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HL-LHC is a unique opportunity to test future frontier detectors
such as 4D Trackers

A MIP Timing Detecior

for the CMS Phase-2 Upgrade
A I LAS SR e R
A High-Granularity Timing Detector 3

for e ATLAS Phase -l Upgrade
y A E 3 CNE Colabosation

Timing detectors are a growing area of interest in HEP
i.e. HGTD in ATLAS and MTD in CMS will be installed in Rung!

Technical Design Report

The next phase in technological advancement is the developement

of silicon trackers carachterized by O(10um) @ O(10ps):

FLAVOUR PHYSICS | FEATURE

LHCb looks forward to the 2030s
1 March 2023

In Rung ATLAS will install a fully silicon tracker: ITk

The future VELO will be a true 4D-tracking
detector

W /;//,,:% ,.»é/»//; alignedtime [ns]  ° N / / /// aligned_tig?;[gs}

. . . . 0 = e, N4 /// = —0.075

The presented work is a study of a potential impact of a hermetic H fel__oe—— H
. . . . . e % \ A% R —0.085
timing coverage in ATLAS in ITk, eventually beyond Rung: link =
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https://cds.cern.ch/record/2870326/files/ATL-PHYS-PUB-2023-023.pdf

Timing opportunities in ATLAS

High Granularity Timing Detector (HGTD)
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E 1400-ATLAS Simulation Preliminary — installed for Runq
— " ITk Layout: 23-00-03 - Coverage:
1200— n=1.0 —
N - _ 24<n<4
1000 7' track time resolution:
- n=2.0°"
800 — '¢' — ttl”k ~ 30pS
600 a —
400 =30 -
A R e T T R .1
200' — -'3.6 _: Main questions:
’ A N B B — H - I d t > th
0 500 1000 1500 2000 2500 3000 3500 ‘oW precisely we can determine the vertex
time 7, on all events?
Z [mm]
Two innermost pixel layers of I'Tk need to be replaced due to - Can we improve b-tagging?

hard radiation after 2000 b~ 'of data at HL-LHC
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HGTD motivation:

Pile-Up removal in forward region

Where the IP,, resolution is lower
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HGTD allows to have for the first time a 7, of the vertex

I, resolution gets up to 22ps if more than 50% of the tracks come from HS

track to vertex association can be extended with time:

7—7 t—t
O ¢s - O <
O;

0

with the caveat that not always it is possible to reconstruct the 7

On VBF H — inv . about 65% of the events have a 1,
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icS objects
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HGTD:

[t allows also to suppress Pile-Up jets suppression

-
O
O
2D
the PU rejection increases around 50% g
. al
for an HS efficiency of 85%!
This requires a precise measurement on f,
O
©
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Motivation

S

8
WO 7T 7 " 1T ~ *~ T ~ ~ * T T " T 1
- ATLAS Simulation Preliminary Fet
- Vs =14TeV, (u)=200 1 b-jet
" tt, 20 < pr < 250 GeV l-jet no PU 7
7

10 F ~--3 b-jetno PU 4

arb. units

3 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
40 20 0 20 40

track signed dj significance

What if we have hermetic coverage
with timing in the barrel?
Performance: Vertexing, FTag ...

Physics case: HH, LLP ...
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https://cds.cern.ch/record/2870326

the -th Dimension
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All presented studies are based on MC simulations: PUB Note Q
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the -th Dimension
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Track time emulated from truth level MC
information

Track time distribution of vix

reco _
tall o Z Lok Werk
trk

if we consider all the tracks associated to
vertex from 3D-vertexing

Obs: this scan be seen as the case where no
time information is available



Vertexing: Determination of 7,

25 ——
ATLAS Slmulatlon Prellmmary BN Alltracks -
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800

Track time emulated from truth level MC
information

Track time distribution of vix

freco —
all Z LcWirk
trk

rec0 _
Z 4 trkWerk

trkeHS
Ideal Case selecting tracks from the HS



Vertexmg Determmatlon f tg

25 I I I I | .
ATL A S Slmulatlon Prellmlnary BEm Al tracks - Track time emulated from truth level MC
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trk
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©
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DBSCAN Timing Clustering algorithm

Obs: This algorithm emulates a 4D Vertexing,
3D+1D

-200 0 200 400 600 800
Time [ps]
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Vertex time resolution

Track time resolution: o(¢,,,) = 30ps

To extract the vertex time resolution, 6(7;), we can 10 ————————————7———————r
consider the standard deviation on the £, — (74" - ATLAS Simulation Preliminar

distribution for the aforementioned cases

VS =14 TeV, tt, (u)=200

The distribution with All tracks corresponds to the case =1 .
All tracks:
where no timing information is accessible. 10° — Y PS i
0 B — Clustered Tracks: -
E I o=7.2ps _
The vertex time resolution obtained with the Clustering is § i - - Hard Scatter Tracks: -
close to the HS tracks one corresponding to the ideal case '~ | L 5-560ps -

where all the PU has been removed: - _

o(tyq): 28ps — 7.2ps (5.6ps)

0 50
Truth - Reco Vertex Time [ps]
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Impact on k¥

Tagging

o Impact parameters are the most discriminant variables in
E""I"".I"".I""I'l".'l'"""'_"""§
- ATLAS Simulation Preliminary et : FTAG: (dy, 2)
- VS =14TeV, (1)=200 1 beet :
07 b tt, 20 < pr < 250 GeV '1, I-jetno PU
: | L--2 b-jetno PU : Being produced randomly along z Pile-Up will contaminate
N b-jets with high longitudinal impact parameter (z)
10 a

2] Pooledgraph
5 105 L _ _ T
_d E | E z
S - r i : / , s
I - ] i=|— — - - —— £ —»8 it
1= e B ‘
10' F I~ | E - e el \
E r-!_J E 1 - =
: _!_l a - %g = :Jlftgtdei)étions
| I_I—J -
10°F 5T -
: This study shows the impact of timing on the state-of-the-art
l l l l I l l l l I l l l l I l l l l I l l l l I l l l l I l l l l I l l l l
%0  —150 —100 50 0 50 100 150 200 GNN for FTag: GN1*

track signed zysin 6 significance

*GNi1 evolving to GN2 Q
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Tlmmg In GNi1: GNT

lntroduce a new track mput varlable based on time to

discriminate between Pile-Up and HS Irack Variables GNI 1Tk GNT
° ° ° d0 X X
Track time significance:
| 2k — tys | 20SinTheta X X
s(t) =
O; 6(Theta) X X
Having a precise ;¢ is extremely important qOverP « «
o AL L L R L L 6(qOverP) X X
5 [ ATLAS Simulation Preliminary s HS ]
S oL Vs =14TeV, (1)=200 B PU _ M X X
- tt, 20 < pr < 250 GeV G(([)) X X
signed d0 significance X X
signed z(0 significance X X
An(trk, jet) X X
AQ(trk, jet) X X
n pix hits X X
n pix hits (11 variables) X X
(t-tus)/o(t)

0 5 10 15 20 25

track time significance

- GNT = GN1 + time significance @
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Perform %

C E T ' : : : :

.2 5 F ATLAS Simulation Preliminary—— GN1 3D GNiis the baseline without time

o 10°F Vs =14TeV, (u) =200 —— GNT 30ps GNT 30ps is GNi+timing and 30ps smearing

O 41 tt,20<pr<250GeV _— , o ,

— 10 i GNT 60ps 4D GNT 6ops is GN1+timing and 60ops smearing

o GNT 90ps

= 10 F is GN1+timing and gops smearing
0" [ - Up to a factor of 3 improvement in l-jet rejection
o° E 3 with 30ps smearing on already great performances of

I I I I | I I I I | I I I I | I I I =

GN1

ratio

With lower track time resolution the improvement is

less prominent but still solid

0.6 0.7 0.8 0.9 1.0
b-jet efficiency
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l-jet mistag rate

Jet Pile-Up Contamination

0.006

-~~~ 1 1 1 " 1 T Tt T
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To understand the improvement obtained it is

possible to define:

Jet PU fraction

trkpg;

trk




l-jet mistag rate

Jet Pile-Up Contamination
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To understand the improvement obtained it is

possible to define:

trkpg;
trk

Jet PU fraction

The PU fraction distrbution peaks at low values

meaning that with I'Tk Jets are mainly “clean”




l-jet mistag rate

Jet Pile-Up Contamination
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To understand the improvement obtained it is
possible to define:

trkpg;
trk

Jet PU fraction

The PU fraction distrbution peaks at low values
meaning that with I'Tk Jets are mainly “clean”

Nonetheless the light-mistag rate increases with
Pile-Up contamination




l-jet mistag rate

Jet Pile-Up Contamination

To understand the improvement obtained it is

00617 717 71 1 17140
ATLAS Simulation Preliminary + &N possible to define:
0.005 - VS =14 TeV, (u)=200 +  GNT30ps 3
' - 4+ GNTideal trk
tt, 20 < pr < 250 GeV ldea : PU
btag eff = 70% - 3.0 Jet PU fraction =
0.004 |- B e e trk
0.003 g £ The PU fraction distrbution peaks at low values
€ meaning that with ITk Jets are mainly “clean”
-1,
0.002 |- >
- 1.0
0.001 |- : : Nonetheless the light-mistag rate increases with
—— 0.5
— T — Pile-Up contamination
I I I ! I T R I T W T 0.0
9 - ——
o /-
5 5 - — With timing information this trend gets flattened
3 1 - —_— =
14 == .
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Impact on Physics Analysis: HH

Timing could have great impact on all the Higgs program

o
o

llllllllllllll I T T T T | T

% " ATLAS Work In Progress —+— Stat. Only
b-tagging has a huge impact on Di-Higgs analyses % ; ﬁ jb%4y;eV’ L=3000fb™" —+— Al Syst.
% 451 HL-LEHC Projections fro.:m Run2 Data j
@ | |
HH — bbyy in the right plot a0 i@ = -
i S
L 0
How the HH sensitivity improve as a function of the b- SO i -
tagging efficiency? o
30 4 _
4% b-tagging improvement can lead to up to o5l .
! L
2080 8 80 o 100
Obs: Timing could be available only on partial —_— b-tagging efficiency [%

HL-LHC statistics

_ . @
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Conclusion

This presentation shows the impact of track reconstruction with timing on the physics program
ATLAS for the HL-LHC program

Modern detectors and algorithms are solid against Pile-Up, but a fraction is still observed

The work suggest that 4D tracking with hermetic coverage can potentially improve performances
impacting physics cases

These results motivate in-depth studies with more realistic detector assumptions and also state of
the art algorithms such as GN2

Similar studies are on-going to see the impact on c-tagging/tau-identification
Technology challenge requires great effort and R&D

. @
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ATLAS Simulation Preliminary
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Track Time assignment

= ——————————— —— _

Assign PV time

_|_
smearing

> Tru.th > Origin /
Particle Vertex \
is not PV
Decay
Chain

Track time assignment from truth level information A relevant quantity is the relative time with

Gaussian smearing to emulate the timing resolution respect to the Hard Scatter as:

Cases considered: o(7,,,) = 30ps, 60ps, 90ps

Perfect resolution when no smearing is applied

_ . @
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What if we have time?

i .““?T#*.*Tﬁ*ﬂ”“ﬂ“*t"”t"“ﬁ““f““t""“?ﬂ“”*%. A
-150 -100 -50 0 50 100 150
Z [mm]

Event display from truth MC ¢
PU: (1) = 200

LLorenzo Santi - Polarized Perspectives - 20.02.2025



What if we have time?
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Graph eural J etworks for FTAG

Track inputs Combined Inputs

Jet inputs
Pooled graph
representation i {
Ntracks X Nif Ntracks X (Njf + Nif) _ g O Jet flavour
g% D prediction
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x
)] o 111
. . -8 E Tracl-< origin
29 predictions
Z

Conditional track
representation

Combined Intial track
Inputs representation

=
QS Vertex
- o % . predictions
z

Impact of timing on the state-of-the-art GNN for FTag: GN1*
Tracks associated to the Jet as input to the GNN predicting the flavour

Auxiliary tasks for Vertex prediction and Track classification
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Vertex Plle -Up Contamination
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Truth Label

ATLAS Simulation Preliminary
Vs =14 TeV, tt, (u)=200
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Truth Label

ATLAS Simulation Preliminary

Vs =14TeV, tt, (u)=200
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Mlssmgandmlstaggedhlts

S | ATLAS Simulation Infernal —— GNT30ps ]
A complete simulation is needed for an accurate @ 10° = Vs =14TeV, ITk, () =200—— GNT 30ps mistag hits
study % o = t,20<pr<250GeV. —— GNT 30ps missing hits_;
We investigated independently the impact of - o _
missing hits and mistag hits showing that the
performances get degraded mostly at low b-jet 10° ]
efficiencies 10" E
missing hit: assuming time only in 2nd layer; if a o0 _ I A IR S SN SN S
track has no hit the significance of the track is - —
randomly emulated as HS ;
mistag hit: for tracks with Truth Match % f
Probability < 80% the significance is randomly
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emulated as PU




Jet Pile-Up Contamination

0.006 —/—— @ F—T———T————"——T—+—"——7————1T 4.0
ATLAS Simulation Preliminary + &N o
0.005 - VS = 14TeV, (1)=200 + GNT 30ps 3.5 Similarly to the vertex case we can define
tt, 20 < pr < 250 GeV + GNTideal |
btag eff = 70% | trk
o 0.004 - . . PU
T —— [25, jet PU fraction = =
> = trk
% 0.003 | 20 3
= 2
i+ © . . . .
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== Large improvement comes from highly Pile-Up
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LSP

Impact on Physics Analysis: LLP

LSP

4D tracking can also improve the sensitivity to LLP:

- LLP with small ¢t

o 1.8 . . .
_ displaced photons £ ATLAS Simulation Preliminary
§ - Vs =14 TeV
H — inv . studied in the HGTD TDR o (1) =0
: : : S 1.6 -
Time resolution of delayed photons is 190ps due to the lack of g e
> X
knowledge about 7, S 15- i
S tpy—Eca | y
g a0 @ [, IPV—NLSP—~ECal
> pv ¥ Nse
O H LSP "
3 1.3-
Reconstructed Reconstructed =
At tIP—)ECal — lIP—ECal _ u,—é 1.2 -
; —
' S 1.1
180ps  100pS 4D improves! S
L
1.0
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Perform %

C 6 | | | | I | | | | I | | | | I | | | |
S 10 E ATLAS Simulation Preliminary—— GN1
B 10°F VS =14TeV, (u) =200 —— GNT 30ps
b tt20<pr<250GeV —— GNT ideal GNi1 is the baseline without time
o 10 . . .
% ; GN'T 30ps is GN1+timing and 30ps smearing
10 : : — :
. GN'T ideal is GN1+timing and no smearing
10
10
Up to a factor of 3 improvement in l-jet rejection
0 . , .
e with 30ps smearing on already great
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Perform %
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S . F ATLAS Simulation Preliminary—— GN?1 -

3 10 F vs=14TeV, (u) =200 —— GNT 30ps 3

O L otL. tt 20 <pr<250GeV —— GNT60psd  GNitis the baseline without time

™ 0 __ GNT 90ps = GNT 30ps is GN1+timing and 30ps smearing
02 __ = GNT 6ops is GN1+timing and 60ops smearing
o .__ is GN1+timing and gops smearing
1o°; | | | 3

With lower track time resolution the improvement
1 isless prominent but still solid
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