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From the movie Particle Fever

2012

Profound open questions about the Universe connected to Higgs physics 
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Nature 607, pages 52-59 (2022)

Key to addressing these mysteries is the measurement of the Higgs boson couplings 

https://www.nature.com/articles/s41586-022-04893-w
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Nature 607, pages 52-59 (2022)

Key to addressing these mysteries is the measurement of the Higgs boson couplings 

H

How does the 
Higgs boson 

couple to itself?

https://www.nature.com/articles/s41586-022-04893-w
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F. Cairo, From Conn(ll)ecting the dots



THE HIGGS POTENTIAL 
AND SELF-COUPLING
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Nature 607, pages 41-47 (2022), G.Salam et al.

Higgs 
self-coupling 

strength

https://www.nature.com/articles/s41586-022-04899-4
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JHEP08(2012)098 J. Ellis, The Higgs and the fate of the universe J. Ellis, The Higgs and the fate of the universe

https://link.springer.com/article/10.1007/JHEP08(2012)098
https://cerncourier.com/a/the-higgs-and-the-fate-of-the-universe/
https://cerncourier.com/a/the-higgs-and-the-fate-of-the-universe/
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Known 𝑚! (∼125 GeV), SM predicts 𝜆	(∼0.13) 

𝜅! = 𝜆"""/𝜆#$
Direct access 
to 𝜆 in HH pair 

production

Very 
challenging

even for HL-LHC
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Known 𝑚! (∼125 GeV), SM predicts 𝜆	(∼0.13) 

𝜅! = 𝜆"""/𝜆#$
Direct access 
to 𝜆 in HH pair 

production

Very 
challenging

even for HL-LHC

New physics can alter these numbers à Implications on the origin, evolution and stability of 
the Universe à Probing the Higgs-self coupling is a key goal for LHC and HL-LHC!

PROBING THE HIGGS 
SELF-COUPLING



THE TOOLS
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F. Cairo, From Conn(ll)ecting the dots



24.05.24

V.M.M.CAIRO 12

AT THE HEART OF COLLIDER PHYSICS:
CHALLENGES AND BREAKTHROUGHS

N.B. The only exception to my sister’s drawings

The Higgs boson (and more!) and the silicon pixel era

The top quark and the silicon strip era

The W,Z 
bosons and 

the drift 
chamber era

The weak 
neutral currents 
and the bubble 
chamber era
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ENABLING HH DISCOVERIES 
THROUGH TRACKING INNOVATIONS IN ATLAS

2014 2016 2018 2020 2022 2024 2026 ... 2036…

Shutdown 1 Run 2 (13 TeV) Shutdown 2 Run 3 (13/14 TeV) Shutdown 3 Run 4

Insertable B-Layer

HH in Run 1 data HH in early Run 2 data HH&H in full Run 2 data HH Extrapolations

Preparation for Run 3 Run 3 data taking
new Inner Tracker

?
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F. Cairo, From Conn(ll)ecting the dots
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Single-Higgs

0.1 1 10
10

-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

σσσσ
ZZ

σσσσ
WW

σσσσ
WH

σσσσ
VBF

M
H
=125 GeV

WJS2012

σσσσ
jet

(E
T

jet
 > 100 GeV)

σσσσ
jet

(E
T

jet
 > √√√√s/20)

σσσσ
ggH

LHCTevatron

e
v
e

n
ts

 /
 s

e
c
 f

o
r 
L

 =
 1

0
3

3
 c

m
-2
s

-1

 

σσσσ
b

σσσσ
tot

proton - (anti)proton cross sections

σσσσ
W

σσσσ
Z

σσσσ
t

σ
   

σ
   

σ
   

σ
   

(( ((n
b

)) ))

√√√√s  (TeV)

{

W.J. Stirling, private communication

HH

𝜆!!! can be measured in two complementary ways

di-Higgs
Today’s focus
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Non-resonant 𝝈𝑯𝑯
𝒈𝒈𝑭= 31.05 fb at 13 TeV for 𝒎𝑯 	= 125.00 GeV

ggF

SM

1401.7340 𝑘!=

https://arxiv.org/pdf/1401.7340.pdf


HH PRODUCTION AT THE LHC
24.05.24

V.M.M.CAIRO 17

Non-resonant 𝝈𝑯𝑯
𝒈𝒈𝑭= 31.05 fb at 13 TeV for 𝒎𝑯 	= 125.00 GeV

j.revip.2020.100045

Softer spectrum for 
large 𝜅! values

https://doi.org/10.1016/j.revip.2020.100045


HH PRODUCTION AT THE LHC
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𝒌𝝀
𝒎𝑯𝑯	

Key experimental handle

Only box

SM
Close to 
max int.
Mainly 
triangle

j.revip.2020.100045

Softer spectrum for 
large 𝜅! values

https://doi.org/10.1016/j.revip.2020.100045
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TWICE THE HIGGS, 
TWICE THE CHALLENGE

Need to combine 
multiple signatures 

of Higgs boson decays 
to increase sensitivity

0 20000 40000 60000 80000 100000 120000

HL-LHC

Run 2 + 3

Run 2

HH Events

We detect only 
O(%) of these



24.05.24𝑯𝑯 → 𝒃+𝒃𝜸𝜸

𝑯𝑯 → 𝒃+𝒃𝝉𝝉

𝑯𝑯 → 𝒃+𝒃𝒃+𝒃

V.M.M.CAIRO 20

BR ~ 33%

BR ~ 7.4%

BR ~ 0.26%

Complementary 
strengths and challenges



24.05.24

V.M.M.CAIRO 21

THE POWER OF COMBINATION

Increasing sensitivity to SM
1

SM prediction

Phys. Lett. B 843 (2023) 137745

𝑯𝑯 → 𝒃$𝒃𝝉𝝉 + 𝒃$𝒃𝜸𝜸 + 𝒃$𝒃 𝒃$𝒃

https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
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World’s best constraints to date on Higgs boson’s self coupling from HH searches
Observed(expected): -0.6< 𝑘!<6.6 (-2.1< 𝑘!< 7.8)

Phys. Lett. B 843 (2023) 137745

THE POWER OF COMBINATION

G. Salam

𝑯𝑯 → 𝒃$𝒃𝝉𝝉 + 𝒃$𝒃𝜸𝜸 + 𝒃$𝒃 𝒃$𝒃

https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://indico.nikhef.nl/event/5018/attachments/8007/11397/202403-NIKHEF-symposium-NIKHEF-symposium.pdf


24.05.24

V.M.M.CAIRO 23

THE POWER OF COMBINATION
𝑯+𝑯𝑯

Phys. Lett. B 843 (2023) 137745

https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
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A BROAD AND 
EXCITING PROGRAMME

JHEP 02 (2024) 037

JHEP 01 (2024) 066

ATLAS-CONF-2024-005

ATLAS-CONF-2024-003ATLAS-CONF-2023-071

Further improvements to leading channels and new areas to characterise the Higgs sector with HH

Effective Field Theory with 𝑯𝑯 → 𝒃𝒃𝜸𝜸
𝑯𝑯 → 𝒃𝒃𝒍𝒍

Effective Field Theory with 𝑯𝑯 → 𝒃𝒃𝝉𝝉 Boosted 𝑯𝑯 → 𝒃𝒃𝒃𝒃

𝑯𝑯 → 𝑴𝒖𝒍𝒕𝒊𝒍𝒆𝒑𝒕𝒐𝒏

https://link.springer.com/article/10.1007/JHEP02(2024)037
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-005/
ATLAS-CONF-2024-003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/fig_10.png
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AN IMPRESSIVE SUCCESS

What we thought we 
could achieve

What we achieved

~x2 improvement 
on top of luminosity 

increase!

How?

Phys. Lett. B 800 (2020) 135103

Phys. Rev. D 108 (2023) 052003

JHEP 01 (2024) 066

ATLAS-CONF-2023-071

Luminosity 
extrapolations

https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/fig_10.png
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THE 𝑯𝑯 → 𝒃𝒃𝜸𝜸 EXAMPLE

Phys. Lett. B 800 (2020) 135103

Phys. Rev. D 108 (2023) 052003

JHEP 01 (2024) 066

ATLAS-CONF-2023-071

Luminosity 
extrapolations

Run 2 𝑯𝑯 → 𝒃𝒃𝜸𝜸, a fully re-designed analysis with 
gains from: Algorithms

Eur. Phys. J. C 83 (2023) 681

Full Run 2 paper: Phys. Rev. D 106 (2022) 052001
Legacy Run 2 Paper: JHEP 01 (2024) 066 

More b-jets, more HH Dedicated b-jet energy 
corrections

https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/fig_10.png
https://link.springer.com/article/10.1140/epjc/s10052-023-11699-1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
https://link.springer.com/article/10.1007/JHEP01(2024)066
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THE 𝑯𝑯 → 𝒃𝒃𝜸𝜸 EXAMPLE

Phys. Rev. D 108 (2023) 052003

JHEP 01 (2024) 066

ATLAS-CONF-2023-071

Luminosity 
extrapolations

Full Run 2 paper: Phys. Rev. D 106 (2022) 052001
Legacy Run 2 Paper: JHEP 01 (2024) 066 

Run 2 𝑯𝑯 → 𝒃𝒃𝜸𝜸, a fully re-designed analysis with 
gains from: Analysis techniques

Discriminant 
kinematic variables

mHH categorization and 
MVAs

Phys. Lett. B 800 (2020) 135103

https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/fig_10.png
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
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Increasing sensitivity to SM

AN EXCITING TIME AHEAD!

Theory

SM

𝜆

HH 
events

Full Run 2

JHEP 01 (2024) 066

ATLAS-CONF-2023-071

Phys. Rev. D 108 (2023) 052003

ATLAS-CONF-2024-005

JHEP 02 (2024) 037

< 2.9

https://link.springer.com/article/10.1007/JHEP01(2024)066
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/fig_10.png
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-005/
https://link.springer.com/article/10.1007/JHEP02(2024)037
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Increasing sensitivity to SM

AN EXCITING TIME AHEAD!

JHEP 01 (2024) 066

ATLAS-CONF-2023-071

Phys. Rev. D 108 (2023) 052003

ATLAS-CONF-2024-005

JHEP 02 (2024) 037

Run 3 data will take us very close to “seeing” HH if as predicted by the SM, but need to improve 
analyses’ strategies to get to a statistically significant evidence of HH (in combination with CMS)…

Will we confirm the SM 
or find new physics?

Luminosity 
extrapolations

Theory

SM

𝜆

HH 
events Theory

𝜆

Full Run 2
Run 2 + 3

< 2.9

~ 1.5

https://link.springer.com/article/10.1007/JHEP01(2024)066
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/fig_10.png
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-005/
https://link.springer.com/article/10.1007/JHEP02(2024)037


24.05.24𝑯𝑯 → 𝒃+𝒃𝜸𝜸

𝑯𝑯 → 𝒃+𝒃𝝉𝝉

𝑯𝑯 → 𝒃+𝒃𝒃+𝒃
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BR ~ 33%

BR ~ 7.4%

~60% of the times BR ~ 0.26%
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TRACKS AND VERTICES
The 
building 
blocks 
of the 
LHC 
events
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Low pT

High pT

Track in jets

Displaced 
tracks

Displaced 
vertex

PV

Demanding requirements on tracking 
systems from physics benchmarks

e.g. good resolution for high 
mass leptonic resonances

e.g. high efficiency for 
hadron production rate 
studies and for good jet 
energy resolution 

e.g. resolve nearby tracks 
for tau and B-hadron 
decays

e.g. excellent impact 
parameter resolution to 
distinguish prompt from 
displaced tracks and 
vertices…
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Low pT

High pT

Track in jets

Displaced 
tracks

Displaced 
vertex

PV

Demanding requirements on tracking 
systems from physics benchmarks

e.g. good resolution for high 
mass leptonic resonances

e.g. high efficiency for 
hadron production rate 
studies and for good jet 
energy resolution 

e.g. resolve nearby tracks 
for tau and B-hadron 
decays

e.g. excellent impact 
parameter resolution to 
distinguish prompt from 
displaced tracks and 
vertices

• Trackers designed to meet requirements 
• Tracking algorithms to fully exploit their capabilities
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beamline

Low pT

High pT
Displaced 
vertex

Displaced 
tracks

PV1PV2 PV3

Track in jets

Where the collision happens: primary 
vertex, a key element of data analysis

Associate 
tracks to 
vertices to 
reconstruct the 
full kinematic 
properties of 
the event

Determine the beam spot 
and compute decay length 
for b-hadron identification



WHICH VERTEX IS 
THE MOST INTERESTING?
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Hard-scatter often identified by the max ∑𝒕𝒓𝒂𝒄𝒌	𝒑𝑻𝟐	

beamline Pile-Up Hard Scatter

N.B. not depicting PU contamination 
on the HS, hold on for a few slides



WHICH VERTEX IS 
THE MOST INTERESTING?
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But a pile-up vertex might be harder!

beamline Pile-Up Hard Scatter

N.B. not depicting PU contamination 
on the HS, hold on for a few slides



ATLAS INNER DETECTOR 
IN RUN 2/3
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50x250 μm2 

50x400 μm2 

80 μm2 pitch 

4 mm2

Innermost radius and pitch fundamental for impact 
parameter determination and thus b-tagging performance!



ATLAS INNER DETECTOR 
IN RUN 2/3

24.05.24

V.M.M.CAIRO 39

50x250 μm2 

50x400 μm2 

80 μm2 pitch 

4 mm2

Innermost radius and pitch fundamental for impact 
parameter determination and thus b-tagging performance!

Courtesy of A. Salzburger



A PERSONAL FAVOURITE: 
THE START OF RUN 3
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Ale

Gabriel
Me

My sister



WHAT’S NEW IN RUN 3?
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LuminosityPublicResultsRun3 

65 simultaneous interactions!

algorithms previously 
optimized for <𝜇> ≅ 20

[Ref] By the end of Run 3, #particles hitting the innermost pixel 
layers comparable to what it would receive if placed only a few 

km from the Sun during a solar flare à Radiation damage

ATLAS Event Display

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun3
https://atlas.cern/Updates/Briefing/ATLAS-Pixel-Detector-Run3
https://twiki.cern.ch/twiki/pub/AtlasPublic/EventDisplayRun2Physics/JiveXML_336852_883966264-VertexZoom3panel.png


VERTEXING IN RUN 3
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Significant performance 
improvements:

∼10% better vertex selection efficiency
∼20% better longitudinal resolution
∼30% inclusive efficiency recovery

All relevant for 
the HL-LHC ATLAS silicon Inner Tracker ATL-PHYS-PUB-2019-015 

Improvement

IVF AMVF

Track set 
1 Track 

set 2

vtx 1 vtx 2 vtx 1 vtx 2

• Run 2 à Run 3 : more challenging pile-up conditions and aging detector
• All physics objects must be reconstructed wrt the correct primary vertex
• Innovation: adaptive multi-vertex fitting procedure (AMVF)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-015/


HL-LHC: USING GIGANTIC CAMERAS 
FOR RARE & COMPLEX EVENTS!
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~ 
2 

m

~ 6 m

ATLAS Inner 
Tracker 
(ITk) in 

preparation 
for 

HL-LHC
(2029)

200 simultaneous interactions 
per bunch crossing



A CONSTRUCTION, 
COMPUTATIONAL AND 

PERFORMANCE CHALLENGE
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Illustrations: 
Federica Cairo



THE ATLAS ITK
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Strips

Pixel

ATL-PHYS-PUB-2021-024-

All silicon
Increased 
η coverage 

(from 2.4 to 4.0)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/


THE ATLAS ITK
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Strips

Pixel

25x100 μm2 
50x50 μm2 

34 mm

Innermost radius and pitch fundamental for impact 
parameter determination and thus b-tagging performance!

ATL-PHYS-PUB-2021-024-

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/


THE ATLAS ITK
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Strips

Pixel

ATL-PHYS-PUB-2021-024-

Silicon surface larger than the 
Run 2/3 Pixel System

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/


24.05.24BUILDING THE ATLAS ITK

Bare 
local support 

meets 
specifications

𝑻 = 	−𝟒𝟎. 𝟓 ± 𝟎. 𝟑℃

Late 2020

48

Sam

Fall 2019 Early 2020

V.M.M.CAIRO

Summer 2021 Early 2021
Photo by C. Vernieri

One of several challenges: Radiation hardness up to 10-15 MGy, operate 
cold, prevent leakage current & thermal runaway 
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HL-LHC TRACKING
A detector designed to be pile-up robust, and algorthms designed to leverage such features

IDTR-2023-05/ IDTR-2023-05/ 

The lower the fake rate, the better 
the CPU and storage usage

IDTR-2023-05/ 

More PU-robust vertexingImproved IP resolution

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2023-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2023-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2023-05/
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HOW DOES HH LOOK IN HL-LHC?

0.5 ≲ 𝒌𝝀 ≲ 1.6 at 𝟏𝝈

ATL-PHYS-PUB-2022-053

G. Salam

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/ATL-PHYS-PUB-2022-053.pdf
https://indico.nikhef.nl/event/5018/attachments/8007/11397/202403-NIKHEF-symposium-NIKHEF-symposium.pdf
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HOW BETTER CAN WE DO?

ATL-PHYS-PUB-2023-023 

e.g. 77% to 82% à 
~0.3𝜎 improvement 

(more than 
500 fb-1 of data!)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/
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UNFOLDING 
A NEW DIMENSION
Addition of timing layers to HEP detectors growing area of interest

ATL-PHYS-PUB-2021-024

ATLAS-TDR-031

High Granularity Timing Detector 

New handles to improve 
event reconstruction in 
the forward region, but 
limited by its 
reduced η acceptance…

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf?version=2
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UNFOLDING 
A NEW DIMENSION
Addition of timing layers to HEP detectors growing area of interest

ATL-PHYS-PUB-2021-024

ATLAS-TDR-031

High Granularity Timing Detector 

New handles to improve 
event reconstruction in 
the forward region, but 
limited by its 
reduced η acceptance…

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf?version=2
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UNFOLDING 
A NEW DIMENSION
Next step in advancing technologies are real 4-dimensional 
silicon trackers (resolution of O(10	𝜇𝑚) & O(10	𝑝𝑠)) 
• Excellent opportunity during HL-LHC and, in particular, for future energy frontier trackers
• First exploratory studies in ATLAS

• Also looked at in LHCb

Extractable and replaceable 
half-way through HL-LHC



24.05.24

V.M.M.CAIRO 55

UNFOLDING 
A NEW DIMENSION
Next step in advancing technologies are real 4-dimensional 
silicon trackers (resolution of O(10	𝜇𝑚) & O(10	𝑝𝑠)) 
• Excellent opportunity during HL-LHC and, in particular, for future energy frontier trackers
• First exploratory studies in ATLAS

• Also looked at in LHCb

3D 3D + forward timing 4D
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DETERMINING THE VERTEX TIME
• With 4D tracking, each charged particle would have a timestamp
• Determining vertex time crucial for reconstruction/identification of other objects, e.g. b-jets

ATL-PHYS-PUB-2023-023 

30 ps per 
track

Time clustering a posteriori on 3D vertex 
à spurious tracks removed effectively!

3D 
reco

truth

beamlineHS

HS

PUPU

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/
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DETERMINING THE VERTEX TIME
• With 4D tracking, each charged particle would have a timestamp
• Determining vertex time crucial for reconstruction/identification of other objects, e.g. b-jets

ATL-PHYS-PUB-2023-023 

Excellent vertex time resolution can be 
achieved

30 ps per 
track

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/
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DETERMINING THE VERTEX TIME
• With 4D tracking, each charged particle would have a timestamp
• Determining vertex time crucial for reconstruction/identification of other objects, e.g. b-jets

ATL-PHYS-PUB-2023-023 

Excellent vertex time resolution can be 
achieved

The better the track-time resolution, the more 
PU-robust the vertex time resolution

30 ps per 
track

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/


THE KEY FEATURES FOR 𝒃-TAGGING
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Light-quark initiated jet b-quark initiated jet



24.05.24

V.M.M.CAIRO 60

GNT – 4D 𝒃-TAGGING

Known track and vertex time, a track 
time significance is built



 6LPXODWLRQ�3UHOLPLQDU\
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GNT – 4D 𝒃-TAGGING
3D

4D

ATL-PHYS-PUB-2023-023 

Known track and vertex time, a track 
time significance is built

Interesting potential 𝐻𝐻 sensitivity 
increase!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/
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4D TRACKING:
BEYOND THE CURRENT HH PROGRAMME

ggF
SM

1401.7340 𝑘,=

Our 
current 
focus

https://arxiv.org/pdf/1401.7340.pdf
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ggF

1401.7340 𝑘,=

Already being 
searched for,
Enhanced by 
ITk forward 
capabilities

4D TRACKING:
BEYOND THE CURRENT HH PROGRAMME

SM

https://arxiv.org/pdf/1401.7340.pdf
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ggF

1401.7340 𝑘,=

VHH already 
being 
searched for 
(epjc/s10052-
023-11559-y)

4D TRACKING:
BEYOND THE CURRENT HH PROGRAMME

SM

https://arxiv.org/pdf/1401.7340.pdf
https://link.springer.com/article/10.1140/epjc/s10052-023-11559-y
https://link.springer.com/article/10.1140/epjc/s10052-023-11559-y
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ggF

1401.7340 𝑘,=

A new 
frontier to 
explore 
the Higgs 
and Top 
sectors… 

4D TRACKING:
BEYOND THE CURRENT HH PROGRAMME

SM

https://arxiv.org/pdf/1401.7340.pdf
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AT THE EDGE OF OUR CAPABILITIES:
𝒕𝒕𝑯𝑯
• Largely uncharted at the LHC, very rare and experimentally complex channel
• Many b-jets in the detector

Simulated 𝑡 ̅𝑡𝐻𝐻(𝑏*𝑏𝑏*𝑏) event
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PUSHING THE BOUNDARIES 
OF 𝒕𝒕𝑯𝑯 WITH 4D TRACKING
• Unique access to ttHH quartic interaction predicted by Physics Beyond the 

Standard Model (BSM)

• Proof-of-concept demonstrates analysis feasibility under SM assumptions and 
identifies several areas for improving the sensitivity à tracking (b-tagging!) is crucial

See also HL-LHC study by CMS [link]

Run 2

Run 3

HL-LHC

Delphes-based study with 
ATLAS-like configuration

https://cds.cern.ch/record/2825439
https://cds.cern.ch/record/2804085/files/FTR-21-010-pas.pdf
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PUSHING THE BOUNDARIES 
OF 𝒕𝒕𝑯𝑯 WITH 4D TRACKING
• Unique access to ttHH quartic interaction predicted by Physics Beyond the 

Standard Model (BSM)

• Proof-of-concept demonstrates analysis feasibility under SM assumptions and 
identifies several areas for improving the sensitivity à tracking (b-tagging!) is crucial

See also HL-LHC study by CMS [link]

Run 2

Run 3

HL-LHC

Delphes-based study with 
ATLAS-like configuration

Let’s make it reachable during HL-LHC!

https://cds.cern.ch/record/2825439
https://cds.cern.ch/record/2804085/files/FTR-21-010-pas.pdf
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WHAT’S NEXT?

Relative view point, by F. Cairo
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FUTURE COLLIDERS

Symmetry

https://www.symmetrymagazine.org/article/november-2012/a-bouquet-of-options-Higgs-factory-ideas-bloom
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IMPLICATIONS ON THE 
HIGGS POTENTIAL

As an example: arXiv:1907.02078v2

https://arxiv.org/pdf/1907.02078.pdf
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IMPLICATIONS ON THE 
HIGGS POTENTIAL

Run 3?

HL-LHC?

ILC-500?

FCC-hh?

As an example: arXiv:1907.02078v2

https://arxiv.org/pdf/1907.02078.pdf
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NATURE IS LIGHT…

1310.0763

Future

Do light and heavy fermions acquire mass in the same way? 
Are the Higgs Yukawa couplings really universal?

u
d
s

https://arxiv.org/pdf/1310.0763.pdf
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A 𝒔𝒕𝒓𝒂𝒏𝒈𝒆 AND EXCITING 
RESEARCH LINE 

Cutting edge detectors for 
high momentum PID

Complex and extensive jet 
flavour identification, 

including specific light flavours

Probing rare Higgs 
decays to strange 

quarks… SM or BSM?

Compact 
RICH

Next step in detector technologies, algorithms and analysis!

2203.07535 

https://arxiv.org/abs/2203.07535
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CONCLUSIONS

2022 …and beyond?2009 20292015

< 𝑝𝑖𝑙𝑒 − 𝑢𝑝 > ~ 20 < 𝑝𝑖𝑙𝑒 − 𝑢𝑝 > ~ 30 < 𝑝𝑖𝑙𝑒 − 𝑢𝑝 > ~ 200< 𝑝𝑖𝑙𝑒 − 𝑢𝑝 > ~ 60 < 𝑝𝑖𝑙𝑒 − 𝑢𝑝 > ~ 140

• Exciting science ahead to track down the Higgs boson properties and 
solve some of the yet-to-be answered questions about the Universe

• Interplay between detector design, performance, measurements and 
searches is of paramount importance for Particle Physics



THANK YOU!

E.T. Exploring Tracking-lands, by F. Cairo
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EXTRA SLIDES

F. Cairo, From Conn(ll)ecting the dots

F. Cairo, From Conn(ll)ecting the dots

F. Cairo, From Conn(ll)ecting the dots

77



24.05.24

V.M.M.CAIRO 78

https://indico.cern.ch/e
vent/572952/contributio
ns/3368805/attachment
s/1828183/2992794/MTit
ov_10042019_3_F.pdf 

https://indico.cern.ch/event/572952/contributions/3368805/attachments/1828183/2992794/MTitov_10042019_3_F.pdf
https://indico.cern.ch/event/572952/contributions/3368805/attachments/1828183/2992794/MTitov_10042019_3_F.pdf
https://indico.cern.ch/event/572952/contributions/3368805/attachments/1828183/2992794/MTitov_10042019_3_F.pdf
https://indico.cern.ch/event/572952/contributions/3368805/attachments/1828183/2992794/MTitov_10042019_3_F.pdf
https://indico.cern.ch/event/572952/contributions/3368805/attachments/1828183/2992794/MTitov_10042019_3_F.pdf
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THE ATLAS TIMELINE

source source source

Insertable B-Layer New Small Wheels
Inner TrackerNow

https://cds.cern.ch/record/1702006
https://twitter.com/atlasexperiment/status/1202618919573426178?lang=ca
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
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~ 1 in 1 billion proton-proton collisions @LHC produces a Higgs boson
~ 1 in 1 trillion proton-proton collisions @LHC produces a Higgs boson pair

Need high energy to produce a Higgs boson pair & high luminosity to produce many

Outperformed specifications during Run 2:

• Peak Luminosity: x2 (2.14 x 1034 cm-2s-1)
• Integrated Luminosity: 140 fb-1

• Avg interaction per crossing < 𝜇 >: x2 (∼40)

Ongoing:

• Run 3: 13.6 TeV, < 𝜇 > ∼60

To go:
• Run 4: 14 TeV, < 𝜇 > ∼200

THE LARGE HADRON COLLIDER
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THE ATLAS DETECTOR
Physics benchmarks drove the design of the detector
• Excellent stand-alone reconstruction capabilities

maximize 𝑯 → 𝜸𝜸 sensitivityDetermines the ATLAS geometry
Combined technologies



O(15) charged-particles per p-p interaction 
X # simultaneous p-p interaction

24.05.24

V.M.M.CAIRO 82



FROM CHARGED PARTICLES 
TO EVENT RECONSTRUCTION
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Sketch courtesy of H. Gray

Tracks used in the reconstruction of ~ all physics objects at the Large Hadron Collider

Muons

VerticesPile-up removal Jet-flavour tagging

Electrons

ATLAS-CONF-2012-047

Particle FlowJets

PERF-2015-09/ 

Photon conversions

Reference

http://cds.cern.ch/record/1449796/files/ATLAS-CONF-2012-047.pdf?version=1
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-09/
https://www.desy.de/f/students/2019/reports/nutthawara.buatthaisong.pdf
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Physics benchmarks @LHC experiments place demanding requirements on the 
tracking system performance

Searches for high-mass di-lepton resonances require good momentum resolution 
for high momentum tracks

For hadron production rate studies and for good jet energy resolution in 
particle flow jet, instead, highly efficient low momentum reconstruction is 
needed

Resolving nearby tracks is essential, for instance in boosted 3-prong tau or B-
hadron decays

Excellent impact parameter resolution is crucial for measuring the position of 
primary vertices and for identifying b-quark jets
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Physics benchmarks @LHC experiments place demanding requirements on the 
tracking system performance

Searches for high-mass di-lepton resonances require good momentum resolution 
for high momentum tracks

For hadron production rate studies and for good jet energy resolution in 
particle flow jet, instead, highly efficient low momentum reconstruction is 
needed

Resolving nearby tracks is essential, for instance in boosted 3-prong tau or B-
hadron decays

Excellent impact parameter resolution is crucial for measuring the position of 
primary vertices and for identifying b-quark jets

• Trackers designed to meet requirements 
• Tracking algorithms to fully exploit their capabilities



HOW TO PARAMETERIZE A TRACK
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5 parameters describe the helical 
path of a charged particle in a 
solenoidal magnetic field: 
• Transverse d0 and longitudinal z0 

impact parameters (points of 
closest approach wrt perigee), 

• Azimuthal Φ (measured in the 
transverse plane [-𝝅, 𝝅]) and 
polar ϑ (measured from the z axis 
[0, 𝝅]), pseudorapidity η=-
ln(tanθ/2) 

• Charge/momentum q/p defining 
orientation and curvature Courtesy of A. Salzburger
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Transition
Radiation
Tracker

Silicon
Detectors

TRT Extension

Seed

Silicon
Track

Space Point
Silicon
Track
Candidate

Nominal
Interaction
Point

Space Points

Seed finding

Track Candidates
(Combinatorial 
Kalman Filter)

Ambiguity solving

TRT Extension

Inside-out

Seed finding

Track 
Candidates

(Combinatorial 
Kalman Filter)

Ambiguity 
solving

Outside-in

By default, 
enabled 
only in ROIs
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Primary vertex: point in space where interactions have occurred

Fundamental element of data analysis

Track-to-vertex association essential in reconstructing the full kinematic 
properties of the event

Important for the determination of the luminous region, or beam spot, 
where collisions take place and to compute decay length for b-tagging

Typically, only one pp interaction in a given beam crossing, the Hard-Scatter (HS) 
interaction, is interesting for physics analyses

• Often identified by the highest squared sum of track transverse momentum pT (∑pT
2)

• It is crucial that the HS be distinguished from the surrounding pile-up interactions



RUN 2 PERFORMANCE HIGHLIGHTS
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• Run 1 à Run 2: upgraded detector with Insertable B-layer (IBL) at R = 33 mm
• 2x better IP resolution, 4-5x better light-jet rejection in b-tagging

IDTR-2015-007 ATL-PHYS-PUB-2015-022

10% improvement 
in efficiency

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2015-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-022/


THE (CURRENT)ATLAS APPROACH
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Seed-finding

Track-to-seed assignment

Fitting

Acceptance/Rejection

IVF AMVF

Track set 1

Track set 2

vtx 1 vtx 2 vtx 1 vtx 2

Run 1/2 à Run 3/4/… : main innovation is an 
adaptive multi-vertex fitting procedure (AMVF) as 
opposed to an iterative vertexing (IVF) procedure
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TIMING AND THE 
COMPUTATIONAL CHALLENGE

https://cds.cern.ch/record/2879352

https://cds.cern.ch/record/2879352?ln=it
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TIMING AND THE 
COMPUTATIONAL CHALLENGE

https://cds.cern.ch/record/2879352

https://cds.cern.ch/record/2879352?ln=it
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STATE OF THE ART

24.05.24

V.M.M.CAIRO 93
ATLAS S&C HL-LHC roadmap

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2022-005/
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ATLAS S&C HL-LHC roadmap

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2022-005/
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Benefits even more from the forward ITk acceptance…

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2020-002/
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Track Reconstruction efficiency:

Fake Rate:

DRAFT

• |⌘ | < 2.580

• number of Pixel and SCT clusters on track (‘silicon hits’) � 781

• number of shared3 modules  182

• number of silicon holes4  283

• number of pixel holes  184

Tight Primary (in addition to the Loose selection requirements)85

• number of silicon hits � 9 (if |⌘ |  1.65)86

• number of silicon hits � 11 (if |⌘ | � 1.65)87

• at least one hit on one of the two innermost pixel layers88

• no pixel holes89

The tracks selected by the above working points can have extensions into the TRT, but no explicit criteria90

are applied on the number of TRT hits. The Loose track selection corresponds to the default track91

requirements applied during ‘inside-out’ track reconstruction [11].92

4 Tracking E�ciency93

The track reconstruction e�ciency is evaluated from simulation using a hit-based track-to-truth particle94

association to associate reconstructed tracks to primary particles [12].95

Primary charged particles are defined as charged particles with a mean lifetime ⌧ > 300 ps, either directly96

produced in proton-proton interactions or from decays of directly produced particles with mean lifetime97

⌧ < 30 ps. Particles produced from decays of particles with ⌧ > 30 ps are denoted secondary particles98

and are excluded [12].99

The tracking e�ciency ✏ trk(pT, ⌘) is, then, measured as a function of pT and ⌘ with the following100

definition:101

✏ trk(pT, ⌘) =
Nmatched

rec (pT, ⌘)
Ngen(pT, ⌘)

(1)

where pT and ⌘ are generated particle properties, Nmatched
rec (pT, ⌘) is the number of reconstructed tracks102

matched to charged particles and Ngen(pT, ⌘) is the number of generated charged particles in that (pT, ⌘)103

range.104

23rd November 2015 – 19:05 4

3.3. Low-pT reconstruction 59
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FIGURE 3.8: Fake Rate in two different setups, namely Default and MinBias
with different requirements on the minumum transverse momentum and
on the number of silicon clusters. The distributions are shown as a function

of (a) pseudorapidity ⌘ and (b) transverse momentum pT.

The track reconstruction efficiency ✏trk(pT, ⌘) is then measured as a function of pT and
⌘ with the following definition:

✏trk(pT, ⌘) =
Nmatched

rec (pT, ⌘)

Ngen(pT, ⌘)
(3.2)

where pT and ⌘ are truth particle properties, Nmatched
rec (pT, ⌘) is the number of recon-

structed tracks matched to truth charged particles and Ngen(pT, ⌘) is the number of truth
charged particles in that (pT, ⌘) range.

The fake rate, rfake(pT, ⌘) is measured as a function of pT and ⌘ with the following
definition:

rfake(pT, ⌘) =
Nunmatched

rec (pT, ⌘)

Ngen(pT, ⌘)
(3.3)

Figure 3.3 compares the momentum distributions of primary tracks, in Monte Carlo
simulation as reconstructed with different setups. As it can be noticed in Figure 3.4, the
Default setup requires the pT of the track to be larger than 400 MeV. The MinBias setup,
applies a pT threshold of 100 MeV. The MinBiasLowPt setup is based on a pT threshold of
50 MeV. In all these setups, the required minimum number of silicon hits is 6.

While the Default and the MinBias setups are based on a single-pass of the previously
described inside-out track reconstruction algorithm, to reconstruct tracks down to 50 MeV
in the MinBiasLowPt setup, a second-pass is applied for tracks with pT < 100 MeV. Fig-
ures 3.4(a) and 3.4(b) show, respectively, the track reconstruction efficiency as a function
of the pseudorapidity ⌘ and the transverse momentum pT. A minimum pT of 50 MeV is
always required for the generated truth particles: it is then clear that the efficiency, being
pT-dependent is much lower for those setups which imply higher reconstructed pT thresh-
olds, such as Default and MinBias. In general, the higher the pT threshold the higher is
the track reconstruction efficiency, ✏trk, as effects introduced by e.g. multiple scattering or
dead material become less severe. As a function of pseudorapidity, the efficiency is lower

DRAFT

• |⌘ | < 2.580

• number of Pixel and SCT clusters on track (‘silicon hits’) � 781

• number of shared3 modules  182

• number of silicon holes4  283

• number of pixel holes  184

Tight Primary (in addition to the Loose selection requirements)85

• number of silicon hits � 9 (if |⌘ |  1.65)86

• number of silicon hits � 11 (if |⌘ | � 1.65)87

• at least one hit on one of the two innermost pixel layers88

• no pixel holes89

The tracks selected by the above working points can have extensions into the TRT, but no explicit criteria90

are applied on the number of TRT hits. The Loose track selection corresponds to the default track91

requirements applied during ‘inside-out’ track reconstruction [11].92

4 Tracking E�ciency93

The track reconstruction e�ciency is evaluated from simulation using a hit-based track-to-truth particle94

association to associate reconstructed tracks to primary particles [12].95

Primary charged particles are defined as charged particles with a mean lifetime ⌧ > 300 ps, either directly96

produced in proton-proton interactions or from decays of directly produced particles with mean lifetime97

⌧ < 30 ps. Particles produced from decays of particles with ⌧ > 30 ps are denoted secondary particles98

and are excluded [12].99

The tracking e�ciency ✏ trk(pT, ⌘) is, then, measured as a function of pT and ⌘ with the following100

definition:101

✏ trk(pT, ⌘) =
Nmatched

rec (pT, ⌘)
Ngen(pT, ⌘)

(1)

where pT and ⌘ are generated particle properties, Nmatched
rec (pT, ⌘) is the number of reconstructed tracks102

matched to charged particles and Ngen(pT, ⌘) is the number of generated charged particles in that (pT, ⌘)103

range.104

23rd November 2015 – 19:05 4

Matching criterion: 
ATLAS: weighted hit-based track-to-truth particle association 
A reconstructed track is matched to a generated particle if Pmatch>0.5 
Technical/Algorithmic Efficiency: Ngen -> Ngen_reconstructable (e.g enough hits in the detector)

ID ITk
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ATL-PHYS-PUB-2019-015 

Improvement

ATL-PHYS-PUB-2021-012/ 

Significant performance improvements:
• ∼10% better vertex selection efficiency
• ∼20% better longitudinal resolution
• ∼30% inclusive efficiency recovery

All relevant for the HL-LHC ATLAS silicon Inner Tracker (ITk)

Implemented within the ACTS framework
• First ACTS production use in an LHC experiment

• Factor of ~ 2 speed up

RUN 3 PERFORMANCE HIGHLIGHTS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-015/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-012/
https://arxiv.org/abs/2106.13593
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GAUSSIAN 
TRACK DENSITY SEED FINDER
• Use a seeder that is analytic and accounts for the track uncertainties 

• Allows to exploit the seed width (σz) to constrain the vertex fit 

Seed finding weights calculated using a 
longitudinal Gaussian function with a 

transverse Gaussian function acting as an 
independent quality control 

The total density W(z) as a function of z is the sum of all nearby tracks:

W(z) =
’

i2tracks
Pi(0, z).

Figure 1 shows an example of this Gaussian-smoothed track density function for a representative Monte
Carlo event.

Neglecting correlations for the sake of illustration and rearranging the terms makes it easier to interpret the
resulting simplified ⇢(z):

lim
�(d0,z0)!0

⇢(z) =
⇣ 1p

2⇡�(d0)
e
� 1

2 d
2
0/�2(d0)

⌘ ⇣ 1p
2⇡�(z0)

e
� 1

2 (z�z0)2/�2(z0)
⌘
.

In this case, the density function for a track is a normalized one-dimensional Gaussian distribution of width
�(z0), centred at z0 (the second term), with an additional z-independent multiplicative factor that reduces
the track’s contribution based on its d0 significance and measurement errors (the first term).

5.2 Peak search

The position of the global maximum of W(z) will be the seed position. The search can rely on the fact
that this peak must lie near the location of some track. Further, since the density W(z) is a sum of known
analytic functions, the first and second derivatives of W(z) at any point can be computed exactly any time
W(z) itself is evaluated. W(z) and its derivatives are evaluated at the value of z0 for each track. If the
curvature at that point is negative, indicating we are in the neighborhood of a local maximum, the z step to
the point where W

0(z) = 0 is estimated. If the density function shape is assumed locally parabolic, this is
just a Newton step:

�z = �W
0(z)/W 00(z).

If the density function shape is assumed locally Gaussian, the step is slightly di�erent:

�z =
W(z)W 0(z)

W 02(z) � W 00(z)W(z) .

The Gaussian approximation gives slightly better convergence, and is used by default. After one step is
computed, the trial position is adjusted and the process is repeated a second time, to refine the final location
of the local maximum. Further iterations are unnecessary. The global maximum position and height are
updated if the current local maximum has superceded them.

The seed finder could find all local maxima and return them in a single call, but instead seed-finding
proceeds incrementally, with tracks removed from the seed track collection by the vertex finder in between
calls. This requires more CPU time, but helps find seeds from low-multiplicity vertices whose maxima may
be shadowed until the tracks from other nearby vertices are removed from the seeding pool. For e�ciency,
various computed values are cached and reused for each call to find a seed.

8
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ATLAS IN RUN1/2: 
ITERATIVE VERTEX FINDER
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Fraction of Sample Mode with Weights

Goal: use tracks to find 
approximate vertex location 

When beam-spot is known, all 
strategies use longitudinal track 

density along beam axis 

ATLAS IN RUN1/2: 
ITERATIVE VERTEX FINDER
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Find global 
maximum

Fraction of Sample Mode with Weights

ATLAS IN RUN1/2: 
ITERATIVE VERTEX FINDER
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Find global 
maximum

Fraction of Sample Mode with Weights

ATLAS IN RUN1/2: 
ITERATIVE VERTEX FINDER
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ATLAS IN RUN1/2: 
ITERATIVE VERTEX FINDER

Figure 1: A representative Monte Carlo event as analysed by three di�erent primary vertex seeding methods.The
bottom plot shows the simulated locations of pp interactions along the beamline, and the number of associated tracks
passing quality cuts. The top three plots compare track density estimators computed by di�erent methods. High
densities correspond to possible vertex seed locations. ATLAS used the FSMW mode finder during Run 1 and Run 2.
The medical imaging and Gaussian methods were both studied to improve performance at high luminosities.

• Fitting The helical parameters of tracks assigned to a candidate vertex are linearized at the seed
position and fit using an adaptive Kalman filter [21, 22]. The beam spot location and size are used to
constrain the transverse position of the fit, while the longitudinal position is unconstrained. Outliers
are progressively de-weighted using a deterministic annealing schedule and the weight function
in Equation (1). During annealing, the temperature (T) is decremented in stages, increasing the
sensitivity of track weights to their compatibility (�2) with the vertex position. By the end of the
annealing process, when T = 1, compatible tracks within three standard deviations (corresponding
to �2

cut = 9) of the fit vertex will have weights close to unity, and incompatible outliers will have
weights close to zero.

!(�2,T) = 1
1 + e

� 1
2 (�2

cut��2)/T
(1)

• Acceptance/rejection The new vertex candidate is accepted if the number of degrees of freedom
(accounting for final track weights) is greater than three and at least two tracks used in the fit have
weights greater than 0.01. If the vertex fit is rejected, all tracks tried in the fit are removed from the
pool used for future iterations. If the vertex fit is accepted, associated tracks with fit weight greater
than 0.01 or impact parameter significance less than 7� (including both the track and fitted vertex

5
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Fig. 3 Histogram showing the weights applied to tracks in the vertex
reconstruction fit. The fitting algorithm iterates through progressively
smaller values of the temperature T , effectively down-weighting outly-
ing tracks in the vertex fit. The vertical axis is on a logarithmic scale
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Fig. 4 Distribution of the number of reconstructed vertices per event
in a sample of

√
s = 8 TeV minimum-bias data for the pile-up range

21 < µ < 23

pool of unused tracks. This loose requirement is intended
to reduce the number of single pp interactions which
are reconstructed as two distinct primary vertices due to
the presence of track outliers, while maintaining a high
efficiency.

4. After the vertex candidate is created, the rejected tracks
are considered as input for a new vertex finding iteration.
The procedure described above is then repeated starting
from step 1, calculating the new starting position from
remaining tracks, until no unassociated tracks are left
in the event or no additional vertex can be found in the
remaining set of tracks.

All vertices with at least two associated tracks are retained
as valid primary vertex candidates. The output of the vertex

reconstruction algorithm is a set of three dimensional vertex
positions and their covariance matrices. Figure 4 shows a
typical distribution for the number of reconstructed vertices
per event in Run 1 for minimum-bias data collected in the
pile-up range 21 < µ < 23.

The reconstructed position and width of the beam spot
can be used as an additional measurement during the pri-
mary vertex fit. It is taken as a three-dimensional Gaussian
measurement centred around the beam-spot centre and with
the beam-spot size as the width. Tracks outside the beam
spot have low compatibility with the vertex fit and are thus
removed in the iterative fitting procedure. This procedure is
hereafter referred to as the beam-spot constraint. Figure 5
shows typical distributions of the x , y, and z coordinates
of primary vertices without the beam-spot constraint. The
transverse position resolution of vertices reconstructed from
a small number of tracks may exceed 100 µm. For these
vertices the application of the beam-spot constraint signif-
icantly improves their transverse position resolution. In the
z-direction, the length of the luminous region has no signif-
icant impact on the resolution of primary vertices. The lon-
gitudinal resolution of primary vertices is determined by the
intrinsic resolution of the primary tracks. However, knowl-
edge of the longitudinal beam-spot size still helps to remove
far outlying tracks.

4.3 Beam-spot reconstruction

The beam-spot reconstruction is based on an unbinned
maximum-likelihood fit to the spatial distribution of primary
vertices collected from many events. These primary vertices
are reconstructed without beam-spot constraint from a rep-
resentative subset of the data called the express stream dur-
ing the detector calibration performed approximately every
ten minutes. In each event only the primary vertex with the
highest sum of squares of transverse momenta of contribut-
ing tracks, denoted hereafter as

∑
p2

T, is considered. In order
to be used in the beam-spot fit, this vertex must include at
least five tracks and must have a probability of the χ2 of
the vertex fit greater than 0.1%. The requirement of at least
five tracks ensures that most vertices have a transverse vertex
resolution better than 50µm with a most probable value of
about 15 µm that is comparable to the transverse beam-spot
size. At least 100 selected vertices are required to perform
a beam-spot fit, and in a typical fit several thousand vertices
collected over a time period of about ten minutes are avail-
able. The fit extracts the centroid position (xL, yL, zL) of the
beam spot (luminous centroid), the tilt angles x ′

L and y′
L in

the x–z and y–z planes respectively, and the luminous sizes
(σxL, σyL, σzL), which are the measured sizes of the lumi-
nous region with the vertex resolution deconvoluted from the
measurements.

123

threshold where the weight of 
an individual track becomes 
equal to 0.5 (set to 9, about 3 
sigma) controls smoothness of 

weighting procedure, 
lowered from some high 
starting value in a pre-
defined (deterministic) 
sequence of steps that 

converges at T = 1.
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Fraction of Sample Mode with Weights

ATLAS IN RUN1/2: 
ITERATIVE VERTEX FINDER

New global 
maximum Risk to lose nearby 

vertices

Tracks removed, move to 
next iteration
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ATLAS IN RUN3:
ADAPTIVE MULTI VERTEX FINDER ATL-PHYS-PUB-2019-015

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-015/
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ATLAS IN RUN3:
ADAPTIVE MULTI VERTEX FINDER ATL-PHYS-PUB-2019-015

Differences wrt IVF:

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-015/
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ATLAS IN RUN3:
ADAPTIVE MULTI VERTEX FINDER ATL-PHYS-PUB-2019-015

Differences wrt IVF:

1. Track collection 
used for fitting 
different from 
track collection 
used in the 
seeding

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-015/
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ATLAS IN RUN3:
ADAPTIVE MULTI VERTEX FINDER ATL-PHYS-PUB-2019-015

6.1 Strategy

The outline of the multi-vertex finder is identical to that of the IVF (see Section 4) but the steps themselves
are quite di�erent:

• Seed-finding Tracks not yet assigned to any vertex candidate are analysed to find the most likely
position of a primary vertex using the GS (Section 5).

• Track to seed assignment After a seed is found, the set of nearby tracks to fit is chosen. One essential
di�erence from the iterative single-vertex strategy is that all tracks passing the quality selection (not
only unassigned tracks, but also tracks already assigned to one or more previously accepted vertex
candidates) are eligible for assignment to new vertex candidates. Thus, unlike the IVF, each track
may, and generally will, be assigned to multiple vertices. The track assignment criteria and their
tuning are detailed in Section 6.2.

• Fitting The linearized helical parameters of assigned tracks are used to fit the position of the vertex
candidate with a weighted adaptive Kalman filter, subject to transverse and longitudinal constraints
provided by the beam spot and seed positions, respectively. Another important di�erence from
the iterative strategy is that each time a new vertex candidate is fit, all other candidates linked
to it (through a chain of tracks and vertices of any length) are also simultaneously refit.2 Track
weights ! with each vertex i are annealed in six steps based on compatibility (�2). After each
decrease of the temperature T , weights are recalculated and all connected vertices are refit. The
total weight for a track across all assigned vertices is normalized to one, but for purposes of weight
normalization (only) tracks are also given a notional three standard deviation (corresponding to
�2

0 = 9) compatibility with “unassigned”:

!i(�2
i ,T) =

e
� 1

2 �
2
i /TÕ

j e
� 1

2 �
2
j /T + e

� 1
2 �

2
0/T

• Acceptance/rejection The new vertex candidate is accepted if it satisfies three criteria. First, it must
have at least two compatible tracks from the seeding track pool; a new vertex cannot be formed from
only tracks that are compatible with some previously-found vertex. Track compatibility is defined
as a �2

2 probability greater than 10�4. Second, the new vertex’s fit position may not be within 3�
of any other, based on the calculated fit errors of both vertices. Third, the weighted average of
track weights in the fit (Õ!2/Õ!) must be greater than 2

3 . If the vertex candidate is accepted, all
compatible tracks are removed from the seeding pool. If the vertex candidate is not accepted, only
the most compatible track is removed from the seeding pool. Thus, regardless of outcome, the pool
of remaining tracks for seeding is always reduced by each iteration, ensuring eventual termination of
vertex-finding.

Adaptive multi-vertex finding is complete when

• less than two tracks remain in the pool for seed-finding, or

• the seed finder is unable to return a seed, or

• the maximum allowed number of iterations is exceeded.
2 Thus, if track 1 is assigned to both the new candidate and some other vertex A, and track 2 is shared between vertex A and

vertex B, all three vertices will be (re)fit.

10

Probability of the track i to be compatible with 
the considered vertex divided by the sum of 
probabilities to be compatible with any other 

vertex plus the prior probability of being an outlier

Differences wrt IVF:

2. Tracks compete 
for vertices

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-015/
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Strips

Pixel

ATL-PHYS-PUB-2021-024

Extractable & Replaceable 
(Radiation hardness up to ~10-15 MGy)

Increased η coverage 
(from 2.4 to 4.0)

All 
Si

ITk

ATLAS-TDR-031
HGTD

Extractable & Replaceable 
(Radiation hardness up to ~2 MGy)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf?version=2
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HL-LHC TRACKING
A detector designed to be pile-up robust, and algorthms designed to leverage such features

IDTR-2023-05/ IDTR-2023-05/ 

The lower the fake rate, the better the CPU and 
storage usage More PU-robust vertexing

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2023-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2023-05/
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ATL-PHYS-PUB-2022-027.pdf 

https://cds.cern.ch/record/2811135/files/ATL-PHYS-PUB-2022-027.pdf
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4D TRACKING

ATL-PHYS-PUB-2023-023 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/
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4D TRACKING

ATL-PHYS-PUB-2023-023 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/
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4D FTAG

ATL-PHYS-PUB-2023-023 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/
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4D FTAG

ATL-PHYS-PUB-2023-023 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/
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Twice-higgs-twice-challenge Video CERN Bulletin (April 2021)

https://atlas.cern/updates/briefing/twice-higgs-twice-challenge
https://twitter.com/ATLASexperiment/status/1377313263986298880
http://bulletinserv.cern.ch/emails/archive/552/
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Twice-higgs-twice-challenge Video CERN Bulletin (April 2021)

Why so exciting?

https://atlas.cern/updates/briefing/twice-higgs-twice-challenge
https://twitter.com/ATLASexperiment/status/1377313263986298880
http://bulletinserv.cern.ch/emails/archive/552/
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ANOTHER EXAMPLE

From 2015 HL-LHC study of 𝑯𝑯 → 𝒃𝒃𝝉𝝉
ATL-PHYS-PUB-2015-046

Phys. Lett. B 843 (2023) 137745Phys. Lett. B 800 (2020) 135103

http://cds.cern.ch/record/2065974/files/ATL-PHYS-PUB-2015-046.pdf
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
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PUTTING EVERYTHING TOGETHER
𝑯𝑯 → 𝒃$𝒃𝝉𝝉 + 𝒃$𝒃𝜸𝜸 + 𝒃$𝒃 𝒃$𝒃

World’s best constraints to date on Higgs boson’s self coupling from HH 
searches

Observed(expected): -0.6< 𝑘,<6.6 (-2.1< 𝑘,< 7.8)

𝑯𝑯 → 𝒃>𝒃𝜸𝜸 drives the sensitivity at large 𝒌𝝀!

Phys. Lett. B 843 (2023) 137745

https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
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PUTTING EVERYTHING TOGETHER
https://arxiv.org/pdf/2207.00043.pdf 

https://arxiv.org/pdf/2207.00043.pdf
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PUTTING EVERYTHING TOGETHER
https://arxiv.org/pdf/2207.00043.pdf 

https://arxiv.org/pdf/2207.00043.pdf
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VBF HH PRODUCTION VS KL AND K2V

Reviews in Physics 5 (2020) 100045 



24.05.24

V.M.M.CAIRO 124

K2V
https://doi.org/10.1016/j.physletb.2023.137745 

https://doi.org/10.1016/j.physletb.2023.137745
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SINGLE HIGGS
https://doi.org/10.1016/j.revip.2020.100045 

https://doi.org/10.1016/j.revip.2020.100045
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HOW DOES HH LOOK IN HL-LHC?

0.5 ≲ 𝒌𝝀 ≲ 1.6 at 𝟏𝝈

ATLAS alone 
comparable to 

previous expectation 
from ATLAS + CMS

ATL-PHYS-PUB-2022-053

was 3.3!

https://www.sciencedirect.com/science/article/pii/S2405428320300083?via%3Dihub
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/ATL-PHYS-PUB-2022-053.pdf
https://cds.cern.ch/record/2713377/files/ATL-PHYS-PUB-2020-005.pdf?version=1
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FUTURE COLLIDERS

arXiv:1907.02078v2
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HOW DOES HH LOOK IN HL-LHC?

ATL-PHYS-PUB-2022-053/ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
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HOW DOES HH LOOK IN HL-LHC?

ATL-PHYS-PUB-2022-053/ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
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HOW DOES HH LOOK IN HL-LHC?

ATL-PHYS-PUB-2022-047/ 

ATL-PHYS-PUB-2022-053 

Modern flavor tagging algorithms based on Graph Neural Networks fully exploit the potential of 
the ITk à large sensitivity gains for HH!

+ 5% efficiency for the same mistag rate + 0.3 𝜎 sensitivity gain for 𝐻𝐻 → 𝑏%𝑏𝑏%𝑏

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-047/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/ATL-PHYS-PUB-2022-053.pdf
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RUN 3 𝒃-TAGGING

ATL-PHYS-PUB-2022-027 

FTAG-2022-004/ 
FTAG-2023-01/ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2022-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
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Moder taggers based on Graph Neural Networks further exploit the potential of the 
ITk: up to x2 improvement in light-jet rejection!

ATL-PHYS-PUB-2021-024- ATL-PHYS-PUB-2022-047/ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-047/
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ITK

Triplets 
(L0)

Quads (L1)

Triplets (L0)
Quads (L1)

Barrel Staves Endcap Rings

Quads 
(R1 & R0/1)

Triplets 
(R0.5 & R0/1)

R1 R0/1
coupled

R0.5
intermediate
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ITK
Validate Local Support design and loading procedure

Thermo-mechanical prototype 
• Load with dummy modules

• silicon heaters with platinum coating
• power to dissipate 0.7 W/cm2 (chip end-of-life)
• measure Thermal Figure of Merit

• R0/1 coupled ring and L0 stave

Electrical prototype 
• Load with RD53A modules 
• R0/1 coupled ring, L0 stave, L1 stave

Validate Local Support design and loading procedure

Integration prototypes
• Integrate electrical prototype in quarter shell at low z
• Integrate additional stave/ring flavors

7

Heaters - Wiring

IN

OUT

Heaters
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ITK
• Test box details

IR camera

Bare local support
R0/1

Dew point sensor  and 
visible light camera

Seek Compact PRO 
▪ 320 x 240 High-Resolution Thermal Sensor 
▪ 0.26 mm at min focus 
▪ 32° field of View 
▪ T Range: -40° F to 626°F
▪  Photos and Videos 
▪ Error : ±2 °C 
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LESSONS FROM THE PAST
• Every small detail in construction plays a role later 

on in performance
• Large amount of material in the tracker from Pixel 

services and cooling
• Estimated a priori, but requires data-driven 

methods during actual operation
• Many lessons learned after IBL installation

• Hadronic interactions & photon conversions
• Track extension efficiency 

ITK-2019-001

JINST 12 P12009

Cooling fluid 
incorrectly 

modelled in 
simulation

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2019-001/fig_01.png
https://iopscience.iop.org/article/10.1088/1748-0221/12/12/P12009/meta
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LESSONS FROM THE PAST
• Every small detail in construction plays a role later 

on in performance
• Large amount of material in the tracker from Pixel 

services and cooling
• Estimated a priori, but requires data-driven 

methods during actual operation
• Many lessons learned after IBL installation

• Hadronic interactions & photon conversions
• Track extension efficiency 

ITK-2019-001

JINST 12 P12009

3.5. Early Inner Detector Tracking Performance in the 2015 data 71

Track Reconstruction Efficiencies and Systematic Uncertainties
Track Quality Selection Loose Tight Primary

⌘ Range |⌘|  0.1 2.3  |⌘|  2.5 |⌘|  0.1 2.3  |⌘|  2.5
Track Reconstruction Efficiency 91% 73% 86% 63%

Sys+5%Extra 0.4% 0.9% 0.5% 1.1%
SysPixServExtra — 2.0% — 2.3%
Sys+30%IBLExtra 0.2% 0.5% 0.2% 0.5%

Total Systematic Uncertainty 0.4% 2.2% 0.5% 2.6%

TABLE 3.2: Track reconstruction efficiencies and absolute systematic uncer-
tainties for both Loose and Tight Primary track quality selections. Two
⌘ intervals were selected to demonstrate the range of the systematic un-
certainties: |⌘|  0.1 (which is characterised by the lowest systematic
uncertainty values) and 2.3  |⌘|  2.5 (which is characterised by the
largest systematic uncertainty values). The total systematic uncertainty
is estimated by quadratically combining the three different contrbutions:
Sys+5%Extra(pT, ⌘), SysPixServExtra(pT, ⌘) and Sys+30%IBLExtra(pT, ⌘). The
results shown are obtained by integrating over pT in the range [0.4,20] GeV.

Ref. [119].

Primary selections as a function of pT and ⌘ by subtracting unity from the ratio of the track
reconstruction efficiencies measured in the original and distorted geometry samples listed
in Section 3.5.1:

SysExtraMaterial (pT, ⌘) =
✏originaltrk (pT, ⌘)

✏ExtraMaterial
trk (pT, ⌘)

� 1 (3.4)

where ExtraMaterial means +5%Extra, +25%PixServExtra, +50%PixServExtra or +10%IBLEx-
tra.

The contribution Sys+5%Extra(pT, ⌘) is directly measured from the +5%Extra sample,
to cover the systematic uncertainty due to an overall 5% material mis-modeling which
is the assumed upper limit on the precision with which the Run 1 material budget is
known. Based on the hadronic interactions and photon conversions studies (as described
in Ref. [74] and in Chapter 4), the contribution Sys+10%IBLExtra(pT, ⌘) corresponding to the
results from the +10%IBLExtra sample, was increased by a factor of 3 to fully cover the dis-
agreement between data and simulation, and it is denominated as Sys+30%IBLExtra(pT, ⌘).
An uncertainty denoted SysPixServExtra(pT, ⌘) is applied in the region with |⌘| > 1.5 to
cover the data/simulation discrepancy in the forward region of the detector. For 1.5 <
|⌘| < 2.3, the full difference between the original and +50%PixServExtra samples is con-
servatively used to evaluate this contribution to the systematic uncertainty, while, in the
region |⌘| > 2.3, since the missing pixel services material is estimated to be in the order of
30% [74], it is necessary to carry out a linear interpolation between the +25%PixServExtra
and +50%PixServExtra samples to evaluate the uncertainty. The error bars in Figure 3.22
represent the total systematic uncertainty obtained by combining in quadrature the three
contributions discussed above. An overview of the track reconstruction efficiency and the
absolute values of the systematic uncertainties is shown in Table 3.2.

In the simulation samples used to evaluate the track reconstrunction efficiency, pions
represent the dominant particle type with a fraction of more than 98%. Therefore, since
the track reconstruction efficiency is sensitive to particle type, the above-described track
systematic uncertainties are intended to be applied to charged pions.

End of 2015

Beginning of 2018

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2019-001/fig_01.png
https://iopscience.iop.org/article/10.1088/1748-0221/12/12/P12009/meta
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|eta|<1.5

1.5 <|eta|<3.0

inner surface of the tracker support tu
be 

Beyond Run 4, CMS is also considering to add timing layers in the innermost part of the tracker.

https://indico.cern.ch/event/1048211/contributions/4413728/attachments/2274142/3862895/2021_06_30_bartosik_v0.pdf


A COMPARISON WITH
CMS’ MIP TIMING DETECTOR
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From CMS MTD TDR: “The MTD will give timing information for MIPs with 30–40 ps resolution at 
the beginning of HL-LHC operation in 2026, degrading slowly as a result of radiation damage 
to 50–60 ps by the end of HL-LHC operations.” 
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• Technology that could potentially match the 
requirements starts to arise, but still requires a lot 
of R&D

• Radiation Hardness is a key challenge! 

• 4D Tracking White Paper for Snowmass reviews 
state of the art and R&D for use-cases and 
technologies at e+e- and hadronic colliders
• https://arxiv.org/abs/2203.13900 

• CERN-SLAC collaboration on electronics, 
    also in connection with CERN 28 nm forum

Just submitted for fabrication

https://arxiv.org/abs/2203.13900
https://indico.cern.ch/event/1127562/contributions/4904555/attachments/2525576/4343740/28nm%20TDC%20TWEPP%202022%20poster%20final.pdf
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https://indico.cern.ch/event/797047/contributions/3638198/attachments/2308674/3928223/Position_sensitive_timing.pdf 

https://indico.cern.ch/event/797047/contributions/3638198/attachments/2308674/3928223/Position_sensitive_timing.pdf
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the time of a hit is set 
when the signal 
reaches a certain value 
𝑉𝑇h. 

Generate extra heat 
compared to a space 
only tracker
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Nuclear Inst. and Methods in Physics Research, A 1040 (2022) 167228 
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https://arxiv.org/abs/2203.13900 

https://arxiv.org/abs/2203.13900
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The time walk and Landau resolution components, intrinsic to 
the sensor, can be reduced respectively with short drift time 
and limited thickness in the path of a MIP. 

The time errors arising from the jitter and the TDC, which are 
instead related to the readout chip’s electronics, benefit 
respectively from high signal to noise ratio and small TDC bin 
size. 

https://arxiv.org/abs/2203.13900 

https://arxiv.org/abs/2203.13900
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-023/ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-023/
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THE STRANGE QUARK 
AS A PROBE FOR NEW PHYSICS
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√s = 13 TeV, mh = 125 GeV
1610.02398

2203.07535 

SM Higgs BSM Charged Higgs

https://arxiv.org/abs/1610.02398
https://arxiv.org/abs/2203.07535
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1610.02398

SM Higgs BSM Charged Higgs

Assess the sensitivity of Higgs to strange couplings(*) at future Higgs Factories 
and study detector design enabling strange jet tagging 

(*)many more SM analyses would benefit from strange tagging, e.g. 𝑒𝑒 → 𝑠𝑠, 𝑍 → 𝑠𝑠,𝑊 → 𝑐𝑠,	etc!

2203.07535 

√s = 13 TeV, mh = 125 GeV

https://arxiv.org/abs/1610.02398
https://arxiv.org/abs/2203.07535
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Particle Identification is crucial!

Need p/K discrimination over a momentum range of approximately 
(0.2-0.7) x 0.5 x 125 ≅ 12 to 50 GeV 

2203.07535 

https://arxiv.org/abs/2203.07535
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● Use a Recurrent Neural Net tagger for classifying jet-flavour, train on full ILD(*) simulation (𝑍 →
𝑖𝑛𝑣)(𝐻 → 𝑞𝑞/𝑔𝑔)	samples and include per-jet level inputs & variables on the 10 leading particles in 
each jet, including PDG-based PID à general validity for various future collider scenarios!

● See a similar tagger for FCC-ee

@50% s-jet tagging efficiency, 
>80% u/d-jet rejection with Full PID

Good discrimination of s-jets 
from u/d- and g-jets

(*) ILD =  multi-purpose International Large Detector concept @ the International Linear Collider

2203.07535 

https://arxiv.org/pdf/2202.03285.pdf
https://linearcollider.org/files/images/pdf/Executive%20Summary.pdf
https://arxiv.org/abs/2203.07535
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At fixed light rejection:
No PID to PID < 10 GeV: ∼1.5x efficiency

● Use a Recurrent Neural Net tagger for classifying jet-flavour, train on full ILD(*) simulation (𝑍 →
𝑖𝑛𝑣)(𝐻 → 𝑞𝑞/𝑔𝑔)	samples and include per-jet level inputs & variables on the 10 leading particles in 
each jet, including PDG-based PID à general validity for various future collider scenarios!

● See a similar tagger for FCC-ee

Good discrimination of s-jets 
from u/d- and g-jets

2203.07535 

https://arxiv.org/pdf/2202.03285.pdf
https://arxiv.org/abs/2203.07535
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● Use a Recurrent Neural Net tagger for classifying jet-flavour, train on full ILD(*) simulation (𝑍 →
𝑖𝑛𝑣)(𝐻 → 𝑞𝑞/𝑔𝑔)	samples and include per-jet level inputs & variables on the 10 leading particles in 
each jet, including PDG-based PID à general validity for various future collider scenarios!

● See a similar tagger for FCC-ee

Good discrimination of s-jets 
from u/d- and g-jets

At fixed light rejection:
No PID to PID < 10 GeV: ∼1.5x efficiency
No PID to PID < 20 GeV: ∼2.0x efficiency

2203.07535 

https://arxiv.org/pdf/2202.03285.pdf
https://arxiv.org/abs/2203.07535
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2203.07535 

● Use a Recurrent Neural Net tagger for classifying jet-flavour, train on full ILD(*) simulation (𝑍 →
𝑖𝑛𝑣)(𝐻 → 𝑞𝑞/𝑔𝑔)	samples and include per-jet level inputs & variables on the 10 leading particles in 
each jet, including PDG-based PID à general validity for various future collider scenarios!

● See a similar tagger for FCC-ee

Good discrimination of s-jets 
from u/d- and g-jets

At fixed light rejection:
No PID to PID < 10 GeV: ∼1.5x efficiency
No PID to PID < 20 GeV: ∼2.0x efficiency
No PID to PID < 30 GeV: ∼2.5x efficiency

https://arxiv.org/abs/2203.07535
https://arxiv.org/pdf/2202.03285.pdf
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Foreseen to run at several 𝑠, dedicated 250 GeV run for Higgs 
couplings studies 

𝜎H	@ 𝑠 = 250	GeV	~	200	-b (dominated by ZH production)

2000 fb-1 collected in 10y by ILC

à ~	400k Higgs à ~ 80 ℎ → 𝑠𝑠

But of course, new physics boosts these numbers!

A PHYSICS BENCHMARK: 𝒉 → 𝒔𝒔	ANALYSIS 
@ THE INTERNATIONAL LINEAR COLLIDER 2203.07535 

https://arxiv.org/abs/2203.07535
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2203.07535 

Object 
definition

Event selection

Signal 
discriminant

s-Yukawa 
constraints

𝒌𝒔 ≲ 7 x SM 
Cut-based approach, 

reject	
𝒁𝑯 ! 𝒔𝒔 , 𝑽, 𝑽𝑽

2 jets

0 or 2 SFOS leptons

𝒋𝒆𝒕𝟎 + 𝒋𝒆𝒕𝟏

Sum of 

strange 
tagging 
scores

𝑍 → 𝜈𝜈 channel

𝑍	ℎ𝑎𝑑

𝐻 → 𝑔𝑔
𝐻 → 𝑠𝑠

2 4 6 8 10 12 14

Tested POI, ∑s

0.0

0.2

0.4

0.6

0.8

1.0

1.2

C
L s

ILD Preliminary, L = 900 fb°1
p

s = 250 GeV, P (e°, e+) = (°80%, +30%)
95% CLs upper limit: 7.14

Expected CLs

±1æ expected CLs

±2æ expected CLs

Æ = 0.05

Combination

https://arxiv.org/abs/2203.07535
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• If we can tag strange jets, we can probe the 
Higgs strange Yukawa coupling…

But we need 𝝅/𝑲 discrimination at high momenta!

• This triggered recent studies of what may be possible 
with a system that pioneered particle ID: 
the Ring Imaging Cherenkov detector
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PARTICLE IDENTIFICATION TECHNIQUES

𝟑𝝈	𝒔𝒆𝒑𝒂𝒓𝒂𝒕𝒊𝒐𝒏	𝒇𝒐𝒓	𝝅/𝑲

dE/dx in silicon

Time-of-flight via 
Fast Timing in 

silicon envelopes 
or calorimetry

dE/dx in Time 
Projection or Drift 

Chambers

Ring Imaging 
Cherenkov 
Detectors

⪝ 5 GeV ⪝ 5 GeV ⪝ 30 GeV
(scales with volume) O(tens of GeV)

• Various technologies allow to identify hadrons in different momentum ranges

Momentum

R. Forty’s slides

https://indico.cern.ch/event/630418/contributions/2813741/attachments/1575241/2487285/PID-Forty-1.pdf
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RING IMAGING CHERENKOV DETECTORS
• RICH detectors use the angle of emitted Cherenkov radiation (as photons) which, 

coupled with momenta measurements, yield particle masses 

𝜃&

𝜽𝑪
𝒎

https://doi.org/10.1016/j.nima.2023.168992 

https://doi.org/10.1016/j.nima.2023.168992
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RING IMAGING CHERENKOV DETECTORS
• RICH detectors use the angle of emitted Cherenkov radiation (as photons) which, 

coupled with momenta measurements, yield particle masses 

𝜃&

𝜽𝑪
𝒎

Will it be possible to accommodate a 
compact RICH system while preserving 

performance in tracking and calorimetry?

https://doi.org/10.1016/j.nima.2023.168992 

https://doi.org/10.1016/j.nima.2023.168992
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COMPACT GASEOUS RICH WITH SIPMTS

2203.07535

https://doi.org/10.1016/j.nima.2023.168992 
 

Fast timing device (<100 
ps) to provide ToF 

covering the lower p 
range and 

complementing the RICH

25(10) cm

low mass 
carbon-
composite 
material for 
the structure 

Beryllium 
with 
reflective 
coating

Pure C4F10 at 1 bar 
(boiling point -1.9 C at 
1 bar, good refraction 
index)

Tracker

ECAL

Forward RICH 
& Calorimeter

Can reach 
𝟑𝝈	𝝅/𝑲 

separation 
up to 30 GeV 
with state-of-

the-art 
technology!

SiPMTs

https://arxiv.org/abs/2203.07535
https://doi.org/10.1016/j.nima.2023.168992
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THE IMPORTANCE OF STRANGE SCIENCE
• Many unexplored physics benchmarks rely on strange tagging, in turn enabled by 𝝅/𝑲 PID at high momenta

• Higgs & friends Factories: Z, W, top, flavor physics in general… 
• Ordinary matter composed by electron and light quarks

• none of the Higgs boson couplings to such particles has been verified yet!
• Testing Yukawa universality is a key benchmark for future Higgs factories
• Best constraints on strange Yukawa derived via a direct SM 𝒉 → 𝒔𝒔	search: phase space for new physics 

reduced to 𝒌𝒔	≲	𝟕	𝒙	𝑺𝑴 (we probed also u/d)

2203.07535 

https://arxiv.org/abs/2203.07535

