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Introduction

ITk inner system
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HGTD

« High luminosity hadron colliders requires new
type of detectors to cope with increased
radiation level, data rates, and pileup

o HL-LHC: Timing layers
o Future colliders / LS4 HL-LHC upgrade: Integrated
space-time (4D) tracking detectors



Arbitrary units

The Pileup Challenge
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Pileup vertex density >~ longitudinal impact parameter resolution
o The association of fracks to vertices becomes ambiguous
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The ITk Challenge
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Why timing?

CMS Simulation: HL-LHC beamspot - <NPU> =140
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Nominal HL-LHC Luminous region o; = 180ps
HGTD(30ps) - 30/180 = 6x pile-up rejection
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Exploit the time spread of collisions to reduce pileup contamination
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Basic Research Needs for High Energy Physics
Detector Research & Development

Report of the Office of Science Workshop on Basic Research
Needs for HEP Detector Research and Development
December 11-14, 2019

PRD

Thrust

PRD 18: Develop high
spatial resolution pixel de-
tectors with precise per-
pixel time resolution to
resolve individual inter-
actions in high-collision-
density environments

Thrust 1: Lepton colliders, requiring timing
on the order of 10 ps; pixel pitch on the order
of 10 microns

Thrust 2: Hadron colliders, requiring timing
resolution down to 1 ps to achieve HL-LHC-
like pileup, in a high radiation environment
(up to fluences in the order of 10"®n.,/cm?)
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ToF Particle ID

CMS Phase-2 PbPb (5.5 TeV)
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Figure 5.23: The inverse velocity (1/B) as a function of the particle momentum, p, for BTL
(In] < 1.5) and ETL (|| > 1.6) in HYDJET PbPb simulation at 5.5 TeV.



4D Tracking

Add new timing dimension to ITk pixels
to address the pileup challenge and
enable new reconstruction capabilities

Use pixel hit fime in track pattern
recognition:

- Reduce combinatorics
- Improve efficiency and purity
- Speed up tracking reconstruction

4D Vertexing

Y

There are plans to incorporate

4D fracking/vertexing capability

in ACTS
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50x50um 3D pixels
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Timing performance of small cell 3D silicon

detectors *

G. Kramberger®, V. Cindro?, D. Flores?,
S. Hidalgo®, B. Hiti®, M. Manna®, I. Mandi¢®, M. Mikuz®®,
D. Quirion®, G. Pellegrini®, M. Zavrtanik®

@ Jozef Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia
b Centro Nacional de Microelectrénica (IMB-CNM-CSIC), Barcelona 08193, Spain
¢ University of Ljubljana, Faculty of Mathematics and Physics, Jadranska 19,
SI-1000 Ljubljana, Slovenia

83.29/45
7188233

Moan  -0.0001745 : 0.0003384

0.01004 + 0.00032

2 70 2 90; ot
g g 80F] Constant
o 60 o El
70| sgms
50 60F-
40 50E-
30 3
30E-
20 20t
10 10F-
0 0E
0 0.3

Fig. 9. (a) Comparison of the rise time in LGAD and 3D detector and (b) measured

jitter - 0.

1 1.2
rise time [ns]

LGAD

PLANAR 3D
::;’::nt n ;:tlo‘ﬁ p + \ n +
Some . Gossess osozie A — p+
£
=
e
o
Na”
(@]
i Pl 0y g "
0.08 Notl,ée/(d\?}dt) lngi 2 =
v I
<>
I=0(10) um

14



@PN Algorithm simulation

Istitate Nazionals di Fisica Nuckare
Seziene di Nilmo

S ofem — 27.6em *+ LHCb VELO-like detector:
ensor area = 6x6cm?
ixel size = 55x55pum?2 . - .
?hickness =200 prl; - 12 planes in the forward
time res 0:=30 ps region
o < semeso70ps | | | | | | | | | - pile-up ~40

lcrub stub sub srub stuo st - ~1200 tracks/event

zZ(cm)

« Luminous region: g,=5cm, 6=167ps . 90’000 engines in [-2,2]x[-2,2]cm? reference plane

First row: resolution on

"*’V* =37.8 um i track parameters (x+,x+-) Efficiency = 99%
ey 100.0 pm without using the time
information of the stubs Purity = 64%

Second row: resolution on
track parameters (x+,y+, t)

using the time information
of the stubs

Mean 1
Sgma 1 879
Comstant2 1473

x,m =35.2ym e Efficiency= 99%

=73.1pum

x/y

o, =28.4ps Purity = 85%

.

* The track parameters resolution improves when including the time information
* The reconstruction efficiency is stable
* The tracks purity improves

April 21, 2020 Connecting the Dots 10

https://indico.cern.ch/event/831165/contributions/3717101/attachments/2023879/3384913/CDT2020 Petruzzo.pdf



https://indico.cern.ch/event/831165/contributions/3717101/attachments/2023879/3384913/CDT2020_Petruzzo.pdf

@ Timing benefits
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* Inclusion of timing information of the hits
allows to evaluate the time of the track, to
be used to better associate tracks to their
primary interaction

The track parameters resolution improves

when including the time information

Efficiency = 99%

Purity = 64%

o
o

The reconstruction efficiency is stable
The tracks purity improves
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30 ps per hit
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4D Tracking R&D @ SLAC

https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-1F3 1F7-131.pdf

Electronics
Sensors

Smaller sensors, low
power, more channels,
extremely high radiation
environment

3D, AC-LGADs, MAPS

Layout

How to best combine spatial with timing information,

optimizing material budget, power, time resolution,

radial and eta coverage, ...

* Mixture of layers with different balance of spatial
and timing resolution for overall 4D tracking for a
wide range of applications

Simulation and
physics performance

Add timing information to pixel hits
Clustering — Layout studies

« Pixel size and general layout

« Cluster reconstruction in 4D
Track seeding

4D Kalman Filter within ACTS

4D Vertexing

b-tagging

Di-Higgs

Forward PU suppression
Strange-quark jet tagging with ToF



https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF3_IF7-131.pdf

(XM — 12:20 Introduction ®20m g~

Speakers: Ariel Schwartzman (sLac), Caterina Vernieri (SLAC), Dong Su (SLAC

&) 4-Dimensional track...

Pl — 12:40 Sensors ®20m | £ ~

= 3D silicon sensors
= AC-Coupled Silicon Detectors

Speaker: Christopher Kenney (sLAC)

(P2 — 13:00 Electronics ®20m | 2 ~
Speaker: Dr Angelo Dragone (SLAC

L KEM — 13:20 Layout and simulation ®20m | 2~

Speaker: Valentina Cairo (SLAC)

(k&I — 13:40 Physics performance ®20m | 2~

Speakers: Caterina Vernieri (sLAC), Valentina Cairo (SLAC

track reconstruction and performance
vertexing

b-tagging

Long-lived particles

ToF reconstruction and strange-tagging
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Time tagging detectors

Sensor

Pre-Amplifier

Comparator
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Time measuring circuit

TDC
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Time tagging detectors
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Time measuring circuit
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Time tagging detectors
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Figure 2. Energy deposits in a silicon detectors and the corresponding current signals. The differences
in charge depositions generate current signals that differs significantly on an event-by-event basis. These
differences results in a contribution to the overall time resolution that can be the dominant factor.

Fluctuations on the local density of e-h pairs (non-uniform charge deposition)
Physics limit to precision timing with silicon detectors (LGAD, 3D, ...)
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Time tagging detectors
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Time tagging detectors

2 2 2 2 2 2
Ot = ULandau+Utime—Walk+0-jitter+O-TDC+0-clock

threshold

Vi gomporofor
t t t

Pre-Amplifier

Sensor

Time measuring circuit ) . o
Constant Fraction Discriminator

« ToT (ATLAS HGTD)
« Multiple Sampling (fif) ,
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Time tagging detectors
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= Vi
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= Key to precision timing: Large
Sensor Pre-Amplifier Time measuring circuit signal with short rise tfime and

low noise



LGAD Silicon Sensors

Cathode
Ring

n-on-p silicon detector with gain from
additional highly doped p-layer

e Thin: small

« Not too thin (low C)

* Moderate gain: increase signal,
limit noise, low power

« ~50um, Gain~20 seems optimal
Radiatfion hard _'.'_'_'i_'_'_'_'_L&_'_'_'_'

Avalanche
Region

p-type Bulk
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ATLAS HGTD

Pixel detector with coarse spatial
resolution but precision timing

LGAD Si sensors:

- pad size: 1.3 x 1.3 mm?2
- 3.6M channels

- 6.4 m?
Pseudorapidity coverage: 2.4<|n | <4.0 Target fime resolution:
Radial extension: 12 cm <R < 64 cm - 35-70 ps/hit up to 4000 fb-1
z position: 3.5 m - 30-50 ps/track

Thickness in z: 7.5cm

2 double, 3-ring, planar layers per endcap

27



TDC (SLAC)

Preamp Hit Flag

b

+ TOT Time to Digita ts

Vth _ﬂ— onverter Range=5/20n TOTI bits
- Bin=20/40ps X .
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TOA Time to Digital TOA7 bits Selector
—=] Converter Range=2.5n4
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ANALOG FRONT END
LumiHit LoiL1 Column Bus

g, o .+ Time resolution (20ps) =
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ASIC performance
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Tme Assockaton Rate

HGTD Performance

Track-time matching efficiency and time resolution

ATLAS Simulation Internal I Prime Frac. = 1
10-'E-VBF H — invisible, (u)=200 -m?imFm<l
1 & " i |- mc. -05
Timing scenario “Initial 0< Prime Frac. < 0.6
B Meassignment
I Confusion

B Prive ronc. ot
P oS <Prew M < 1
Prime Fac. w05

O<Parefmc <05

Arbitrary Units

Tme Assocaton Rate

10—5..1
04 03 02 -01 01 02 03 04
teco ™ tirun [NS]

Tracks extrapolated to HGTD surface + iterative algorithm to assign
HGTD hits to tracks: performance limited by material interactions inside

ITk volume, services, and PP1
30



secondary hit

.

material
interaction




Fraction of events
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= ATLAS Simulation Internal

E —— central-forward

A VBF Higgs— invisible

Vertex t,

Two type of fopologies, depending on the number of
forward jets: CF, FF

Vs=14TeV, HL-LHC

central-central

forward-forward

-------- QCD Z+jets

O

200 400 600 800 1000
m; threshold [GeV]

FF is straightforward, but it is not the
largest contribution

Are the two jets

/\ compatible in time?¢
./

No need to know the time of the primary vertex (i)
32




Fraction of events
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= ATLAS Simulation Internal

E —— central-forward
0.5

A VBF Higgs— invisible

Vertex t,

Two type of fopologies, depending on the number of
forward jets: CF, FF

Vs=14TeV, HL-LHC

central-central

forward-forward

-------- QCD Z+jets

O

200 400 600 800 1000
m; threshold [GeV]

CF is the largest conftribution, and the
most difficult

\ Are the two jets
‘ compatible in time?

Only one jet has
time information!

"

Requires the knowledge of the vertex t,
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Vertex t,

The challenge:

1. The primary vertex needs to have
enough tracks within the HGTD
acceptance.

* Physics process dependent
« Track-hit efficiency ~ 50%

2. When the HS does have enough fracks
within acceptance, how do we pick the
correct vertex time?¢

3
©

a.u.

S
0.14— ATLAS Internal Ve
F VBF H — invisible, (11)=200 N

o1t
0.1
- A

0.08f
0.06F

0.02f

0

L L B N B R

0.9

0.7
0.6
0.5
0.4
0.3
0.2
0.1

)1 08 06 04 02 0 02 04 06 08 1

BDT output

ATLAS Inttlernal I

VBF H — invisible, (1)=200

N

| ] ]
250% HS tracks  <50% HS tracks PU tracks no cluster chosen

34



What limits HGTD performance?

S CATLASWtemal T Mecoweeew ]
.E_). 10° E- VBF H — invisible, (W)=200 e ITk+HGTD E(ruth 1: reco trk; = d Key C hq"enges
5 = 30 GeV <p <50 GeV THaTD (@O off smonisd math rocoth) . .
o e, _“T ———— ITk+HGTD (recot, reco tth) ] o Track-hit OSSlgnmenT
102 i ~ efficiency (~50%), and
. T : mistag rate (~10%) --
ol % é@e | material
S o, E T
E %, Q’o ] o Vertex to determination
L & _
B A - Eta coverage
6 8 0.82 0.84 0.5% 0.88 0.9 0.92 0.94 0.96 0.98 1 .
HS efficiency « Algorithm performance
S FTTTTTEa . " ' ' ' 3
B S SR N Track-hit assignment =
2= & Vertexty e, el =
(1).; 082 084 08 088 0.9 s 0T 0% 055 =
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What limits HGTD performance?

s T ATLASItemal T R e
8 10 £ VBF H invisible, (1=200 eyt Key challenges
pest — jet ITk+HGTD (BDT eff truth tn, reco trk -
2 o <Py <B0GeY L s pe e o Track-hit assignment
10 = S ~ efficiency (~50%), and
§ N 2 mistag rate (~10%) --
oL %, _ material
- ° E o Vertex ty determination
N 9, .
N A e - Eta coverage
68 082 0.84 0.5’% 0.88 0.9 092 094 096 0.98 1 .
HS efficiency « Algorithm performance
2 S ) : ' ' 1
g S S— Track-hit assignment =
eb o Vertexty e 3 | A barrel timing detector would
(1).8_ 082 084 086 088 0.9 092 094 o‘.éds 0.98 = direCﬂy improve HGTD qnd
forward physics performance!
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PU rejection

ratio

1602 VBF H — invisible, (1)=200
140 |
120F
100F™

HGTD Physics Impact

— ——
ATLAS Internal —— Mk
30 GeV < p" <50 GeV
2A4<h\dl<4A0
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Additional pileup rejection

VBF H=>invsible
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CMS MTD

BTL: LYSO bars + SiPM readout:
« TK/ECAL interface: |n| < 1.45
+ Inner radius: 1148 mm (40 mm thick)
+ Length: +2.6 m along z
+ Surface ~38 m% 332k channels
* Fluence at4 ab: 2x10™n, Jem?

ETL: Si with internal gain (LGAD):

On the CE nose: 1.6 < |n <3.0
Radius: 315 <R <1200 mm

Position in z: +£3.0 m (45 mm thick)
Surface ~14 m? ~8.5M channels
Fluence at 4 ab™': up to 210", fem?
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CMS Physics Impact

Table 1.1: Expected scientific impact of the MIP Timing Detector, taken from Ref. [8].

Signal Physics measurement MTD impact
H — 97 and +15-25% (statistical) precision on the cross section | Isolation and
H—4leptons | — Improve coupling measurements Vertex identification
VBF—H— 11 | +30% (statistical) precision on cross section Isolation .

— Improve coupling measurements VBF tagging, p7"*°
HH +20% gain in signal yield Isolation

— Consolidate searches b-tagging
EWK SUSY +40% background reduction MET

— 150 GeV increase in mass reach b-tagging
Long-lived Peaking mass reconstruction Prip from timing of
particles (LLP) | — Unique discovery potential displaced vertices

39
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Long Lived Particles
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Long Lived Particles
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ToF Particle ID

CMS Phase-2 PbPb (5.5 TeV)
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Figure 5.23: The inverse velocity (1/B) as a function of the particle momentum, p, for BTL
(In] < 1.5) and ETL (|| > 1.6) in HYDJET PbPb simulation at 5.5 TeV.
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Strange Jet Tagging

Yuichiro Nakai!, David Shih?** and Scott Thomas?
! Tsung-Dao Lee Institute and School of Physics and Astronomy,
Shanghai Jiao Tong University, 800 Dongchuan Road, Shanghai 200240, China

2New High Energy Theory Center, Department of Physics and Astronomy,
Rutgers University, Piscataway, NJ 08854, USA

3 Theory Group, Lawrence Berkeley National Laboratory,
Berkeley, CA 94720, USA

4Berkeley Center for Theoretical Physics,
University of California, Berkeley, CA 94720, USA

Ideal for Su Dong’s
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CNEN Context

il Nazionsde 6 Fisica Muceare

Sezion i Wtame

* TIMEPOST R&D project

* Work Packages and coordinators:

TIME & SPace real-time Operating Tracker

https://web.infn.it/timespot/

three years project, from 2018, funded by INFN

development of a silicon and diamond 3D tracker with timing facilities:
» demonstrated 30 ps hit resolution at testbeam at PSl[htips:/pandora.infn.it/public/52d779]

construction of a demonstrator integrating sensors, electronics, real-time processors

— Principal investigator: A. Lai

3D silicon sensors: development and characterization — G.F. Dalla Betta
3D diamond sensors: development and characterization — S. Sciortino
design and test of pixel front-end — V. Liberali
design and implementation of fast tracking devices —N. Neri

design and implementation of high speed readout boards —A. Gabrielli
system integrations and tests —A. Cardini

€F

gFEX board, developed at BNL for ATLAS
calorimeter:

-
-
—y
-
i

* two Xilinx Virtex Ultrascale FPGAs

* high-speed optical transceivers — ~1.6 Thps
input data rate

* one Xilinx Zynq FPGA

Switch + Engines + Fan Ins fully
implemented

Hardware architecture

* Independent Stub

« Independent Stub Switches:

+ Engines in the 2D tracking

April 21, 2020

Connecting the Dots

* Absence of “lateral”

Constructors:
- one for each plane doublet

_ Datato
one for each Area of \ [ otherAreas

Engines

plane organized into multiple
independent regions

communication between
modules, make the system
modular and scalable

April 21,2020




LBNL ATLAS Effort

Simulation and strategy Conclusion

Start with 20.20.14.3 HGTDEXxtension release.
*Unfortunately pixel timing is not saved in the current simulated pixel hit. *4D pixel detector with both excellent spatial and timing resolution will open a

*Modified code to repack both charge and time into PixelSDO_MAP for pixel new era for silicon tracking.

hits including delta rays after truth smearing with a timing resolution.

, . ) o *By requiring timing consistency at hit level some fake seeds can be rejected
*The pixel cluster time is a simple average of pixel timing in the cluster.

and make tracking faster.
*Run standard tracking and study timing performance to reject combinatorics.

L] i 1 - 0, 1 1 i 1 -
“Timing consistency of two pixel hits(1,2) in each seed: Fake seed rejection ranges from 50-30% with timing resolution of 30-100 ps for

-AT12=T2-T1 - Ar12/c (ps)

—Pixel TO=T - r/c (ps)

-Dividing seeds into truth, track seed, fake seed
—Apply a AT(3 sigma) cut to measure eff. and rejections

*Rejections: ttbar with pileup mu=0,60,140,200 and timing of 30, 60, 100 ps. | |*Development of a timing pixel chip is in progress.

ITK innermost layers.

*At the track level, additional 30% of pile-up rejection can be achievable with

timing for out-time pile-up tracks inside the HS vertex.
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LS4 4D Tracking @ SLAC

https://www.snowmass21.org/docs/files/summaries/TE/SNOWMASS21-1E3 IF7-131.pdf

« Sensors
o 3D, AC-LGADs, MAPS?

e Electronics

o Smaller sensors, low power, more channels, extremely high radiation
environment

 Layout

o How to best combine spatial with timing information, optimizing material
budget, power, time resolution, radial coverage, eta-coverage, ...

« Mixture of layers with different balance of spatial and timing resolution for
overall 4D tracking for a wide range of applications
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https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF3_IF7-131.pdf

LS4 4D Tracking @ SLAC

- Simulation, tracking and vertexing performance

o Add tfiming information to pixel hits (+ resolution smearing)
o Clustering — Layout studies

» Pixel size and general layout
e Cluster reconstruction in 4D

o Track seedingin 4D
o 4D Kalman Filter within ACTS

©)

4D Vertexing

* Physics performance

O
O
O
O

b-tagging
Di-Higgs

Tracking efficiency, purity,
impact parameter and time
resolution in single muon/pions at
mu=0, 200, and jets from Di-Higgs
and VBF events

Vertex time resolution

Forward PU suppression (in conjunction with HGTD)

strange-quark jet tagging with ToF PID
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