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http://bulletinserv.cern.ch/emails/archive/552/


• The missing piece in the Higgs picture
• Higgs self-coupling

• How to tackle dense collision environments
• Primary vertexing

• A new camera for the detector
• ATLAS Inner Tracker

Illustrations by F. CairoFebruary 2022 V. M. M. Cairo 5



F. Cairo, From Conn(ll)ecting the dots
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2012

A Higgs boson-like particle 
was found!

ATLAS-CONF-2020-027
Now

So far, the SM rules, but the 
exploration has just begun…

February 2022 V. M. M. Cairo 7

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/


New physics can alter this number à Implications on the stability of the Universe

à Probing the Higgs-self coupling is a key goal for HL-LHC, but much can be done now!

Known 𝑚! (∼125 GeV), SM predicts 𝜆 (∼0.13)

𝜆

𝜅! = 𝜆"""/𝜆#$

Direct access to 𝜆 in 
HH pair production

Out of reach 
even for HL-LHC

February 2022 V. M. M. Cairo 8



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

Two more runs to go:

• Run 3: 13.6 TeV, < 𝜇 > ∼60
• Run 4: 14 TeV, < 𝜇 > ∼200

February 2022 V. M. M. Cairo 10



Physics benchmarks drove the design of the detector
• Excellent stand-alone reconstruction capabilities

maximize 𝑯 → 𝜸𝜸 sensitivity
Determines the ATLAS geometry

Combined technologies

February 2022 V. M. M. Cairo 11



source source source

Insertable B-Layer New Small Wheels
Inner Tracker

Now

February 2022 V. M. M. Cairo 12

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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HH

𝜆,,, can be measured in two complementary ways

Single-Higgs

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

j.revip.2020.100045

February 2022 V. M. M. Cairo 15

Softer spectrum 
for large 𝜅! values

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


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

Non-resonant 𝝈𝑯𝑯𝑽𝑩𝑭 = 1.73 fb at 13 TeV for 𝒎𝑯 = 125.00 GeV

1401.7340

ggF

SM

1401.7340

February 2022 V. M. M. Cairo 16

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


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

Non-resonant 𝝈𝑯𝑯𝑽𝑩𝑭 = 1.73 fb at 13 TeV for 𝒎𝑯 = 125.00 GeV

Resonant 𝒈𝒈𝑭

1401.7340

ggF

𝝈𝑯𝑯 and kinematics 
depend on the couplings 

and presence of new 
resonances

New physics can manifest 
as deviation in 𝝈𝑯𝑯

Spin 0 Spin 2

SM

1401.7340

February 2022 V. M. M. Cairo 17

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


Branching 
Ratio

Most recent full Run 2 ATLAS Results covered today:
𝑯𝑯 → 𝒃)𝒃𝜸𝜸 (resonant & non-resonant)
𝑯𝑯 → 𝒃)𝒃𝝉𝝉 (resonant & non-resonant)

𝑯𝑯 → 𝒃)𝒃𝒃)𝒃 (resonant)

𝜎"" @ 13 TeV ∼ 30 fb
(1000 x smaller than single H)

Run 2 ∫𝐿 ∼ 140 fb-1

∼ 4k HH events

Scales up to about 
105 in HL-LHC

Combination
(and complementarity) 
of various final states 

fundamental for 
observation!

Most final states rely on 
b-tagging

February 2022 V. M. M. Cairo 18

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/


High-Level ML b-taggers utilize low-level 
taggers’ outputs

• Impact Parameter based 
• Secondary Vertex finding
• Decay chain Multi-Vertex Algorithm 

(JetFitter)
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Eur. Phys. J. C 79 (2019) 970

CERN-THESIS-2010-027

Sensitive to primary vertex 
reconstruction

70% b-tag efficiency, ∼0.3% light-jet

February 2022 V. M. M. Cairo 19

About 1 order of magnitude lower fake rate compared to Tevatron! Ref 1, 2

https://link.springer.com/article/10.1140/epjc/s10052-019-7450-8
https://cds.cern.ch/record/1243771/files/CERN-THESIS-2010-027.pdf?version=1
https://indico.fnal.gov/event/9504/attachments/74423/89291/D0_University_2011-02-03_Greder.pdf
https://arxiv.org/pdf/0707.1712.pdf


Publication: HDBS-2018-34
Physics Briefing: https://atlas.cern/updates/briefing/twice-higgs-twice-challenge

February 2022 V. M. M. Cairo 20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.cern/updates/briefing/twice-higgs-twice-challenge


Object 
selection

Event 
categorization

Modeling of 
discriminant 

variable

Simultaneous 
likelihood fit to 
all categories

SM 𝝈 limits and
𝝈 vs 𝒌𝝀

for non resonant 
analysis

𝝈 vs 𝒎𝑿
for resonant 

analysis

MVA approach

4 categories for 
non-resonant 

analysis

1 category per mX
for resonant 

analysis

𝑚!!

Di-Higgs
Single Higgs (from MC)

𝛄𝛄 + jets
(from data)

𝑚!!

Small BR, but fully reconstructable final state, clean signal extraction
Di-photon triggers with ET > 35, 25 GeV (82.9% efficiency for non-resonant signal, 69.5% for 𝑚𝑋 = 300 GeV)

Tight and isolated

B-jet energy corrections

February 2022 V. M. M. Cairo 21



• Low and High 𝒎𝒃)𝒃𝜸𝜸
∗ (very important!)

• < 350 GeV for BSM, > 350 GeV for SM

February 2022 V. M. M. Cairo 22



• BDT to discriminate signal (𝒌𝝀 = 𝟏, 𝟏𝟎) from backgrounds
• 𝑚,, with b-jet energy corrections (improves resolution by ∼ 20%)
• Topness (rejects up to 35% ttH) 

• Loose and Tight BDT
• Boundaries chosen to maximize combined expected significance 

February 2022 V. M. M. Cairo 23



February 2022 V. M. M. Cairo 24

Main Single Higgs backgrounds

Most sensitive 
category (out of 4)

Maximum likelihood fit of 𝑚𝛾𝛾

performed simultaneously over all 
categories 



4.1 (5.5) x SM 𝝈𝑯𝑯
5x improvement wrt previous result (∼ 26 x SM), ~3x due to analysis techniques

driven by mHH categorization & MVA as well as b-jet corrections
Statistically dominated, few % impact from systematics 

World’s best constraints to date on Higgs boson’s self coupling!

Earlier ATLAS results

February 2022 V. M. M. Cairo 25

https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub


∼ 30% improvement from BDT strategy on top of luminosity 
increase wrt 36 fb-1 results

• Single BDT for all resonances (mass dependent cut), 2 BDTs to separate signal vs continuum
and single Higgs backgrounds, scores combined in BDTtot, signal extracted from 𝑚--

February 2022 V. M. M. Cairo 26

https://link.springer.com/article/10.1007/JHEP11(2018)040


Publication: ATLAS-CONF-2021-030
Physics Briefing: https://atlas.cern/updates/briefing/two-Higgs-better-one

𝝉𝒉𝒂𝒅 − 𝝉𝒉𝒂𝒅

𝝉𝒍𝒆𝒑 − 𝝉𝒉𝒂𝒅

February 2022 V. M. M. Cairo 27

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.cern/updates/briefing/two-Higgs-better-one


Object 
selection

Event 
categorization

Multi-variable 
signal 

extraction

Simultaneous 
likelihood fit to 
all categories

Relatively large BR and relatively clean final state
Single Tau Trigger & Di-Tau Trigger for 𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅

Single Lepton Trigger (SLT) and Lepton+Tau Trigger (LTT) in 𝝉𝒍𝒆𝒑 𝝉𝒉𝒂𝒅

B-jet energy corrections

MVA in 3 categories:
𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅

(opp. charged )

𝝉𝒍𝒆𝒑 𝝉𝒉𝒂𝒅 (e/𝜇 & opp. 
charged 𝜏)  LTT

SLT

Control region Z+HF (mll)

Hadronic & Leptonic
MVA output

BDT(𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅) & 
NN(𝝉𝒍𝒆𝒑 𝝉𝒉𝒂𝒅) for 
non-resonant 

Parametric (by mX) 
NNs for resonant

mHH, mbb, m𝛕𝛕, etc.

February 2022 V. M. M. Cairo 28



Non-resonant analysis thoroughly optimized for SM cross-section limit!

4x improvement wrt to previous results! (12.7 x SM), 
2x due to the τ and b-jet reconstruction and identification improvements and to 
analysis techniques (MVA & fake-τ estimation methods). 
• Statistically dominated, largest systematics from background modeling

February 2022 V. M. M. Cairo 29

ATLAS-CONF-2021-052

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/


• Broad excess @ 700 GeV < mX < 1.2 TeV. 
• Most significant excess for 𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅 (𝝉𝒍𝒆𝒑 𝝉𝒉𝒂𝒅) found @ 1 TeV (1.1 TeV), local significance 

of 2.8 𝜎 (1.6 𝜎).
• Combined: @1 TeV, local significance 3.1 𝜎, global significance of 2.145.785.9 𝜎. 

Better sensitivity 
below 1 TeV

𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅

February 2022 V. M. M. Cairo 30



Publication: ATLAS-CONF-2021-035
Physics Briefing: https://atlas.cern/updates/briefing/double-Higgs-to-bottoms

𝑩𝒐𝒐𝒔𝒕𝒆𝒅

𝑹𝒆𝒔𝒐𝒍𝒗𝒆𝒅

February 2022 V. M. M. Cairo 31

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/
https://atlas.cern/updates/briefing/double-Higgs-to-bottoms


Largest BR, but large multi-jet backgrounds and challenging combinatorics
Only ggF resonant production considered

model excluded for graviton masses between 298 
GeV and 1440 GeV. 

Excess @ 1.1 TeV, 
local (global) significance = 2.6σ (1.0 σ) for spin-0 and 2.7σ (1.2 σ) for spin-2. 
Statistically dominated results, systematic effects up to ∼16%, mostly from 

background modeling

https://arxiv.org/pdf/1404.0102.pdf
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https://arxiv.org/pdf/1404.0102.pdf


Single channels are now even better than the 
36 fb-1 HH combination

HH 𝜎#$ 6.9 Obs, 10 Exp 
Observed 𝑘! ∈ [−5,12.0]

Expected 𝑘! ∈ [−5.8,11.5]

ATLAS-CONF-2021-052

Non-resonant

February 2022 V. M. M. Cairo 33

𝒌𝝀
𝒎𝑯𝑯

https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/


ATLAS-CONF-2021-052

𝑏&𝑏𝛾𝛾 dominates the 
sensitivity at low mX

𝑏&𝑏𝑏&𝑏 dominates the 
sensitivity at high mX

𝑏&𝑏𝜏𝜏 dominates the sensitivity at medium mX

February 2022 V. M. M. Cairo 34

Resonant

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
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dashed line means home-made scaling

Run 3 coming up! 
Run 3: 𝜎"" @ 13.6 TeV ≈ +11% 𝜎"" @ 13 TeV , ∫𝐿 ≈ +300 fb-1 ? ≈ +10k HH events!

≈
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HDBS-2018-34

https://doi.org/10.1016/j.physletb.2019.135103
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
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ATLAS-CONF-2021-030

4x better than the Early Run 2 
combination!

Can really be a 
game changer for 

HH!!!

dashed line means home-made scaling

Run 3 coming up! 
Run 3: 𝜎"" @ 13.6 TeV ≈ +11% 𝜎"" @ 13 TeV , ∫𝐿 ≈ +300 fb-1 ? ≈ +10k HH events!

≈
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HDBS-2018-34

https://doi.org/10.1016/j.physletb.2019.135103
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/


65 simultaneous 
interaction (pile-up)!

February 2022 V. M. M. Cairo 37



50x250 μm2

50x400 μm2

80 μm2 pitch 

4 mm2

February 2022 V. M. M. Cairo 38

Innermost radius and pitch fundamental 
for impact parameter determination and 

thus b-tagging performance!



• Tracking and Vertexing are key ingredients for physics analyses
• Run 1 à Run 2: upgraded detector

• 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

February 2022 V. M. M. Cairo 39

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/
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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 (ITk)

ATL-PHYS-PUB-2019-015

• Run 2 à Run 3 : aging detector and more challenging pile-up conditions
• All physics objects must be reconstructed wrt the correct primary vertex
• New primary vertexing algorithm deployed to improve pile-up robustness

Improvement

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


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

February 2022 V. M. M. Cairo 41



12 cm

2.5 mm
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𝑡 ̅𝑡 vertex

Secondary vertices
February 2022 V. M. M. Cairo 43



ATL-PHYS-PUB-2021-024-

February 2022 V. M. M. Cairo 44

25x100 μm2

50x50 μm2

34 mm

Strips

Pixel

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


Strips

Pixel

ATL-PHYS-PUB-2021-024-

February 2022 V. M. M. Cairo 45

All 
silicon

Increased 
η coverage 
(from 2.4 

to 4.0)

Inclined layout

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


Strips

Pixel

ATL-PHYS-PUB-2021-024-
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Extractable & Replaceable Radiation hardness up to 10-15 MGy

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

20% improvement in light-jet rejection at the 77% b-tag WP

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
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ATL-PHYS-PUB-2020-005

σ σ

ATLAS (old) HL-LHC projections

• Existing combined projections based on Early Run 2 results!

ATLAS + CMS 
∼ 4 𝜎 (50% precision)

j.revip.2020.100045

https://cds.cern.ch/record/2713377/files/ATL-PHYS-PUB-2020-005.pdf?version=1
https://doi.org/10.1016/j.revip.2020.100045
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• Existing combined projections based on Early Run 2 results!
• Now great analysis improvements in all final states compared to Early Run 2
• Single-channel projections have been updated for various systematics scenarios

ATL-PHYS-PUB-2022-001/

ATL-PHYS-PUB-2021-044/

was 2.3

was 2.0

was 2.1

was 2.0

𝐻𝐻 → 𝑏Q𝑏𝛾𝛾

𝐻𝐻 → 𝑏Q𝑏𝜏𝜏

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-044/


Relative view point, by F. Cairo

February 2022 V. M. M. Cairo 50



• Probing 𝛌 is a high priority for the particle physics community both at the LHC and
beyond

• Rich set of di-Higgs searches ongoing whose final states involve multiple objects
• advanced reconstruction techniques
• new detector technologies

• Benchmark for the future HEP machines and driver for their detector design!

Run 3: 
bronze 
precision or 
better?

j.revip.2020.100045
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https://www.sciencedirect.com/science/article/pii/S2405428320300083?via%3Dihub


As an example: arXiv:1907.02078v2

February 2022 V. M. M. Cairo 52

https://arxiv.org/pdf/1907.02078.pdf


Run 3?

HL-LHC

ILC-500

FCC-hh

As an example: arXiv:1907.02078v2

February 2022 V. M. M. Cairo 53

https://arxiv.org/pdf/1907.02078.pdf


• Long road ahead to solve some of the yet-to-be answered questions 
in Particle Physics

• Interplay between detector performance & analysis techniques is of 
paramount importance!

February 2022 V. M. M. Cairo 54



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

Valentina Cairo


