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Outline

• Conventional event “snapshots” at the LHC

• Timescales and collision densities at the HL-LHC

• Time-aware event vertexing and particle flow
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Historical Trends in Timing Resolution at Colliders

• ADONE (1969)

• Collisions distinguished 

from cosmic rays with 

DT~350ps timing 

resolution

DT~350ps
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State-of-the-Art Time-of-Flight

• Time-of-flight st~80ps Particle Identification System (semi-relativitistic particles) with 

a time reference (t0) forward detector that uses a high multiplicity of tracks
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Figure 5. Total time resolution for pion tracks on TOF with 0.95 < p < 1.05 GeV/c as a function of the

number of tracks used to define the TOF event time. Data refer to p-Pb collisions. The inset shows the

original distribution for a track multiplicity on TOF > 20 which corresponds to an average of 25.

calibration, calibration data must collected over periods of several months. This is possible thanks

to the high stability of the system.

With the above three calibrations, it is possible to evaluate the TOF performance in terms of

time resolution by considering the difference between the measured time of flight and the pion

time expectation. As an example, figure 5 shows the total time resolution for a momentum range

0.95 < p < 1.05 GeV/c (the contribution from tracking is negligible for this momentum range) as a

function of the number of tracks used to define the event time determination performed by the TOF

itself. The distribution is fitted with a Gaussian function, whose width is the convolution of the TOF

time resolution 〉TOF and the event time resolution 〉tev
. Since the TOF tev resolution is expected

to scale with the square root of the number of tracks used (〉tev
= A/

√
ntracks), the measured total

resolution can be plotted versus ntracks and fitted according to this expression. Red solid points

in figure 5, obtained for p-Pb collisions, represent the width of such Gaussian fits and indicate an

asymptotic TOF time resolution of 80 ps. The inset shows an example of a Gaussian fit for a track

multiplicity on TOF in excess of 20: the distribution has a tail on the right, which was not observed

during test beams, and might be related to mis-association when TPC tracks are matchable with

more than one TOF hit, due to the finite resolution of the track extrapolation to the TOF.

– 7 –

st~80ps
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High-Luminosity LHC

46 

• 

• 

#

03/04/17 CMS Week Spokesperson Status Report 

Luminous region

• tRMS ~ 180 ps

• zRMS ~ 4.6 cm 
VBF Hττ in 200 pp collisions
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Timing from the Machine

RF reference signals

2

after https://indico.cern.ch/event/202454/

THE RADIO FREQUENCY FROM RF TO BC BUNCH CLOCK CLIENTS THE TTC SYSTEM 

BC ORIGIN WHAT IS A GOOD BC? CONCLUSION BC PHASE BC JITTER 

P4 
P5 

P8 

P2 CCR 

TTC backbone 

TTC off-detector 

TTC on-detector 

RF_Tx 

RF_Tx RF_Rx 

RF_Rx RF2TTC TTCFanout 

14 PH-ESE seminar - 18 Dec 2012 - Sophie Baron 

● Signals received per beam: 

● Frev a.k.a. “Orbit”: 11 kHz 

● Bunch clock: 40.079 MHz

~3.5 km

jan.troska@cern.ch
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Luminal Region at the LHC and HL-LHC

HL-LHC	

-  Baseline	at	ECFA	2016:		

-  zRMS	~	4.8	cm		start	of	the	fill	
								~	4.0	cm		end	of	the	fill	

-  tRMS	~	180	ps		

4	

Answer	to	TB7	
From	the	Panel	

G.	Arduini	–	at	ECFA	
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“Snapshots” of Higgs Boson Events at the LHC

LHC Grand Challenge Research Questions

The goal of HEP (and the LHC) is to understand the fundamental building

blocks of nature, and their interactions. The potential of the LHC has

been demonstrated in its first years with the discovery of the Higgs Boson.
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H  gg H  ZZ*
 eemm
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Circular Colliders and Detector Timing Measurements

• Bunch Trains at LEP (1995)

• Four bunch trains of up to 4 bunchlets each (spacing 

247.5ns, 87λRF)

• Phase lock for synchronous BGO calorimeter 

readout gate (5μs)

• Offline analysis tagged which bunchlet within a 

train the signal event originated from (and 

corrected for signal integration)

• e+e- is forgiving – less than 1 event per crossing 

and very loose trigger (triggered on and counted 

single photons above 1 GeV to cross-check number 

of neutrino families from ISR)

General truism:  Experimentalists will do everything they can to 

accommodate higher luminosity operation of the collider
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Signal Vertex Efficiency

U. S. CMS Upgrade Planning  for the HL-LHCV. O’Dell, 3 September 2015

U.S. CMS Upgrade Planning for the

High Luminosity LHC

Vivian O’Dell, Anders Ryd

For the Phase 2 upgrade team

1

zRMS ~ 4.6cm

   
2

Int roduct ion
● Vertices at the HL-LHC are 

tightly spaced
● Significant track-vertex 

association problem for 
forward tracks

● Z
0
 resolution gets very poor at 

high rapidity
● And will certainly grow poorer 

beyond 2.5 in rapidity

● Problem of disentangling collisions 
that happen nearby

● Can pollute significantly any 
signature in which a pair of 
forward jets is selected

● Problem of b-tagging forward jets
● Pile-up rejection methods 

based only on point of closest 
approach (PCA) would reject 
forward b-jet decay products

4

??
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Time-Aware Vertexing

Timing layer 
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Particle-flow Event Reconstruction

Fast Timing for Collider Detectors - CERN Academic Training Program 12

MIP Timing Layer



3D vs. 4D Vertex Reconstruction
CMSSW: Time-aware vertexing  

5

} Event with 50 pileup collisions (ease eye analysis) 

z (cm)
-10 -5 0 5 10

t 
(n

s
)

-0.4

-0.2

0

0.2

0.4

0.6

Simulated Vertices

3D Reconstructed Vertices

4D Reconstruction Vertices

4D Tracks

EXAMPLES OF  
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} 4D reconstruction with track time information at ~25 ps

5 cm RMS

150 ps RMS

Pile-up = 50
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Signal Vertex Track Purity
Track-vertex	associaJ on	–	with	track	J ming	

28	
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 event trackstt

>0.9 GeV
T

p

3D	RECO	
4D	RECO	

o The	basic	moRvaRon:	with	
Rming,	‘effecRve	peak	density’	is	
down	to	LHC	level		

1. Consolidate	reconstrucRon		
at	140	PU		

2. Extend	performance		
at	200	PU	

3. Provide	robustness	against	
adjustment	of	luminosity	
scenarios	

LHC	 140PU	 200PU	
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Pile-up = 200
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Track-Cluster Association with Timing
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Track Fast Timing Hits

recorded in low occupancy 

region before reaching 

calorimeter

Cluster association with track aided 

by EM core timing (when available)



Time Development of Energy Deposition in Hadronic Showers 

At nsec scale the timing is dominated by geometry (time of flight) even for hadronic showers. 

‘Local’ time = T – z/c
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A. Para (CALOR 2016)

Depth into calorimeterDepth into calorimeter

Tail of

Non-relativistic

Particles

Dual-Gate Calorimeter (TOF within hadronic 

shower for energy compensation.



Missing Transverse Energy Resolution vs. Vertex Density

vertex
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Summary – Lecture 1

• Fast timing resolutions that are a factor 5-10 smaller than the timing 

spread of the beam collisions open up new capabilities for collider 

detectors at the HL-LHC

• Time-Aware Vertex Algorithms pull apart collision vertices in the time 

domain.

• Signal Vertex Track Purity grows to an order one problem without fast 

timing

• Particle-flow methods at the HL-LHC are directly degraded by track 

purity loss in the primary vertex – further enhancement of timing in the 

calorimeters will benefit track-cluster association and provide neutral 

EM timing
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Backup
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Event “snapshots” at the LHC

• Timing at the LHC was not an immediate concern for Run 1

• Triggers identify events that are low probability for pp collisions

• Include high-pT leptons, photons, jets, MET

• With increasing instantaneous luminosity, triggers tighten ID/isolation and 

require multiple trigger objects and bring in additional kinematical or 

topological requirements

• If you know what you are looking for, then this tightening is straight-forward and 

known signals are evaluate for efficiency with Monte Carlo and existing data are 

evaluated to extrapolate the rates for higher luminosities
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Silicon Devices with no gain
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N. Akchurin, 19 May 2016 5 XVII International Conference on Calorimetry in High Energy Physics (CALOR2016) - Daegu 

Two sensors of the same type tested at the same time: 
• 133, 211 and 285 μm depletion thickness (capacitance 22.5, 13.6, and 9.9 pf) 

• n-on-p  FZ-dd sensors with 5×5 mm2 sensitive area from Hamamatsu  

• 400, 600, and 700 V (nominally at 600 V) fully depleted bias 

• Cividec broadband amplif er (2 GHz, 40 dB) 

• 1 ADC count = 0.25 mV 

• Noise level ~ 2 mV 

50% 

trt~1.1 ns 

Pulse Shapes 

Single  

Pulses 

Averaged 

Pulses 
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MIP Calibration (Muons and Electrons) 

Noise was modeled by a Gaussian centered at zero 

Events selection required signals from MCP and the back sensor 

Single MIP (Landau MPV) ~ 34.4 ADC counts 

3-MIP events visible in electron sample  

 

 

Muons 
150 GeV 

Electrons 
50 GeV 

211-µm 211-µm 

N. Akchurin, 19 May 2016 7 XVII International Conference on Calorimetry in High Energy Physics (CALOR2016) - Daegu 

MIP Response of Three Sensors 



Timing Resolution depends on amplitude of signal
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Timing Resolution Using Two Sensors (133 μm) - I 

Timing resolution strongly depends on signal amplitude. 
N. Akchurin, 19 May 2016 11 XVII International Conference on Calorimetry in High Energy Physics (CALOR2016) - Daegu 

Timing Resolution Using Two Sensors  (211 μm) - II 

N. Akchurin, 19 May 2016 12 XVII International Conference on Calorimetry in High Energy Physics (CALOR2016) - Daegu 

Timing Resolution Using Two Sensors  (285 μm) - III 



Silicon device timing

N. Akchurin, 19 May 2016 15 XVII International Conference on Calorimetry in High Energy Physics (CALOR2016) - Daegu 

Timing Resolution (Mean Silicon - MCP) 
 vs Mean Sensor Ef ective Signal  

20 ps 
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Timing Resolution (Mean Silicon - MCP) 
 vs  Signal-to-noise Ratio 



Fast Component of Showers

After the time-of-flight correction the core of the shower develops at the time scales of 

tens of picoseconds. Even for hadronic showers.
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Fast Component of Showers

About 80% (on average) of the energy of hadronic showers is deposited within 0.5 ns)
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