effect can be seen in the summary, Fig. 16,
which shows the dependence of the time resolution on the
average pulse height for the shashlik cell with light extracted
through the DSB1 fibers, and for the sampling calorimeter with the
LYSO cube. For the same average pulse height of 500 mV, the LYSO
cube time resolution is about half of the time resolution of the
shashlik using the DSB1 fibers, which have also twice the rise time.
As the pulse height increases, the time resolution improves.
Extrapolating to the regime of very large light yields, we should
be able to reach asymptotically the best resolution without
limitations from the light propagation fluctuations.

In summary, using a LYSO-based calorimeter and different light
propagation experimental setups, we obtained an approximately
30 ps resolution time measurement for the maximum light yield
achieved. As a follow-up, we will investigate the time resolution in
the limit of a very large light yield, and attempt to improve the
light collection efficiency in these types of detectors.
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Fig. 14. Time-of-flight distributions for the LYSO–tungsten shashlik calorimeter with signal extracted from the edges of two LYSO layers.
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Conclusions

I Measure 50 ps time resolution using a single LYSO/tungsten shashlik cell
for 200 GeV electrons

I Preliminary SiPM readout result improves previous time resolution
measurements using MCP-PMTs

I Measure 50 ps time resolution using side readout of the single
LYSO/tungsten shashlik cell for 32 GeV electrons

I Limiting factors in MCP readout still under investigation
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Introduction

I The High-Luminosity Large Hadron Collider (HL-LHC) will collect
approximately 3 ab�1 of data at a higher average number of primary
interactions per bunch crossing (pileup)

I The HL-LHC program will carry out precise measurements of Higgs
properties and search for physics beyond the SM:

I Pileup will increase up to 140

I Unless the e↵ects of pileup are
mitigated, physics object
performance will degrade.
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Physics Motivation for Precision Timing
Challenges

Collect more data to increase LHC reach:
• Pileup interactions up to 140
• Key measurements will be affected by this harsh environment

I Possible mitigation: calorimeter equipped with a time resolution
with O(20-30 ps) time resolution

Photodetector Performance

I Test photodetector time resolution
by impinging ⇠50 ps light pulse

I Large number of photons

I DRS4 readout
(electronic time resolution ⇠5 ps)

I MCP-PMT has a very fast time
response (rise time ⇠100 ps) and
low TTS (⇠ 100 ps)

I MCP-PMT di↵erential time
resolution ⇠ 7 ps
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I Hamamatsu SiPMs have a rise
time '1 ns and good SPTR
(⇠ 300 ps)

I Large number of photons by
impinging ⇠50 ps light pulse

I SiPM di↵erential time
resolution ' 14 ps

I MCP and SiPM have similar
performance (' 10 ps) for
large number of photons. t (ns)∆
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Shashlik Calorimeter Techonology

I Each shashlik cell: 26 layer of LYSO and tungsten (absorber)

I Light readout provided by 4 wavelength shifting fibers

I Radiation hard in HL-LHC conditions up to 3 ab�1

I Energy resolution of 10%/
p

E(GeV ) � 1%

I Single shashlik cell is tested with di↵erent photodetectors to obtain timing
resolution

I See Brad Cox’s talk last Thursday
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Increased Light Path Complexity

11

• R&D  for HL-LHC on LYSO/W shashlik calorimeter
• Radiation hard in HL-LHC up to 3 ab-1

• Energy resolution of 10%/√E ⊕ 1%
• Energy resolution performance shown in test beam 

on a 4x4 matrix
• Use single shashlik cell to test timing performance 

Beam test results: MCP-PMT readout

I 4-150 GeV e� beams (FNAL + CERN)

I 4 DSB1 WLS fibers ( 2.4 ns decay time)

I Dual readout into Hamamatsu R3809 MCP
(rise time ⇠150 ps and TTS ⇠ 25ps)

I Photek 240 MCP as reference time (rise
time ⇠115 ps and TTS ⇠ 170ps)

I DRS4 based readout (5 GSPS, 700 MHz
analog bandwidth)

I Time resolution follows 1/
p

E

dependence

I Time resolution for 150 GeV
electrons is ⇠ 70ps

I At large energy, time resolution is
limited by MCP response
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C.Peña et al.
NIM � A,Volume 794, September 2015, Pages7 � 14,
doi : 10.1016/j .nima.2015.04.013

New beam test results: SiPM readout

I 20-200 GeV electron beam (CERN)

I Fibers are read out independently by 4 SiPMs (1x1, 3x3 mm, 10,000
pixels)

I DSB fibers coupled through optical connector and clear fibers to SiPM

I Photek 240 MCP as reference time detector

LYSO/W Shashslik 

LYSO cube 

SiPMs 

Beam 

MCP 
Photek 240 

MCP Hamamatsu 

Hodoscope 

I Time resolution obtained by combining the readout from the four fibers

I Improvement in time resolution wrt. the results using MCPs

I Time resolution for 200 GeV electrons is about 50 ps

I Tested same setup using capillaries and obtained very similar results

scintillation light from the LYSO–tungsten shashlik calorimeter is
extracted via the edges of two LYSO layers, thereby removing
completely the WLS mechanism and long light propagation dis-
tance, the best time resolution achieved was 55 ps. This result

indicates that this calorimeter design can achieve the 30 ps time
resolution benchmark obtained with the LYSO cube, provided
some improvement to the light collection efficiency is achieved.

In comparing results using different light extraction schemes,
we found that, at a given light yield, the time resolution depends
significantly on the light propagation fluctuations. As the light
yield increases, the dependence on the light propagation fluctua-
tions is reduced. The effect can be seen in the summary, Fig. 16,
which shows the dependence of the time resolution on the
average pulse height for the shashlik cell with light extracted
through the DSB1 fibers, and for the sampling calorimeter with the
LYSO cube. For the same average pulse height of 500 mV, the LYSO
cube time resolution is about half of the time resolution of the
shashlik using the DSB1 fibers, which have also twice the rise time.
As the pulse height increases, the time resolution improves.
Extrapolating to the regime of very large light yields, we should
be able to reach asymptotically the best resolution without
limitations from the light propagation fluctuations.

In summary, using a LYSO-based calorimeter and different light
propagation experimental setups, we obtained an approximately
30 ps resolution time measurement for the maximum light yield
achieved. As a follow-up, we will investigate the time resolution in
the limit of a very large light yield, and attempt to improve the
light collection efficiency in these types of detectors.
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Fig. 14. Time-of-flight distributions for the LYSO–tungsten shashlik calorimeter with signal extracted from the edges of two LYSO layers.
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side MCP-PMT readout
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Conclusions

I Measure 50 ps time resolution using a single LYSO/tungsten shashlik cell
for 200 GeV electrons

I Preliminary SiPM readout result improves previous time resolution
measurements using MCP-PMTs

I Measure 50 ps time resolution using side readout of the single
LYSO/tungsten shashlik cell for 32 GeV electrons

I Limiting factors in MCP readout still under investigation
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SiPM readout reaches 50 ps time resolution; very competitive option
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M C P  D E T E C T O R S
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115

first determine the time position of the pulse peak. A Gaussian function is fitted
to the pulse maximum using three points before the maximum of the pulse peak
and four points after the maximum. The mean value of the Gaussian was used as
the time stamp for each pulse. A Photek 240 MCP-PMT, whose time resolution
was previously measured to be less than 10 ps [183] was used as a “start” signal,
while pulses from individual pixels on the Photonis XP85011 MCP-PMT were used
as “stop” signals. The integrated charge for each pulse is used as a proxy for the
measured energy deposit in each channel, and is computed using four time samples
before and after the peak of the pulse. Each time sample is approximately 0.2 ns
in time. Events containing pulses above 500 mV in amplitude are rejected as they
saturate the DRS4. Only pulses with amplitude larger than 20 mV are used for time
measurements, to reduce the impact of the electronics noise in the DRS4. Other
event selection and pulse cleaning procedures are used to eliminate abnormal pulses
in the readout, as described in [181].
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Figure 12.3: Example of a digitized signal from a single Photonis pixel (left) and Photek
(right) MCP-PMT following a high-energy electron shower, via DRS4.

12.4 Electromagnetic Shower Position Reconstruction and Resolution
The transverse shape of electromagnetic showers is very well known and has a
characteristic width given by the Moliere radius, see Section 10.1. For tungsten, the
Moliere radius is about 9 mm and therefore the shower is expected to be contained
within two of the pixels in the Photonis XP85011 MCP-PMT. In Figure 12.4 shows
the mean charge measured in each of the pixels for one example run where the
Photonis MCP-PMT was held in a fixed location approximately centered on the
beam. The electron beam has a width of about 1 cm.

Each electron impacting the shower-maximum detector will induce an electromag-
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Figure 12.3: Example of a digitized signal from a single Photonis pixel (left) and Photek
(right) MCP-PMT following a high-energy electron shower, via DRS4.

12.4 Electromagnetic Shower Position Reconstruction and Resolution
The transverse shape of electromagnetic showers is very well known and has a
characteristic width given by the Moliere radius, see Section 10.1. For tungsten, the
Moliere radius is about 9 mm and therefore the shower is expected to be contained
within two of the pixels in the Photonis XP85011 MCP-PMT. In Figure 12.4 shows
the mean charge measured in each of the pixels for one example run where the
Photonis MCP-PMT was held in a fixed location approximately centered on the
beam. The electron beam has a width of about 1 cm.

Each electron impacting the shower-maximum detector will induce an electromag-

M C P  S I G N A L

Photonis MCP 
pixel 

Photek-240 MCP 

MCP signal pulses in this setup
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M O S T  R E L E VA N T  T I M I N G  C O N T R I B U T I O N S
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R E F E R E N C E  T I M E R
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Photek-240

• Measure ~10 ps time-of-flight resolution 
• Single device time resolution ~6 ps 

• Excellent reference timer for subsequent measurement

Beam direction 
(120 GeV protons)

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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D I G I T I Z AT I O N  A N D  D A Q

scope application DRS4 Units

• Use DRS4 (Domino-Ring-Sampler) Evaluation Board developed by 
Stefan Ritt at PSI for MEG2 experiment 

• 750 MHz of analog bandwidth 
• 5 Gsamples/s (i.e. 200 ps per sample) 
• Well validated software and scope applications 
• Measured electronic time resolution to be about 5 ps
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• Use DRS4 (Domino-Ring-Sampler) Evaluation Board developed by 
Stefan Ritt at PSI for MEG2 experiment 

• 750 MHz of analog bandwidth 
• 5 Gsamples/s (i.e. 200 ps per sample) 
• Well validated software and scope applications 
• Measured electronic time resolution to be about 5 ps

D I G I T I Z AT I O N  A N D  D A Q

Also available as a crate 
module: 32+4 channels
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S H O W E R  F L U C T U AT I O N S

Lead%or%
Tungsten%
Absorber

2x2%mm2

Trigger
Start%Counter%
Photek 240%
MCP<PMT

Stop%Counter%
Photek 240%
MCP<PMT

Beam%Direction

• Measure time jitter for a prototype 
sampling calorimeter with precision 
time capability 

• Use Photek-240 as reference 
• Use Photek-240 to detect shower 

secondaries

• Shower fluctuation may result in time jitter on the signal pulses 
• Quantification of this contribution is key
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S H O W E R  P O S I T I O N  R E S O L U T I O N

• Model the shower position as the convolution of 
the beam profile with a Gaussian (resolution)  

• We fit the data to extract the resolution (width of 
the Gaussian)

• Obtain a position 
resolution of ~1 mm 

• Recall that each pixels is 
5.9 mm in size

NIM. A 828 (2016), pp. 1–7 
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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 time resolution combined time resolution

combine 
 all pixels

Look at individual and combined time resolution 

NIM. A 828 (2016), pp. 1–7 
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C H A R G E  V S  B E A M  E N E R G Y
Charge Deposit measured as a function of 

Beam energy
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C H A R G E  C O R R E C T I O N
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Figure 12.10: The correlation between the time measurement and the measured
integrated charge is shown on the left for one example pixel. The same correlation
after performing the time measurement correction is shown on the right.

Run Number
0 2 4 6 8 10 12 14 16 18 20 22 24

Ti
m

e 
R

es
ol

ut
io

n 
[p

s]

0

10

20

30

40

50

Calibrated

Self-Calibrated

Figure 12.11: The time resolution of the electromagnetic shower for various runs
is shown after performing the time measurement correction based on the measured
integrated charge.
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Figure 12.10: The correlation between the time measurement and the measured
integrated charge is shown on the left for one example pixel. The same correlation
after performing the time measurement correction is shown on the right.
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Figure 12.11: The time resolution of the electromagnetic shower for various runs
is shown after performing the time measurement correction based on the measured
integrated charge.

charge correction
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S H O W E R  F L U C T U AT I O N S

• We measured the time resolution throughout the shower at ~13 ps 
• Suggest that shower fluctuations contribute less than 10 ps to the time 

jitter — taking into account the detector jitter.
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Figure 12.1: The measured capacitance as a function of the applied bias voltage.

also provides electromagnetic shielding. The box is made of 0.2 mm steel. The
bias voltage was supplied to the circuitry by a cable with a balun filter, terminated
with an SHV connector. The silicon diode output signal was read out through an
SMA connector electrically grounded to the box. The dark current was measured at
several values of the bias voltage. The maximum value of the dark current was less
than 1.0 nA at �500 V, which is the largest bias voltage used in the measurements
reported. The silicon box is presented in the right panel of Figure 12.2. Signals

-	BV	
100k	

Cbp	=	1nF	

Cdiode	=	17pF	

10k	

Nega6ve	
Output	

100k	

200M	

0V	

Figure 12.2: The electric diagram for the silicon diode connections (left). External
view of the box with silicon diode, and the bias voltage connection is shown below
it (right).

from the silicon sensor were amplified by two fast, high-bandwidth pre-amplifiers
connected in series. The first amplifier is an ORTEC VT120C pre-amplifier, and the
second is a Hamamatsu C5594 amplifier. The combined gain of the two amplifiers
in series as a function of the input signal amplitude was measured using a pulse-
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• Leveling luminosity:
– 5.3�1034 cm−2s−1 and 140 pileup (Baseline)
– 7.6�1034 cm−2s− 1 and 200 pileup (Ultimate)

• Collect 3 to 4 ab-1 of pp data at 14 TeV

HL-LHC Luminosity scenarios


