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ATLAS-CONF-2020-027

2012

A Higgs boson-like 
particle was found!

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

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

2012

A Higgs boson-like 
particle was found!

H

How does the Higgs boson 
couple to itself?

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
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Piece #1

The Higgs self-coupling 
at the LHC and beyond



Twice-higgs-twice-challengeVideo

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


Twice-higgs-twice-challengeVideo

CERN Bulletin (April 2021)
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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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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 and 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

May 2022 V. M. M. Cairo 9
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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

May 2022 V. M. M. Cairo 11



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

maximize 𝑯 → 𝜸𝜸 sensitivity
Determines the ATLAS geometry

Combined technologies

May 2022 V. M. M. Cairo 12



source source source

Insertable B-Layer New Small Wheels
Inner Tracker

Now

May 2022 V. M. M. Cairo 13

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

May 2022 V. M. M. Cairo 16

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

May 2022 V. M. M. Cairo 17

𝑘!=

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
1401.7340

ggF

SM

1401.7340
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Run 2 ∫𝐿 ∼ 140 fb-1

∼ 4k HH events
Scales up to about  105 in HL-LHC

𝑘!=

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
1401.7340

ggF

𝝈𝑯𝑯 and kinematics depend on the couplings

New physics can manifest as deviation in 𝝈𝑯𝑯

SM

1401.7340

May 2022 V. M. M. Cairo 19

Run 2 ∫𝐿 ∼ 140 fb-1

∼ 4k HH events
Scales up to about  105 in HL-LHC

𝑘!=

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


Branching 
Ratio

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

𝑯𝑯 → 𝒃%𝒃𝒃%𝒃 (resonant)

Combination
(and complementarity) 
of various final states 

fundamental for 
observation!

Most final states rely on 
b-tagging

May 2022 V. M. M. Cairo 20

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/


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

May 2022 V. M. M. Cairo 21

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

MVA approach, 
4 categories

𝑚!!

Di-Higgs
Single Higgs (from MC)

𝛄𝛄 + jets
(from data)

𝑚!!

Small BR, but fully reconstructable final state, no combinatoric issues, clean signal extraction

2 photons

2 b-jets

May 2022 V. M. M. Cairo 22

BSM SM



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 

May 2022 V. M. M. Cairo 23



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

(𝐻𝐻 → 𝑏2𝑏𝑏2𝑏 still to come)

ATLAS-CONF-2021-052

Non-resonant

May 2022 V. M. M. Cairo 24

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

𝑯𝑯 → 𝒃4𝒃𝜸𝜸 drives the sensitivity at large 𝒌𝝀!

𝒌𝝀
𝒎𝑯𝑯

(*) HH 𝜎$% 6.9 Obs, 10 Exp; Observed 𝑘& ∈ −5,12.0 , Expected 𝑘& ∈ [−5.8,11.5]

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

May 2022 V. M. M. Cairo 27



• 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
• Run 2 à Run 3 : aging detector and more challenging pile-up conditions

• e.g. all physics objects must be reconstructed wrt the correct primary vertex
• New primary vertexing algorithm deployed to improve pile-up robustness

May 2022 V. M. M. Cairo 28

ATL-PHYS-PUB-2019-015

Improvement

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

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

2.5 mm

May 2022 V. M. M. Cairo 30



𝑡 ̅𝑡 vertex

Secondary vertices
May 2022 V. M. M. Cairo 31



Strips

Pixel

ATL-PHYS-PUB-2021-024-

May 2022 V. M. M. Cairo 32

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/


ATL-PHYS-PUB-2021-024-

May 2022 V. M. M. Cairo 33

25x100 μm2

50x50 μm2

34 mm

Strips

Pixel

Innermost radius and pitch fundamental 
for impact parameter determination and 

thus b-tagging performance!

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


Strips

Pixel

ATL-PHYS-PUB-2021-024-

May 2022 V. M. M. Cairo 34

Extractable & Replaceable Radiation hardness up to 10-15 MGy

Silicon surface larger than 
the Run 2/3 Pixel System

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

ITk vs Run 2:
20% improvement in light-jet 
rejection at the 77% b-tag WP

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

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

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

Algorithm 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
https://indico.fnal.gov/event/9504/attachments/74423/89291/D0_University_2011-02-03_Greder.pdf
https://arxiv.org/pdf/0707.1712.pdf
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• HL-LHC projections updated for 𝑯𝑯 → 𝒃4𝒃𝜸𝜸 & 𝑯𝑯 → 𝒃4𝒃𝝉𝝉

ATL-PHYS-PUB-2022-005

0.5 ≲ 𝒌𝝀 ≲ 1.6 at 𝟏𝝈, 
comparable to previous ATLAS+CMS combination!

2.3
2.0

2.1
2.0

3.3

https://cds.cern.ch/record/2802127/files/ATL-PHYS-PUB-2022-005.pdf?version=2
https://www.sciencedirect.com/science/article/pii/S2405428320300083?via%3Dihub


Relative view point, by F. Cairo

May 2022 V. M. M. Cairo 37
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Symmetry

https://www.symmetrymagazine.org/article/november-2012/a-bouquet-of-options-Higgs-factory-ideas-bloom
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• 𝑝𝑝:	high energy à ideal for HH (Higgs self-coupling)

• 𝑒#𝑒$: clean environment, initial states well defined à ideal for precision 
measurments and for probing light Yukawas



• Probing 𝛌: high priority for particle physics both at the LHC and beyond
• di-Higgs require advanced reconstruction techniques & detector technologies

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

Run 3: 
100% 
precision?

j.revip.2020.100045

May 2022 V. M. M. Cairo 40

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


As an example: arXiv:1907.02078v2

May 2022 V. M. M. Cairo 41

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


Run 3?

HL-LHC

ILC-500

FCC-hh

As an example: arXiv:1907.02078v2

May 2022 V. M. M. Cairo 42

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


ATLAS-CONF-2020-027
Now
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1310.0763

Future

ATLAS-CONF-2020-027

Is Yukawa coupling really universal 
between families?

u
d
s

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
https://arxiv.org/pdf/1310.0763.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
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• Higgs to top-quarks
• No big gain from HL-LHC to e+e-

machines (low 𝑠)

• Higgs to b-quarks 
• ~ 2% at HL-LHC
• ~ 0.5-1% in future e+e- machines

• x2−4 better than HL-LHC

• Higgs to c-quarks
• HL-LHC able to probe the SM?
• ~1% in future e+e- machines

• Higgs to light-quarks
• Only upper bounds

1905.03764v2 

1910.11775

precision upper bounds

https://arxiv.org/pdf/1905.03764.pdf
https://arxiv.org/pdf/1910.11775.pdf
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Piece #2

The Strange Yukawa 
coupling at 𝒆!𝒆"

colliders
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√s = 13 TeV, mh = 125 GeV
1610.02398

SM Higgs BSM Charged Higgs

https://arxiv.org/abs/1610.02398
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√s = 13 TeV, mh = 125 GeV
1610.02398

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

SM Higgs BSM Charged Higgs

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

https://arxiv.org/abs/1610.02398
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T. Tanabe’s presentation

4

Categories

Under perfect reconstruction, we only need to count:

# of secondary 
vertices 

(excluding V0)

# of strange 
hadrons

(K±, KL
0, KS

0, Λ0)

b 2 ≥1

c 1 ≥1

s 0 ≥1

ud 0 0

à These provide natural categories for multivariate classification.

In reality: missing tracks / fake tracks à migration

B

D

K

D K

K

b jet

c jet

s jet

ud jet

Primary
Vertex

…and SLD actually measured strange hadrons from 𝑍 → 𝑠𝑠̅! 
See SLD As PRL 85 (2000), 5059

b-jet

c-jet

s-jet

ud-jet

https://indico.slac.stanford.edu/event/6674/
https://inspirehep.net/literature/528730
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Key ingredients for b/c-tagging:
• Track Impact Parameters

• Secondary Vertices
• Multi-Vertex Decay chain 

Need tracking & vertexing detectors with:
• excellent spatial resolution

• layers close to IP
• light weight 

How about strange-tagging then?
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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!

2203.07535

@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

https://arxiv.org/abs/2203.07535
https://linearcollider.org/files/images/pdf/Executive%20Summary.pdf
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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!

2203.07535

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

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

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!

2203.07535

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

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

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!

2203.07535

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
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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!

2203.07535

The tighter the cut on the s-tag score, 
the more energetic the leading strange hadron!

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

𝜎,@ 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!

2203.07535

https://arxiv.org/abs/2203.07535


V. M. M. Cairo 57May 2022

Reference: ILC Events in ILD

https://www-jlc.kek.jp/~miyamoto/evdisp/html/index.html


Object 
definition

Event selection

Signal 
discriminant

s-Yukawa 
constraints

𝒌𝒔 < 6.74 x SM 
Cut-based approach, 

reject
𝒁𝑯 ! 𝒔𝒔 , 𝑽, 𝑽𝑽

May 2022 V. M. M. Cairo 58

Combination

2203.07535

2 jets

0 or 2 SFOS leptons

𝒋𝒆𝒕𝟎 + 𝒋𝒆𝒕𝟏

Sum of 

strange 
tagging 
scores

𝑍 → 𝜈𝜈 channel

𝑍 ℎ𝑎𝑑

𝐻 → 𝑔𝑔
𝐻 → 𝑠𝑠

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 RICH
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• Hadrons are identified by their mass, in turn determined by combining momentum and 
velocity

• Assuming that momentum is inferred from radius of curvature in magnetic field, the 
remaining issue is to measure the velocity

• Can be determined via:

• Time-of-flight (TOF)

• Ionization losses (dE/dx or dN/dx)

• Transition radiation

• Cherenkov radiation

R. Forty’s slides

N.B. Detection of photons is needed by many of the detectors performing particle ID.
Requirements: single photon sensitivity, high efficiency, good spatial granularity 

https://indico.cern.ch/event/630418/contributions/2813741/attachments/1575241/2487285/PID-Forty-1.pdf
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3.5 T

1912.04601

Intrinsic PID 
capabilities 
through 
dE/dx  + 
TOF from 
silicon 
wrappers

https://arxiv.org/pdf/1912.04601.pdf
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Ring Imaging Cherenkov Detectors (RICH) is a favourable approach at high momentum

TOF or dE/dX have great PID capabilities, but cover only the low momentum regime (unless 
very large tracker volumes are used)

20 
GeV

3 𝜎

10 
GeV

𝜎[𝜃𝑐(𝑡𝑜𝑡)] total 
resolution for the ring 

2203.07535

1912.04601

NIM,A 952 (2020) 162004

TOF, dE/dX RICH

https://arxiv.org/abs/2203.07535
https://arxiv.org/pdf/1912.04601.pdf
https://doi.org/10.1016/j.nima.2019.03.059
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𝟑𝝈 𝒔𝒆𝒑𝒂𝒓𝒂𝒕𝒊𝒐𝒏 𝒇𝒐𝒓 𝝅/𝑲

dE/dx in silicon

TOF via Fast 
Timing in silicon 

envelopes or 
calorimetry

dE/dx in Time 
Projection or 

Drift Chambers
dN/dx RICH

⪝ 5 GeV ⪝ 5 GeV
⪝ 30 GeV

(scales with 
volume)

O(tens of GeV) O(tens of GeV)

𝑴𝒐𝒎𝒆𝒏𝒕𝒖𝒎
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𝟑𝝈 𝒔𝒆𝒑𝒂𝒓𝒂𝒕𝒊𝒐𝒏 𝒇𝒐𝒓 𝝅/𝑲

dE/dx in silicon

TOF via Fast 
Timing in silicon 

envelopes or 
calorimetry

dE/dx in Time 
Projection or 

Drift Chambers
dN/dx RICH

⪝ 5 GeV ⪝ 5 GeV
⪝ 30 GeV

(scales with 
volume)

O(tens of GeV) O(tens of GeV)

𝑴𝒐𝒎𝒆𝒏𝒕𝒖𝒎

Will it be possible to accommodate a compact RICH system while 
preserving performance in tracking and calorimetry?



SiPMTs or new detector ideas!
See C. Damerell’s article Extremely thin but excellent 

optical quality mirrors

**  Needed radiator thickness will evolve downwards, 
as Quantum Efficiency of photodetectors advances 

• Can a RICH work in limited (how limited?) radial space?
• Needs to be large enough to detect photons

Past Future

** 

• Past à Future: Much smaller radial length, SiPMTs rather than TPCs with TMAE 
for photon detection improve PID by a factor of 2

• Many parameters to investigate!

~1m

2203.07535
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https://cerncourier.com/wp-content/uploads/2021/07/CERNCourier2021JulAug-digitaledition.pdf
https://arxiv.org/abs/2203.07535
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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

2203.07535

Can reach 
𝟑𝝈 𝝅/𝑲

separation 
up to 30 GeV 
with state-of-

the-art 
technology!

https://arxiv.org/abs/2203.07535
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R. Forty’s slides

Can reach 𝟑𝝈 𝝅/𝑲 separation 
up to tens of GeV!

ARC: 
an Aerogel RICH Cellular detector 

20 cm

C. Gargiulo’s design

27 cm

https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf
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• 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… 
• The ordinary matter is 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
• The most stringent constraints on the strange Yukawa have been derived via a direct 

SM 𝒉 → 𝒔𝒔 search: phase space for new physics reduced to 𝒌𝒔 ~𝟔𝒙 𝑺𝑴

2203.07535

https://arxiv.org/abs/2203.07535


• Higgs self-coupling: key HL-LHC goal
• Need to tag b-jets effectively 

• New full-silicon Inner Tracker 
for ATLAS in HL-LHC

• Strange Yukawa coupling:
a challenge for Future Colliders

• Need to tag s-jets effectively 
• Relies on Particle ID at high momentum

• Compact RICH Detectors?

Illustrations by F. CairoMay 2022 V. M. M. Cairo 69



• Exciting science ahead to solve some of the yet-to-be answered 
questions in Particle Physics

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

May 2022 V. M. M. Cairo 70



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

• Foreseen to run at several 𝑠
• Dedicated 250 GeV run for Higgs couplings studies 

https://linearcollider.org/files/images/pdf/Executive%20Summary.pdf


1912.04601

International Large Detector 

• 3 double-layer pixel detectors for vertexing

• Time projection chamber (TPC) for tracking with 
inner/outer Si layers

• Low material assists in low-p tracking

• High granularity sampling calorimeters for particle 
flow reconstruction

• Challenge is reconstructing neutral hadrons

• Precise EM/hadronic design still under study

• Tracking/calorimetry contained in 3.5 T field

V. M. M. Cairo 75May 2022

https://arxiv.org/pdf/1912.04601.pdf


76VMM CAIRO, M BASSO

https://arxiv.org/pdf/1310.0763.pdf
~200fb

If we consider 
2000 fb-1 data 
after 10 years, 
we have 400k 
Higgs out of 
which only 40 
will decay to 
ssbar

May 2022 V. M. M. Cairo 76

https://arxiv.org/pdf/1310.0763.pdf
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https://indico.cern.ch/event/838435/contribut
ions/3635820/attachments/1971441/3279557
/Complementarity.pdf

May 2022 V. M. M. Cairo 78

https://indico.cern.ch/event/838435/contributions/3635820/attachments/1971441/3279557/Complementarity.pdf
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GRU: Gated Recurrent Units
MLP: MultiLayer Perceptron 
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Jets

Tracks

PID
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Object 
definition

Event selection

Signal 
discriminant

s-Yukawa 
constraints

𝒌𝒔 < 6.74 x SM 
Cut-based approach, 

reject
𝒁𝑯 ! 𝒔𝒔 , 𝑽, 𝑽𝑽

May 2022 V. M. M. Cairo 87

𝑍 → 𝜈𝜈
channel

2203.07535

2 jets

0 or 2 SFOS leptons

Sum of the 
s-jet scores

𝑍 → 𝜈𝜈
channel

https://arxiv.org/abs/2203.07535
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See also M. Basso’s talk at Higgs2021 

Define 
Signal/Bkg

•Signal: Z(inv)H(ss)+: 
Z(ll)H(ss)

•Bkg: 
Z(inv/ll)H(bb,cc,gg), 
Z(qq & semil), 
ZZ(qqqq &semil), 
ZZ/WW(had), 
WW(had)

Select Events

Most powerful 
cut on Mjj (see 

extra-slides 
for more 
details)

Build Signal 
discriminant

Sum of leading 
and sub-
leading 

strange-jet 
score

s-Yukawa 
coupling

Probe various 
BSM regimes

The signal efficiency for our selecGons is 6%
while our background efficiency is 0.001%. The 
4f single Z and ZZ backgrounds are the 
dominant backgrounds, with ∼3,000 events 
compared to the ∼4 events expected for h → 
ss .̄ As with the Z → νν ̄ channel, the h → gg 
process is thedominant Higgs background with 
∼700 events. 

Z->llZ->inv
The signal efficiency for our selecGons is 14% 
while our background efficiency is 0.005%. Even with 
the high background rejecGon, Z → qq ̄ is sGll highly 
dominant with ∼16,000 events compared to the ∼9 
events expected for h → ss .̄ Therefore, 
improvements to the sensiGvity of the analysisare 
expected to be accompanied by improved rejecGon 
of Z → qq .̄ The h → gg process is the dominant Higgs 
background with ∼400 events. 

https://indico.cern.ch/event/1030068/timetable/?view=standard_numbered
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~15% weaker 
compared to 
PID (only 900 
fb-1 analysed)

With PID Without PID
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Alternative score to reduce gluons

In Z->inv, the total 
background is 1706, which 
has a stat error of 40
The gluons are 34 events
So even 100% uncertainty is 
less than the stats

21 gluon events and 301 total bkg with a stat unc. of 17
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2202.03285
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Random chance

https://arxiv.org/pdf/2202.03285.pdf
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• dE/dx not useful in Si-driven trackers (à la SiD):  it needs ~1 m track length in gas and is 
disfavoured for solids including silicon due to the density effect, which suppresses the K/p 
difference in the needed momentum range

Silicon Inner Tracker Gaseous TPC
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• TOF also covers only the very low momentum range
• Larger momentum range covered by RICH… 

• See also previous presentation by Jerry

https://agenda.linearcollider.org/event/9458/
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Optimal for a 
SiD-like 
experiment

A. Papanestis, NIM,A 952 (2020) 162004

20 GeV

3 𝜎
2 𝜎

10 GeV

Historical 
Note: 
CRID@SLD 
used a design 
with two 
radiators: a 
liquid layer of 
C6F14  working in 
proximity 
focusing and a 
gas volume 
filled with C4F10 

• Ring Imaging Cherenkov Detectors (RICH) is the only realisrc approach
• Electron Ion Collider people making impressive progress with an aerogel radiator, but for 

our momentum range, a gaseous radiator is the most promising opron
• Requires excellent Cerenkov angle resoluron

𝜎[𝜃𝑐(𝑡𝑜𝑡)] total 
resolution for the ring 

https://doi.org/10.1016/j.nima.2019.03.059
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• Low mass vessel (total detector weight is small compared to CRID @ SLC  - no liquid 
radiator, no heavy mirrors, etc)
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• Reach of PID performance depends on the Cherenkov angle resolu[on
• Effects of chromaacity, bending of tracks, pixel size, tracking precision, 

noise, etc.).
• See Jerry’s updates here and here

https://indico.slac.stanford.edu/event/7010/contributions/3120/attachments/1379/3665/4-Expected_performance.pdf
https://indico.slac.stanford.edu/event/6999/contributions/3065/attachments/1352/3614/3-Expected_performance.pdf
https://indico.slac.stanford.edu/event/7010/contributions/3120/attachments/1379/3665/4-Expected_performance.pdf


V. M. M. Cairo 107May 2022

LHCb, JINST 3 S08005, 2008 

P. Krizan et al.,NIMA
990(2020)163804, 
and R. Klanner, 
arXiv:1809.04346v2, 2018 

In addition, a SiPMT array has losses due to gaps 
between pixel elements.

Jerry used 65% in his calculations, could jump to 
100% with back-illumination.
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C4F10 seems a possible solulon with 
SiPMT readout even for 

20-25 cm radial distance!

Much better Cherenkov Photon 
Detection efficiency over a wider 
wavelength compared to TMAE

Why didn’t we do this before? 
No SiPMT!

https://books.google.fr/books?id=V9o6DAAAQBAJ&pg=PA60&lpg=PA60&dq=TMAE+RICH&source=bl&ots=gFHVLGOUIp&sig=ACfU3U0n6oeMOqP-DK-bDqbA2ZzRQjXXyw&hl=it&sa=X&ved=2ahUKEwj80MTxmunzAhUKKBoKHf33AQgQ6AF6BAgLEAM
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• Reach of PID performance depends on the Cherenkov angle resolu[on
• Effects of chromaacity, bending of tracks, pixel size, tracking precision, 

noise, etc.).
• See Jerry’s updates here and here

https://indico.slac.stanford.edu/event/7010/contributions/3120/attachments/1379/3665/4-Expected_performance.pdf
https://indico.slac.stanford.edu/event/6999/contributions/3065/attachments/1352/3614/3-Expected_performance.pdf
https://indico.slac.stanford.edu/event/7010/contributions/3120/attachments/1379/3665/4-Expected_performance.pdf
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• Track bending effects: here
• Photon can be produced anywhere along the track segment along path L, which smears 

the Cherenkov angle
• Bending effects have been evaluated for various 𝜃'() = 90°, 86°, 70°

r=100 cm

r=125 cm

Jerry’s sketches

https://indico.slac.stanford.edu/event/7010/contributions/3120/attachments/1379/3665/4-Expected_performance.pdf
https://indico.slac.stanford.edu/event/7010/contributions/3120/attachments/1379/3665/4-Expected_performance.pdf


V. M. M. Cairo 114May 2022



V. M. M. Cairo 115May 2022



V. M. M. Cairo 116May 2022



V. M. M. Cairo 117May 2022

the smearing effect is a 
significant contribution to 
PID at 30 GeV 
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K Stefanov, Pixel tracker for SiD, 
LCWS2021

(first proposed at LCWS Sendai, 
2008)

• Tracking layers are ~0.6% X0 per layer

• 50 µm pixels, 5-bit amplitude digitisation, giving 5 µm precision in rf 
and z
• This needs to be simulated – delicate balance between 

thickness of epi layer and depletion depth

• <100 W dissipation, so air cooled

• Timing layers (150 µm pixels, O(ns)) are close to ECAL, so material 
less critical

• 500 W dissipation, so air cooling may be OK (based on recent CLIC 
studies)

• Layout of Barrels 1-5 directly follow the old SiD microstrip tracker. It 
may be possible to reduce somewhat the radius of the pixel tracker, 
while preserving adequate performance for physics (to be 
simulated).

https://indico.cern.ch/event/995633/contributions/4259381/attachments/2209193/3738524/Konstantin%20Stefanov%20LCWS2021%20%2816%20Mar%202021%29.pdf
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SiD Vertexing+Tracking Detector

Strange Detector: same vertexing as SiD + squarePixelTracker

Same position as in SiD, only changes are: rad length & resolutions

Is this z resolution reasonable?



V. M. M. Cairo 121May 2022

B = 5 T 

https://arxiv.org/pdf/1306.6329.pdf GeV

Theta=90 à eta=0, so focus on blue line for 
comparison
Results from our tool are compatible with 
ILC TDR 
(please note that ILC TDR shows 
sigma(pT)/pt2, while we show sigma(pT)/pt)

https://arxiv.org/pdf/1306.6329.pdf
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B = 5 T 

https://arxiv.org/pdf/1306.6329.pdf

Theta=90 à eta=0

Results from our tool are 
compatible with ILC TDR

GeV

https://arxiv.org/pdf/1306.6329.pdf
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B = 5 T 

https://arxiv.org/pdf/1306.6329.pdf

Theta=90 à eta=0

Results from our tool are compatible 
with ILC TDR at low pT, not very precise 
at higher momentum

GeV

https://arxiv.org/pdf/1306.6329.pdf


TMAE

12
4VMM CAIRO

hOps://books.googl
e.fr/books?id=V9o6
DAAAQBAJ&pg=PA
60&lpg=PA60&dq=
TMAE+RICH&sourc
e=bl&ots=gFHVLGO
UIp&sig=ACfU3U0n
6oeMOqP-DK-
bDqbA2ZzRQjXXyw
&hl=it&sa=X&ved=
2ahUKEwj80MTxm
unzAhUKKBoKHf33
AQgQ6AF6BAgLEA
M#v=onepage&q=
TMAE%20RICH&f=f
alse
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https://books.google.fr/books?id=V9o6DAAAQBAJ&pg=PA60&lpg=PA60&dq=TMAE+RICH&source=bl&ots=gFHVLGOUIp&sig=ACfU3U0n6oeMOqP-DK-bDqbA2ZzRQjXXyw&hl=it&sa=X&ved=2ahUKEwj80MTxmunzAhUKKBoKHf33AQgQ6AF6BAgLEAM


SLD

12
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https://indico.slac.stanford.edu/event/6617/contributions/1443/attachments/683/1978/s-tag-SLD.pdf

0.5 T
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https://indico.slac.stanford.edu/event/6617/contributions/1443/attachments/683/1978/s-tag-SLD.pdf
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ILD & SiD https://linearcollider.org/files/images/pdf/Executive%20Summary.pdf

SiD ILD
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https://linearcollider.org/files/images/pdf/Executive%20Summary.pdf
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3.5 T

https://link.springer.com/article/10.1140/epjst/e2019-900045-4
ILD @ ILCIDEA @ FCC-ee

2 T

e2019-900045-4 1912.04601

90% He
10% Isobutane 

https://link.springer.com/article/10.1140/epjst/e2019-900045-4
https://link.springer.com/article/10.1140/epjst/e2019-900045-4
https://arxiv.org/pdf/1912.04601.pdf
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e2019-900045-4 1912.04601

dashed solid

ILD @ ILCIDEA @ FCC-ee

Comparable dE/dx performance at e.g. 20 GeV, boost from dN/dx

Analitical calculations

https://link.springer.com/article/10.1140/epjst/e2019-900045-4
https://arxiv.org/pdf/1912.04601.pdf
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https://arxiv.org/pdf/2202.03285.pdf

https://arxiv.org/pdf/2202.03285.pdf
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3 layer config: 1st layer at 1.5 cm
4 layer config: 1st layer at 1.0 cm

hups://arxiv.org/pdf/2202.03285.pdf

https://arxiv.org/pdf/2202.03285.pdf
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• Use a Graph Neural Net ParticleNetIdea: jets represented as an un-ordered set of particles
• Train on (𝑍 → 𝑖𝑛𝑣)(𝐻 → 𝑞𝑞/𝑔𝑔) samples, per-jet and per-particle level inputs & variables

(kinematics, displacement, identification)
• TOF and dN/dx (𝟑𝝈 < 30 GeV) considered
• Fast Simulation and Fast Tracking 

2202.03285

No PID to PID with dN/dx à at fixed mistag, efficiency doubles

Could probably be removed and show only the ILD 
work

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

https://arxiv.org/pdf/2202.03285.pdf
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• Cluster counting (dN/dx): counting the multiplicity of the primary ionization clusters 
produced along the track in gaseous detectors

F. Grancagnolo’s slides

2105.07064

Potentially, x2 better than dE/dx 
• σ(dE/dx)/(dE/dx) =4.3% 
• 80% cl.counting efficiency σ(dNcl/dx)/(dNcl/dx) =2.3% 

Move to back-up? And only add a note in the 
previous slide aboyt the existing of this method 

https://indico.cern.ch/event/1066234/contributions/4710395/attachments/2386630/4078968/CluCouFCCWeek2022.pdf
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• Cluster counting (dN/dx): counting the multiplicity of the primary ionization clusters 
produced along the track in gaseous detectors

F. Grancagnolo’s slides

2105.07064

Potentially, x2 better than dE/dx 
• σ(dE/dx)/(dE/dx) =4.3% 
• 80% cl.counting efficiency σ(dNcl/dx)/(dNcl/dx) =2.3% 

• Based on analytical calculations, 
longstanding efforts to demonstrate 
benefits and feasibility!

• Garfield++ can describe properties 
and performance of a drift chamber 
single cell, but not suitable to 
simulate large-scale detectors and 
study collider events, which instead 
relies on Geant4

• Various algorithms studied, none of 
them reproduces the predictions 
perfectly à Set up test beams

• Use the results to tune cluster 
counting in Delphes and Full Sim

Move to back-up? And only add a note in the 
previous slide aboyt the existing of this method 

https://indico.cern.ch/event/1066234/contributions/4710395/attachments/2386630/4078968/CluCouFCCWeek2022.pdf
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Ring Imaging Cherenkov Detectors (RICH) is a favourable approach at high momentum

TOF or dE/dX have great PID capabilities, but cover only the low momentum regime (unless 
very large tracker volumes are used)

A. Papanestis, NIM,A 952 (2020) 162004

20 
GeV

3 𝜎
2 𝜎

10 
GeV

𝜎[𝜃𝑐(𝑡𝑜𝑡)] total 
resolution for the ring 

2203.07535

https://doi.org/10.1016/j.nima.2019.03.059
https://arxiv.org/abs/2203.07535
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2203.07535

https://agenda.linearcollider.org/event/8067/contributions/43101

https://arxiv.org/abs/2203.07535


Sketching the ideal detector…
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https://doi.org/10.1016/j.nima.2019.03.059


Sketching the ideal detector…
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https://doi.org/10.1016/j.nima.2019.03.059
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Mpion = 140 MeV
Mkaon = 500 MeV
Mproton = 1 GeV
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https://www.slac.stanford.edu/~jjv/activity/Vavra_lecture_III.pdf

https://www.slac.stanford.edu/~jjv/activity/Vavra_lecture_III.pdf
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• Smearing effects increase with magnetic field and dip angles while decrease with 
momenta. 
• The contribution of various effects has been estimated, see much more in the 

back-up slides

These results justify a full Geant 4 simulation!

B = 5 T B = 0.5 T
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https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf

https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf
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h`ps://indico.cern.ch/event/995850/contribuaons/4406336/a`achments/2274813/3864163/ARC-presentaaon.pdf

https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf
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h`ps://indico.cern.ch/event/995850/contribuaons/4406336/a`achments/2274813/3864163/ARC-presentaaon.pdf

https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf
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https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf

https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf
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https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf

https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf
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https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf

https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf
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https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf

https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf
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ARC Compact RICH

C4F10 at 3.5 bar C4F10 at 1 bar

~10% X0 ~4-5% X0

SIMPTs at -30
(C4F10 condenses at +2degC. Aerogel on top of 

SiPMT will act as an insulation/radiator.)
SIMPTS at room temperature

Gaps between active SiPMT sensor segments continuous coverage with only small gaps between 
SiPMT sensors (similar to CRID)

chromatic error ~0.5 mrad (possibly having 
Aerogel helps as it is acting as a UV filter, thus 

removing part of the wavelength acceptance and 
therefore reducing chromatic error.)

chromatic error ~0.9 mrad

tracking resolution ~0.3 mrad tracking resolution ~0.8 mrad based on SLD 
experience

1 mrad for angular resolution thanks to 0.5mm^2 
pixels

error from final size pixels ~0.8-2.3 mrad if we use 
1mm^2 or 3mm^2 pixel sizes

No smearing due to magnetic field (2 T) ~1.5-2.5 mrad smearing due to magnetic field (5 T)

25 photoelectrons for 20 cm (higher QE using 
NUV-HD SiPMTs)

16 photoelectrons per ring at beta = 1 and 25 cm 
radiator length

SIMPTs with 10 ps timing resolution SIMPTs with ~100 ps timing resolution
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https://arxiv.org/abs/2203.07535

https://arxiv.org/abs/2203.07535
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• 𝑍 → 𝑠𝑠̅ decay width measurement 
• Train a Convolutional Neural Network on Zuds events with jet images from different 

categories with the IDEA detector

F. Blekman, F. Canelli, 
K. Gautam, E. Plörer, 

A.R. Sahasransu, 
L. Vanhecke’s 

slides 
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Truth-level Z peak Z peak after tagging @ 10% mistag rate 

Even on a small sample, clear 𝑍 → 𝑠𝑠̅ peak after applying s-tagging

• 𝑍 → 𝑠𝑠̅ decay width measurement 
• Train a Convolulonal Neural Network on Zuds events with jet images from different 

categories with the IDEA detector

F. Blekman, F. Canelli, 
K. Gautam, E. Plörer, 

A.R. Sahasransu, 
L. Vanhecke’s 

slides 
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• Di-fermion production @ ILD to study 
𝑍'/𝛾 couplings at 250 GeV, eL pR, 120 fb-1 

• Couplings extracted from helicity amplitudes 
included in the differential cross-section 

• 𝑠𝑠̅ back-to-back, 120 < 𝐸(, 𝐸 ̅( < 127 GeV, lead. particle in s-jet [20,60] GeV

PID is the key

• Very challenging analysis: with 𝐾*/𝐾+, to obtain > 95 purity, the efficiency reduces to 1%!

backward forward

Y. Okugawa’s slides 

https://agenda.linearcollider.org/event/9514/contributions/50144/attachments/37872/59420/ILD_02_16_22%281%29.pdf
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U. Einhaus’s Thesis in prep. & slides on 𝑊 → 𝑐𝑠,
P. Malek’s Thesis in prep. & slides on 𝑍 → 𝑞(𝑞

https://agenda.linearcollider.org/event/8437/
https://sas.desy.de/index.php/s/K8T8g6zWS3ycbxo
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U. Einhaus’s Thesis in prep. & slides

Measure Vcs without assumption of unitarity

DELPHI Analysis with 120 W bosons, with 108 W bosons @ILC, statistical precision of 0.0003 possible

https://agenda.linearcollider.org/event/8437/
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U. Einhaus’s Thesis in prep. & slides

• Build a BDT with 20 PID-related observables based on number & momentum of jet 
parrcles and if they are leading 

https://agenda.linearcollider.org/event/8437/
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U. Einhaus’s Thesis in prep. & slides

Add f-tag info from PFlow

4.5% dE/dx resolution 2.6% dE/dx resolution

https://agenda.linearcollider.org/event/8437/
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U. Einhaus’s Thesis in prep. & slides

Improvement after adding PID

https://agenda.linearcollider.org/event/8437/
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P. Malek’s Thesis in prep. & slides

https://sas.desy.de/index.php/s/K8T8g6zWS3ycbxo
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P. Malek’s Thesis in prep. & slides

https://sas.desy.de/index.php/s/K8T8g6zWS3ycbxo
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“Double-hit separation and dE/dx resolution 
of a time projection chamber with GEM 

readout" by the LCTPC collaboration.
Slides

https://agenda.linearcollider.org/event/8362/contributions/45068/
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“Double-hit separation and dE/dx resolution 
of a time projection chamber with GEM 

readout" by the LCTPC collaboration.
Slides

https://agenda.linearcollider.org/event/8362/contributions/45068/
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https://arxiv.org/pdf/hep-ph/0508097.pdf
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If we have 200 fb-1 at about ~100 fb cross 
section, we would have ~20 t->Ws events

https://arxiv.org/pdf/hep-ph/0508097.pdf
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Sect. 4.3.1 “The limited space of the 
interaction region for hermetic-coverage 
collider experiments (mandatory at the EIC 
and FCC-ee) requires designing performant 
RICH detectors with a total length shorter 
than a metre”

ECFA Detector 
R&D roadmap:

https://cds.cern.ch/record/2784893/files/ECFA%20Detector%20R%26D%20Roadmap.pdf?version=1
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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 kinemalcs 
depend on the couplings 

and presence of new 
resonances

New physics can manifest 
as devialon in 𝝈𝑯𝑯

Spin 0 Spin 2

SM

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


Object 
seleclon

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

• < 350 GeV for BSM, > 350 GeV for SM

May 2022 V. M. M. Cairo 170



• BDT to discriminate signal (𝒌𝝀 = 𝟏, 𝟏𝟎) from backgrounds
• 𝑚11 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 
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Main Single Higgs backgrounds

Most sensidve 
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

May 2022 V. M. M. Cairo 173

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 𝑚22
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https://link.springer.com/article/10.1007/JHEP11(2018)040


Publicamon: ATLAS-CONF-2021-030
Physics Briefing: hops://atlas.cern/updates/briefing/two-Higgs-beoer-one

𝝉𝒉𝒂𝒅 − 𝝉𝒉𝒂𝒅

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


Object 
seleclon

Event 
categorizalon

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 correcdons

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.
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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
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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 2.1+'.:*'.; 𝜎. 

Better sensitivity 
below 1 TeV

𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅
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Publicamon: ATLAS-CONF-2021-035
Physics Briefing: hops://atlas.cern/updates/briefing/double-Higgs-to-boooms

𝑩𝒐𝒐𝒔𝒕𝒆𝒅

𝑹𝒆𝒔𝒐𝒍𝒗𝒆𝒅
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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 beuer 
than the 36 z-1 HH combinaron!

ATL-PHYS-PUB-2021-031/

Non-resonant Resonant

𝑏4𝑏𝛾𝛾 dominates the 
sensiGvity at low mX

𝑏4𝑏𝑏4𝑏 dominates the 
sensitivity at high mX

𝑏4𝑏𝜏𝜏 dominates the sensitivity at medium mX
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-031/


ATLAS-CONF-2021-052

𝑏4𝑏𝛾𝛾 dominates the 
sensitivity at low mX

𝑏4𝑏𝑏4𝑏 dominates the 
sensitivity at high mX

𝑏4𝑏𝜏𝜏 dominates the sensitivity at medium mX
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Resonant

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
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50x250 μm2

50x400 μm2

80 μm2 pitch 

4 mm2

May 2022 V. M. M. Cairo 189

Innermost radius and pitch fundamental 
for impact parameter determinaron and 

thus b-tagging performance!



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
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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


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

• 2x beler IP resoluaon, 4-5x beler light-jet rejecaon in b-tagging

IDTR-2015-007/

ATL-PHYS-PUB-2015-022/

10% improvement in 
efficiency
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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% beser vertex selecGon efficiency, ∼20% beser longitudinal resoluGon, 

∼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/
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From J. Mnich’s presentation

500 m-1 can have an impact on HH!

https://indico.cern.ch/event/1066234/contributions/4594207/attachments/2385499/4077004/JM%20Liverpool.pdf
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• Various systematics scenarios studied
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ATL-PHYS-PUB-2022-005

https://cds.cern.ch/record/2802127/files/ATL-PHYS-PUB-2022-005.pdf?version=2
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• HL-LHC projections updated for various systematics scenarios

ATL-PHYS-PUB-2022-005

Critical role of systematic 
uncertainties, 

e.g. continuum bkg 
modelling in 
𝐻𝐻 → 𝑏𝑏𝛾𝛾

Baseline: 0.5 x th. unc. and 
expected sys in HL-LHC

https://cds.cern.ch/record/2802127/files/ATL-PHYS-PUB-2022-005.pdf?version=2
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• HL-LHC projections updated for various systematics scenarios

ATL-PHYS-PUB-2022-005

was 2.3

was 2.0

was 2.1

was 2.0

Crircal role of systemalc 
uncertainles, 

e.g. conrnuum bkg 
modelling in 
𝐻𝐻 → 𝑏𝑏𝛾𝛾

Baseline: 0.5 x th. unc. and 
expected sys in HL-LHC

https://cds.cern.ch/record/2802127/files/ATL-PHYS-PUB-2022-005.pdf?version=2
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• Significance evaluated also for non-SM scenarios

ATL-PHYS-PUB-2022-005

Baseline scenario:
evidence (3 𝜎) 
if 𝜅𝜆 < 1.1 𝑜𝑟 𝜅𝜆 > 4.8

https://cds.cern.ch/record/2802127/files/ATL-PHYS-PUB-2022-005.pdf?version=2
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ATL-PHYS-PUB-2022-005

Baseline scenario:
evidence (3 𝜎) 
if 𝜅𝜆 < 1.1 𝑜𝑟 𝜅𝜆 > 4.8,
observation (5 𝜎) 
if 𝜅𝜆 < −0.1 𝑜𝑟 𝜅𝜆 > 5.9

• Significance evaluated also for non-SM scenarios

https://cds.cern.ch/record/2802127/files/ATL-PHYS-PUB-2022-005.pdf?version=2
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ATL-PHYS-PUB-2020-005

σ σ

ATLAS (old) HL-LHC projections

• Exisrng combined projecrons 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 → 𝑏2𝑏𝛾𝛾

𝐻𝐻 → 𝑏2𝑏𝜏𝜏

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/


• Statistical limited analysis at the LHC, but systematics start to play a role in HL-LHC!

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


ATL-PHYS-PUB-2022-001/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-001/
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• Degeneracy lifted 

ATL-PHYS-PUB-2022-001/

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-001/
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• Various systematics scenarios studied

ATL-PHYS-PUB-2021-044/

ATL-PHYS-PUB-2022-001/bbyy

bbtautau

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

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-001/
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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
• Projections are being updated

ATL-PHYS-PUB-2021-044/ATL-PHYS-PUB-2022-001/

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

ATL-PHYS-PUB-2021-044/ATL-PHYS-PUB-2022-001/

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

bbyy

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

bbtautau

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-044/
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Reduce systematics, increase signal efficiency for instance via improved object reconstruction!
• An example: the 𝐻𝐻 → 𝛾𝛾𝑏2𝑏 case

• Systemalcs dominated by spurious signal!
• Combinaron of intrinsic bias due to bkg

mismodeling & starsrcal fluctuarons in 
bkg templates (limited MC size)

• Strong molvalon for improvements in 
background modelling (Gaussian Process 
Regression, dedicated yy+hf in 4FNS
samples, etc)

• Run2–like systemarcs would wash out 
b-tagging improvements!

• But… a hypothercal 10% improvement 
in btag. eff. with HL-LHC systemarcs 
would buy us ∼0.3 σ, i.e. ∼ 500 z-1!!!

https://cds.cern.ch/record/2780474/files/ATL-COM-PHYS-2021-739
https://its.cern.ch/jira/browse/ATLMCPROD-8929
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https://www.sciencedirect.com/science/article
/pii/S2405428320300083?via%3Dihub

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

https://www.sciencedirect.com/science/article/pii/S2405428320300083?via%3Dihub
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• Jets are reconstructed using the anti-kt jet clustering algorithm 
(https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/063) with a radius 
parameter of 0.4

• applied to noise-suppressed positive-energy topological energy clusters and 
charged-particle tracks, processed using a particle-flow algorithm. 

• Jet energies are corrected for contributions from pileup, calibrated using energy- and 
η-dependent correction factors determined from comparisons of particle-level objects 
to reconstructed physics objects in simulated events, and then corrections are applied 
to account for effects due to the initiating parton type and hadron composition.

• In data, a residual in situ correction is applied to correct for differences with respect to 
simulation.

• Jets are required to have pT > 20 GeV and |η| < 2.5. To reject jets from pileup, jets with 
pT < 60 GeV and |η| < 2.4 are required to pass a ‘Jet Vertex Tagger’ [118] requirement 
to determine if they originate from the primary vertex [119]. Lastly, jet quality criteria 
[118] are applied to remove events containing jets from non-collision backgrounds and 
calorimeter noise, and jets reconstructed from topological calorimeter clusters [115, 
116] are used for this purpose. 

https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/063


https://arxiv.org/pdf/2007.02645.pdf
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https://arxiv.org/pdf/2007.02645.pdf


https://arxiv.org/pdf/2007.02645.pdf
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https://arxiv.org/pdf/2007.02645.pdf


hops://arxiv.org/pdf/2007.02645.pdf

In order to measure the JER, jet momentum must be measured precisely. This implies that the jets must 
either recoil against a reference object whose momentum can be measured precisely, or be balanced 
against one another in a well-defined dijet system [5, 6]. Measurements using the laser approach are 
presented here, as well as a method for measuring the contribuGons to the resoluGon from the noise 
term (N) due to both pile-up and electronics. 
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https://arxiv.org/pdf/2007.02645.pdf


Photon reconstruction: dynamic, topological cell clustering-based approach
• Recovers brem effects (electrons radiating photons due to material interactions)
• For photons that convert to electron-positron pairs, superclusters can include more of 

the energy of the primary photon. 
• photons can produce multiple topo-clusters, which can then be merged into one 

supercluster. The use of fixed-size clusters is suboptimal in this scenario, as the 
fixed cluster size cannot properly accommodate the growth of two independent 
EM showers, particularly when the two clusters share cells. 

• the reconstruction algorithm matches tracks to the electron superclusters and 
conversion vertices to the photon superclusters. 

• electron = object consisting of a cluster built in the calorimeter (supercluster) and a 
matched track (or tracks)

• converted photon = calorimeter cluster matched to a conversion vertex (or vertices)
• unconverted photon = cluster matched to neither an electron track nor a conversion 

vertex. 

About 20% of photons at low |η| convert in the ID, and up to about 65% convert at |η| 
≈ 2.3. 

https://iopscience.iop.org/article/10.1088/1748-0221/14/12/P12006/pdf
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https://iopscience.iop.org/article/10.1088/1748-0221/14/12/P12006/pdf


https://iopscience.iop.org/article/10.1088/1748-0221/14/12/P12006/pdf
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https://iopscience.iop.org/article/10.1088/1748-0221/14/12/P12006/pdf


• Based on the lateral and longitudinal energy profiles of the shower measured in the 
calorimeter 

• Rectangular cuts are imposed on discriminarng variables describes the energy fracron 
released in the hadronic calorimeter and photon’s shower shapes in the EM calorimeter.

• loose PID: uses shower shapes in the hadronic calorimeter and the EM calorimeter’s 
second layer, providing a highly efficient selecron with quite fair background rejecron.

• 8ght PID: uses the full granularity of the EM calorimeter, including the fine segmentaron 
of the first sampling layer, and applies rghter requirements on the shower shapes.  

https://iopscience.iop.org/article/10.1088/1748-0221/14/12/P12006/pdf
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https://iopscience.iop.org/article/10.1088/1748-0221/14/12/P12006/pdf


https://iopscience.iop.org/article/10.1088/1748-0221/14/12/P12006/pdf

Used in H->yy
analysis 
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https://iopscience.iop.org/article/10.1088/1748-0221/14/12/P12006/pdf


May 2022 V. M. M. Cairo 224



hups://link.springer.com/arrcle/10.1140/epjc/s10052-019-7500-2/figures/11

Evolution of efficiencies for tight diphoton trigger legs as a function of the offline photon a 𝐸TET, b 𝜂η, and c ⟨𝜇⟩⟨μ⟩ during Run 2. The changes between years 
are detailed in Sect. 9.1. The efficiency is computed with respect to offline photons satisfying tight identification criteria and the calorimeter-only tight 
isolation requirement. The ratios of data to MC simulation efficiencies are also shown. The total uncertainties, shown as vertical bars, are dominated by 
statistical uncertainties. Offline photon candidates in the calorimeter transition region 1.37<|𝜂|<1.521.37<|η|<1.52 are not considered. For b and c, only 
offline candidates with 𝐸TET values 5 GeV GeV above the corresponding trigger threshold are used
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https://link.springer.com/article/10.1140/epjc/s10052-019-7500-2/figures/11
https://link.springer.com/article/10.1140/epjc/s10052-019-7500-2
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• The only lepton that can decay into hadrons (~65% rate) – the 
other leptons do not have the necessary mass. 

• Like the other decay modes of the tau, the hadronic decay is 
through the weak interaction

• Almost all hadronic tau lepton decays include one (72%) or 
three (22%) charged pions and the majority (68%) include one 
or more neutral pions. 

• Their signature corresponds to that of a narrow jet with 
one or three tracks in the detector. 

• The neutrino from the hadronic tau lepton decay can not 
be reconstructed and the combination of all visible decay 
products is referred to as τhad-vis. 

• The reconstructed τhad-vis candidates are seeded by jets (anti-kt 
0.4), the τhad-vis energy is calibrated using multivariate methods 
with information from tracks and calorimeter clusters, and they 
are required to have pT > 20 GeV and |η| < 2.5, excluding 1.37 < 
|η| < 1.52.

• Boosted decision trees are used to determine if nearby tracks 
originate from a τhad, and one or three tracks with a total charge 
of ±1 are required to pass this selection. 

• The true-τhad-vis are discriminated from backgrounds of quark-
and gluon-initiated jets using recurrent neural networks trained 
to target signatures with either one or three associated tracks 
and a loose requirement with an efficiency of around 85% (75%) 
for one-track (three-track) τhad-vis candidates is applied. 

• A separate boosted decision tree is then used to reject τhad-vis 

candidates originating from electrons, with an efficiency of about 
95%. 

𝐻 → 𝜏𝜏

hYps://arxiv.org/pdf/1510.07488.pdf

https://arxiv.org/pdf/1510.07488.pdf


May 2022 V. M. M. Cairo 228

During the tau reconstrucron process no auempt is made to separate tau leptons from QCD 
jets. Therefore a dedicated idenrficaron procedure is applied.
To reduce the background arising from quark and gluon jets, we exploit the fact that hadronic 
τ decays result in a lower parrcle mulrplicity, and are more collimated and isolated relarve to 
other parrcles in the event. 
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• The tau reconstruction algorithm provides no discrimination against other particles that 
result in jet-like signatures in the detector. Therefore, dedicated algorithms are used to 
identify hardonic tau lepton decays. A set of BDTs was previously used in ATLAS to 
discriminate jets from tau_had_vis and it is now superseded by an RNN

• The RNN uses a combination of low-level input variables for individual tracks and 
clusters that are associated to the tau_had_vis candidate as well as high-level quantities 
calculated from tracks and calorimeter quantities

ATL-PHYS-PUB-2019-033 
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ATL-PHYS-PUB-2019-033 



• Most HH analyses:  𝑯𝑯 → 𝒙𝒙𝒃4𝒃
• b-tagging improvements are crucial!

• In ATLAS
• High-Level ML taggers read low-level taggers’ outputs

• Impact Parameter based 
• Secondary Vertex Finding
• Decay chain Multi-Vertex Algorithm (JetFitter)

• Improved thanks to new PV strategy!

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

• Reconstructs 1-track vertices
• Assumes B- & D-hadron vertices to lie on the same axis

CERN-THESIS-2010-027

ATL-PHYS-PUB-2018-025
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-7450-8
https://cds.cern.ch/record/1243771/files/CERN-THESIS-2010-027.pdf?version=1
https://cds.cern.ch/record/2645405/files/ATL-PHYS-PUB-2018-025.pdf?version=1


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

May 2022 V. M. M. Cairo 232



Eur. Phys. J. C (2019) 79:970 
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hips://cds.cern.ch/record/2645405/files/ATL-PHYS-PUB-2018-
025.pdf?version=1
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https://cds.cern.ch/record/2645405/files/ATL-PHYS-PUB-2018-025.pdf?version=1
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hOp://cdsweb.cern.ch/record/2037697/files/ATL-PHYS-PUB-2015-022.pdf

The IBL improves the impact 
parameter resolution of 
tracks mostly at pT up to 5-
10 GeV, and thus the 
improvement due to the 
addition of IBL is 
concentrated
in the low to medium jet pT
region, 

while at high jet pT most of 
the improvement comes from 
the new
algorithms.  

http://cdsweb.cern.ch/record/2037697/files/ATL-PHYS-PUB-2015-022.pdf


• Comparing with previous experiments

IDTR-2015-007/
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• 1 order of magnitude larger fake rate compared to the ATLAS Run 2
• Transverse IP resoluron about 30-40 microns

• Similar complementarity among algorithms 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2015-007/
https://indico.fnal.gov/event/9504/attachments/74423/89291/D0_University_2011-02-03_Greder.pdf
https://arxiv.org/pdf/0707.1712.pdf
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2019-005/

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2019-005/
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hups://cds.cern.ch/record/2688062/files/ATL-PHYS-PUB-2019-033.pdf?version=1

https://cds.cern.ch/record/2688062/files/ATL-PHYS-PUB-2019-033.pdf?version=1
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j.physletb.2012.02.013

The Higgs-self coupling and, thus, the shape of the Higgs potenral, have implicarons on the 
stability of the Universe
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https://doi.org/10.1016/j.physletb.2012.02.013


Takes into account variarons to 
other Higgs couplings (fermions, 
bosons, etc) or it can be taken = 1 
if only the self-coupling is being 
considered
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h`p://cdsweb.cern.ch/record/2667570/files/ATL-PHYS-PUB-2019-009.pdf

The 95% C.L. interval of κλ is −3.2 < κλ < 11.9 (observed) and −6.2 < κλ < 14.4 (expected). This interval is comparable to 
the one obtained from the direct HH searches using an integrated luminosity of 36.1 v−1, which is −5.0 < κλ < 12.1 
(observed) and −5.8 < κλ < 12.0 (expected). 

In paracular, the sensi_vity to κλ is not much degraded when determining κF at the same _me, while it is degraded by 
50% (on the expected lower 95% C.L. exclusion limit) when determining simultaneously κV and κλ. An even less 
constrained fit, performed by either fiwng simultaneously κλ, κV and κF , or fiwng simultaneously κλ and a common 
single Higgs boson coupling modifier (κ = κV = κF ), results in nearly no sensiavity to κλ within the theoreacally allowed 
range of |κλ| < 20. 

http://cdsweb.cern.ch/record/2667570/files/ATL-PHYS-PUB-2019-009.pdf
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http://cds.cern.ch/record/2693958/files/ATLAS
-CONF-2019-049.pdf?version=2

http://cds.cern.ch/record/2693958/files/ATLAS-CONF-2019-049.pdf?version=2
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http://cds.cern.ch/record/2693958/files/ATLAS
-CONF-2019-049.pdf?version=2

• inclusive production cross sections, decay branching ratios and differential 
cross sections (VBF, WH, ZH) are exploited to increase the sensitivity

Driven 
by HH

http://cds.cern.ch/record/2693958/files/ATLAS-CONF-2019-049.pdf?version=2
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http://cds.cern.ch/record/2693958/files/ATLAS
-CONF-2019-049.pdf?version=2

• inclusive production cross sections, decay branching ratios and differential 
cross sections (VBF, WH, ZH) are exploited to increase the sensitivity

http://cds.cern.ch/record/2693958/files/ATLAS-CONF-2019-049.pdf?version=2


hip://cdsweb.cern.ch/record/2667570/files/ATL-PHYS-PUB-2019-009.pdf
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http://cdsweb.cern.ch/record/2667570/files/ATL-PHYS-PUB-2019-009.pdf


• Full Run 2 data set (139.0 ± 2.4 fb−1)
• ggF HH signal (𝑘! = 1, 10) at NLO with Powheg-Box v2 PDF4LHC15 + Pythia 8

• Herwig 7 used for PS uncertainty
• VBF HH signal (𝑘! = 0, 1, 2, 10) at LO with MadGraph5_aMC@NLO v2.6.0 NNPDF3.0nlo + 

Pythia 8
• Heavy (251-1000 GeV) spin 0 resonance at LO with MadGraph5_aMC@NLO v2.6.1 

NNPDF2.3lo set of PDFs + Herwig v7.1.3 
• Single Higgs and continuum backgrounds summarized in the table below 
• Data-driven estimate for 𝛾+jet and di-jet backgrounds 
• PU overlay: Pythia 8.1 with NNPDF2.3lo PDF set and A3 tune 
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Di-photon triggers with ET > 35, 25 GeV. Trigger efficiency for thenon-resonant signal is 82.9% 
and 69.5% for the resonant signal (using as reference 𝑚𝑋= 300 GeV). 
Lepton veto: Events are rejected if they contain medium electrons and/or medium muons

At least 2 photons:
• Idenrfied (Tight WP)
• Calo- and Track-isolated within a cone of Δ𝑅 = 0.2

• 𝐸<=(> < 0.065 · 𝐸< and 𝑝<=(> < 0.05 · 𝐸<
• 105 GeV < 𝑚𝛾𝛾 < 160 GeV
• ET/m𝛾𝛾 > 0.35 and 0.25
• ɣɣ vertex

𝑚!!

Primary Vertex Selection Efficiency

ATLAS-CONF-2019-029/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/fig_17.png


Less than 6 central jets (reduce uH)
• PFlow jets, anr-kt R=0.4, rght JVT applied
Exactly 2 b-jets
• DL1r 77% WP
• B-jet energy correcrons applied

• Muon-in-jet
• pT-reco

Di-photon triggers with ET > 35, 25 GeV. Trigger efficiency for thenon-resonant signal is 82.9% 
and 69.5% for the resonant signal (using as reference 𝑚𝑋= 300 GeV). 
Lepton veto: Events are rejected if they contain medium electrons and/or medium muons

HIGG-2016-29/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-29/fig_01.png


• 𝑚1 ?122
∗ used in both non-resonant and resonant 

selections à improves resolution
• On top of common preselection and 𝑚1 ?122

∗ cuts, 
apply BDT-based categorization

• Require at least 9 expected background events in 
the 𝑚𝛾𝛾 window (excluding 120-130) to 
guarantees sufficient events in data side-bands 
for 𝑚𝛾𝛾 fit. 
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Non resonant

Resonant
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4 categories (different wrt
previous paper)
• Low and High 𝒎𝒃1𝒃𝜸𝜸

∗

• < 350 GeV for BSM
• > 350 GeV for SM

• In each mass region, train BDT 
to discriminate signal         
(𝑘4 = 1, 10) from continuum + 
single Higgs backgrounds

• Photon- and jet-level info used 
in BDT (details in back-up)
• 𝑚55 very powerful
• “topness” reduces ttH

contamination by ~35%

• Loose and Tight BDT
• Boundaries chosen to 

maximize combined 
expected significance 
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https://link.springer.com/content/pdf/10.1007%2FJHEP11%282018%29040.pdf
https://indico.cern.ch/event/879351/contributions/3703990/


• Different wrt previous paper
• Single BDT for all resonances 
• 2 BDTs to separate signal from 

continuum and from single Higgs 
backgrounds

• Scores combined in BDTtot

• 2-stage oplmizalon
1. Maximize significance for each resonance

• Different coefficients and BDT scores
2. Select coefficients providing a significance within 5% from the maximum value, for 

each resonance
• A common 𝐶1 = 0.65 coefficient is found, individual BDT cuts are used

A cut on 𝑚1 ?122
∗ is applied at ±2𝜎 (±4𝜎) of the expected mean value for signal events for each 

resonance (at 900-1000 GeV) 
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Main SH backgrounds

Dominated by 
yybb

background
(flavor 

composition 
from Sherpa)

Data-driven 
𝛾&𝑗 via 2x2D 

method based 
on reverting 𝛾
isolation and 
identification 

criteria

(only for 
data/MC 

comparison)

ResonantNon-resonant

May 2022 V. M. M. Cairo 258



• 𝒎𝜸𝜸for both non-resonant & resonant (different than previous paper, improved resonant limits at 
low mass thanks to easier background modeling)

• Yields are parameterized with a 2nd order polynomial
• HH signal and single Higgs background shape modelled from MC with a DSCB function

• No sizable dependence on k4 is observed

• Continuum background modelled from data side bands
• Systematic uncertainty assigned to the function choice via Spurious Signal method

• Estimate signal bias by fitting a background only template with a signal + background function
• Exponential function chosen: similar bias, but minimal number of degrees of freedom

• Wald test performed in data, no sign of preference for higher degree function
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• Maximum likelihood fit of 𝑚𝛾𝛾 in               
105 GeV < 𝑚𝛾𝛾< 160 GeV, performed 
simultaneously over all categories 

Non-resonant

Resonant

Expected #events

PDF

Single Higgs yields fixed to SM values, 
while 𝜇, non-resonant background 
shape and nuisance parameters for sys. 
floarng in fit
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No signal is observed, exclusion limits are set via the CLs method with asymptotic approximation
• Observed non-resonant HH production of 130 fb, while 180 fb is expected. 

• 4.1 (5.5) x the SM

• 36 fb-1 results: 22 (28) x SM observed (expected), −𝟖. 𝟐 (−𝟖. 𝟑) < 𝒌𝝀 < 𝟏𝟑. 𝟐 (𝟏𝟑. 𝟐)
• Full Run 2 CMS results: 7.7 (5.2) x SM, −𝟑. 𝟑 −𝟐. 𝟓 ≤ 𝒌𝝀 ≤ 𝟖. 𝟓 𝟖. 𝟐
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https://link.springer.com/article/10.1007/JHEP11(2018)040
https://cds.cern.ch/record/2742937/files/HIG-19-018-pas.pdf?version=1
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• ∼ 30% improvement from  BDT strategy, lower mass regime tested
• 36 z-1 results: Observed (expected) limits between 1.1 pb (0.9 pb) and 0.12 pb (0.15 pb) in 

the range 260 GeV < mX < 1000 GeV. 

• Different analysis strategy compared to the early Run 2 analysis
• single BDT for all resonances, 2 BDTs to separate signal from continuum and from single 

Higgs backgrounds, scores combined in BDTtot

https://link.springer.com/article/10.1007/JHEP11(2018)040
https://link.springer.com/content/pdf/10.1007%2FJHEP11%282018%29040.pdf
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• Observed and expected 𝜎 upper limits at 95% CL on the for a narrow width scalar resonance 
varying between 610–47 fb (360–43 fb) in 251 GeV ≤ 𝑚𝑋≤ 1000 GeV. 

No signal is observed, exclusion limits are set via the CLs method with asymptorc approximaron

• 36 z-1 results: Observed (expected) limits between 1.1 pb (0.9 pb) and 0.12 pb (0.15 pb) in 
the range 260 GeV < mX < 1000 GeV. 

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


From here

• Statistically dominated analysis, systematics have a sub-dominant effect
• Luminosity uncertainty 1.7%
• Continuum background fitted from data, only spurious signal uncertainty
• Experimental & theory systematics affect HH non-resonant, HH resonant and Single Higgs
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https://indico.cern.ch/event/1013685/contributions/4255064/attachments/2199042/3731131/escalier_08_March_2020_version_0_1_2.pdf


From here
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https://indico.cern.ch/event/1013685/contributions/4255064/attachments/2199042/3731131/escalier_08_March_2020_version_0_1_2.pdf


Common HH procedure

Truth level HH ggF samples with 10 million events are produced for κλ = 0,1,10 and 20 at NLO 
usingPowheg-Box-V2+FT. 
A linear combination, described in, of samples with κλ = 0,1 and 20 is used to generate 
samples with other values of κλ ∈ [-30,30] in increments of 0.2. κλ = 10 used for closure test

Event-level weights in mHH are derived between 20 GeV and 1 TeV
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Object 
selection

Event 
categorizalon

Modelling 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

StaGsGcally limited 
with the current 

dataset

𝑚!!

𝛄𝛄 + jets
(from data)

𝑚!!

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 correcdons

MVA in 3 categories:
𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅

(opp. charged )

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

SLT

Control region for 
Z+HF (mll)

Hadronic & Leptonic
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Multi-variable 
signal 

extraction

Event 
categorization

Mull-variable 
signal 

extraclon

Background 
estimate

MVA output

Parametric (by mX) 
NNs for resonant

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

mHH, mbb, m𝛕𝛕, etc. Backgrounds from:

true 𝜏 in 𝒕𝒕̅ and Z+HF 
(from MC, normalizaaon 
from data)

fake 𝜏 in 𝒕𝒕̅ and mul[-jet
(data-driven)

Multi-variable 
signal 

extraction
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Binned maximum-likelihood fit of the MVA score to data 
(simultaneous in all categories)

Non-resonant analysis thoroughly op[mized for SM cross-sec[on limit!

4x improvement wrt to previous results! (12.7 x SM), 
2x due to the τ and b-jet reconstruc[on and iden[fica[on improvements and to 
analysis techniques (MVA & fake-τ esamaaon methods). 
• Staasacally dominated, largest systemaacs from background modeling
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801


Object 
selection

Event 
categorization

Modelling 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

Statistically limited 
with the current 

dataset

𝑚!!

𝛄𝛄 + jets
(from data)

𝑚!!

See extra slides for 
details on object 

selection

Relatively large BR and clean final state (cleaner compared to e.g. 4b)
SingleTau (80<pT<160 GeV)/DiTau (35-25 GeV) triggers for 𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅
SingleLepton (e: 24<ET<26 GeV, 𝜇: 20<pT<26 GeV) /Lepton (e: ET>17 GeV, 𝜇: pT>14 GeV)+Tau (𝜇: pT>25 GeV) triggers in 𝝉𝒍𝒆𝒑 𝝉𝒉𝒂𝒅

77% btag WP (~1% mistag)
Muon-in-jet+pTReco

Hadronic & Leptonic

MVA in 3 
categories:
𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅

(opp. charged )

𝝉𝒍𝒆𝒑 𝝉𝒉𝒂𝒅 (e/𝜇 & 
opp. charged 𝜏)  

LTT
SLT

Control region for 
Z+HF (mll)

High Purity

High acceptance, large ttbar background
Low mass sensiGvity due to low pT

l
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Background 
modeling

Event 
categorization

Multi-variable 
signal 

extraction

Background 
estimate

Z+HF & ebar 
normalizaGon from 
mll fit to data

Fake taus:
Fake factor method 
for 𝝉𝒍𝒆𝒑 𝝉𝒉𝒂𝒅
and 𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅
(mulG-jet), scale 
factors for 𝝉𝒉𝒂𝒅
𝝉𝒉𝒂𝒅 sbar

𝝉𝒍𝒆𝒑 𝝉𝒉𝒂𝒅

𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅, ubar

𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅, mulr-jet
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The resonant HH signal was simulated for 19 values of the resonance mass, mX , between 251 GeV and 1.6 TeV.  
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MVA in 2 
categories:
𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅

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

SLT & LTT

Control region for 
Z+HF
(mll )

𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅

𝝉𝒍𝒆𝒑 𝝉𝒉𝒂𝒅

𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅
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• Systemarc uncertainres
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• 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 2.1+0.4

-0.2 σ. 
• Deficit @ 280 GeV with a local significance of 2.4 σ. 

Better sensitivity 
below 1 TeV

𝝉𝒉𝒂𝒅 𝝉𝒉𝒂𝒅

Statistically 
dominated, 
largest sys 
from signal 
and 
background 
modeling
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Object 
selection

Event 
categorization

Background 
modelling

Simultaneous 
likelihood fit to 
all categories

SM 𝝈 limits and
𝝈 vs 𝒌𝝀

for non resonant 
analysis

𝝈 vs 𝒎𝑿
for resonant analysis

Statistically limited 
with the current 

dataset

Resolved:
4b signal region 
(2b category for 

bkg esfmate)

BDT to pair jets 
from Higgs 

(65-100% eff)

Largest BR, but large mulf-jet backgrounds and challenging combinatorics
Only ggF resonant producGon considered

12 different b-jet & jet triggers for resolved (eff up to 80%), single jet trigger for boosted (eff ~80%) 

77% btag WP 
muon-in-jet+pT-reco

Resolved 
(251 GeV – 1.5 TeV)
4 b-tagged ΔR=0.4 jets

& Boosted
(900 GeV – 3 TeV)
b-tagged ΔR=1.0 and 

VR track-jets

Combined in the 
overlap region

Resolved:
Fully data-driven, 

NN based

Boosted:
g 
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Object 
seleclon

Event 
categorization

Background 
modeling

Statistical 
analysis

Largest BR, but large mulf-jet backgrounds and challenging combinatorics
Only ggF resonant producGon considered

12 different b-jet & jet triggers for resolved (eff up to 80%), single jet trigger for boosted (eff ~80%) 

Resolved 
(251 GeV – 1.5 TeV)
4 b-tagged ΔR=0.4 jets

& Boosted
(900 GeV – 3 TeV)
b-tagged ΔR=1.0 and 

VR track-jets

Combined in the 
overlap region

Resolved:
Bkg dominated by 

multi-jet + ~5% 
ttbar

Use 2-tag data (and 
apply NN-based 

kinematic 
reweighting) to 

derive an 
extrapolation from 
the CR into the SR. 

Resolved:
4b signal region 
(2b category for 

bkg esGmate)

BDT to pair jets 
from Higgs 

(65-100% eff)

77% btag WP 
muon-in-jet+pT-reco
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Object 
selection

Event 
categorization

Background 
modelling

Simultaneous 
likelihood fit to 
all categories

SM 𝝈 limits and
𝝈 vs 𝒌𝝀

for non resonant 
analysis

𝝈 vs 𝒎𝑿
for resonant analysis

Statistically limited 
with the current 

dataset

Boosted:
3 signal-enriched 

categories 
4b, 3b, 2b

(b-tag inefficient 
at high pT)

Events sorted in 
CR, VR & SR like in 
the resolved case

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

12 different b-jet & jet triggers for resolved (eff up to 80%), single jet trigger for boosted (eff ~80%) 

Resolved 
(251 GeV – 1.5 TeV)
4 b-tagged ΔR=0.4 jets

& Boosted
(900 GeV – 3 TeV)
b-tagged ΔR=1.0 and 

VR track-jets

Combined in the 
overlap region

Resolved:
Fully data-driven, 

NN based

Boosted:
g 

High tag

Low tag, for 
background 
esdmate

77% btag WP 
muon-in-jet+pT-reco
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Object 
selection

Event 
categorization

Background 
modeling

Stalslcal 
Analysis 

(3 categories)

Boosted:
3 signal-enriched 

categories 
4b, 3b, 2b

(b-tag inefficient at 
high pT)

Events sorted in 
CR, VR & SR like in 
the resolved case

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

12 different b-jet & jet triggers for resolved (eff up to 80%), single jet trigger for boosted (eff ~80%) 

Resolved 
(251 GeV – 1.5 TeV)
4 b-tagged ΔR=0.4 jets

& Boosted
(900 GeV – 3 TeV)
b-tagged ΔR=1.0 and 

VR track-jets

Combined in the 
overlap region

Boosted:
Bkg dominated by 

mul_-jet + 
~10/15/30% cbar in 
the 4/3/2b regions

Data-driven MJ & MC-
driven cbar (data-

driven correc_ons in 
2/3 b)

Same reweigh_ng 
approach as in the 

36g-1 analysis

77% btag WP 
muon-in-jet+pT-reco

May 2022 V. M. M. Cairo 284

https://link.springer.com/article/10.1007/JHEP01(2019)030
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where p2b(x) and p4b(x) are the probability density functions for 2b and 4b data, 
respectively, over a set ofkinematic variables x. 



May 2022 287V. M. M. Cairo

The kinematic variables used to make up x are chosen to be sensitive to the differences between the 2b 
and 4b 

There are two main sources of uncertainGes: uncertainGes from finite staGsGcs in the CR, and physical 
differences between the CR and SR. 
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hups://link.springer.com/arrcle/10.1007/JHEP07(2020)108

https://link.springer.com/article/10.1007/JHEP07(2020)108
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https://link.springer.com/article/10.1007/JHEP07(2020)108

For κ2V values 
deviating from the 
SM
prediction, growing 
non-cancellation 
effects result in a 
harder mHH
spectrum, and 
thereby
higher-pT b-jets, 
which in turn lead to 
increased signal 
acceptance times 
efficiency as shown
in figure 2. This 
search is therefore 
not sensitive to the 
region close to the 
SM prediction,
corresponding to κ2V 
= 1 .

https://link.springer.com/article/10.1007/JHEP07(2020)108


Object 
seleclon

Event 
categorization

Background 
modeling

Stalslcal 
analysis

May 2022

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

12 different b-jet & jet triggers for resolved (eff up to 80%), single jet trigger for boosted (eff ~80%) 

Resolved 
(251 GeV – 1.5 TeV)
4 b-tagged ΔR=0.4 jets

& Boosted
(900 GeV – 3 TeV)
b-tagged ΔR=1.0 and 

VR track-jets

Combined in the 
overlap region

298V. M. M. Cairo

4b signal region
2b category for 

bkg estimate

BDT to pair jets 
from Higgs 

(65-100% eff)

Resolved

Resolved

dominated by 
mul_-jet + ∼5% 𝒕𝒕̅B-jet energy corrections



Object 
selection

Event 
categorizalon

Background 
modeling

Statistical 
Analysis 

(3 categories)

CR, VR & SR like in 
the resolved case

May 2022

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

12 different b-jet & jet triggers for resolved (eff up to 80%), single jet trigger for boosted (eff ~80%) 

Resolved 
(251 GeV – 1.5 TeV)
4 b-tagged ΔR=0.4 jets

& Boosted
(900 GeV – 3 TeV)
b-tagged ΔR=1.0 and 

VR track-jets

Combined in the 
overlap region

Bkg dominated 
by multi-jet + up 

to 30% 𝒕𝒕̅

Data-driven 
multi-jet & 

MC-driven 𝒕𝒕̅
(data-driven 
corrections 

in 2/3 b region)
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Booste
d

Boosted

signal

background

B-jet energy corrections



• 𝜎"" limits: 22 (28) x SM observed (expected)
• Compared to 24 (19) x SM observed (expected) in CMS

• −8.2 (-8.3) < 𝑘! < 13.2 (13.2)

Early Run 2 Results
36.1fb−1

HDBS-2018-58/

Maximum acceptance is obtained at 𝑘! ~ 2
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https://link.springer.com/article/10.1007/JHEP11(2018)040
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/


h`ps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/

κλ=0 à no triangle contribution, mHH shape characterised by the increase of the cross-section when mHH > 2 mt ≈ 350 GeV and by a 
large tail at high mHH values. 

κλ=10 à the triangle diagram dominates the cross-section, therefore the distribution peaks at the mHH threshold being the Higgs boson 
propagator far off-shell on the upper side of the pole mass. 

κλ = 2 à maximum interference between the box and the triangle diagram. The interference being destructive for positive κλ, it 
produces a deficit betwen 2mH and 2mt. 

κλ=5 à deficit less pronounced but still produces interference at high mHH values, making the mHH distribution narrower than in the 
κλ=10 case. 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/


Non-resonant ggF production

Early Run 2 results

ATLAS

𝐻𝐻 → 𝑏2𝑏𝛾𝛾 drives the sensitivity in the soft mass range (large 𝑘!)
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub


ATLAS CMS
Non-resonant ggF produclon

Early Run 2 results

Different ATLAS-CMS “ranking” for the 3 most sensitive channels

Differences in analysis strategy can lead to large differences in sensitivity and final results…
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub
https://arxiv.org/pdf/1811.09689.pdf


ATLAS CMS
Non-resonant ggF production

Early Run 2 results

Recently updated by CMS (full Run 2 data-set)
7.7(5.2) x SM, −3.3 −2.5 ≤ 𝑘4 ≤ 8.5 8.2

2x beser than a simple luminosity extrapolaGon!

Ongoing in ATLAS

Stay tuned!
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub
https://arxiv.org/pdf/1811.09689.pdf


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

Publicadon: ATL-PHYS-PUB-2021-031/

Non-resonant Resonant

𝑏4𝑏𝛾𝛾 dominates the 
sensitivity at low mX

𝑏4𝑏𝑏4𝑏 dominates the 
sensitivity at high mX

ATL-PHYS-PUB-2020-005

σ σ

(old) HL-LHC projecGons• Great analysis improvements in all final 
states compared to early Run 2

• Run 3 could already be a game changer for a 
first starsrcally significant evidence of HH

𝑏4𝑏𝜏𝜏 dominates the sensitivity at medium mX
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-031/
https://cds.cern.ch/record/2713377/files/ATL-PHYS-PUB-2020-005.pdf?version=1
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ATLAS-CMS differences & potential improvements

• Categorization
• Powerful variable: 𝒎𝑯𝑯

• Signal extraction
• only 𝒎𝜸𝜸 in ATLAS
• 𝑚22 vs 𝒎𝒃.𝒃 in CMS

• Background modelling
• Largest uncertainty in ATLAS

• b-tagging information 
• Fixed WPs in ATLAS
• All HH channels can benefit from direct improvements in b-tagging!



• Unique access to quartic VVHH coupling 
• 𝑘*+ vs 𝑘,
• First Run 2 VBF HH analyses arriving
• No complete HL-LHC projections available

• Forward acceptance & timing capabilities enhance analyses sensitivity!
• 𝐻𝐻 → 𝑏:𝑏𝜏𝜏 in HGCAL CMS-TDR-019
• 10–15%(4–8%) increase for the VBF(ggF) signal
• 1.9-1.7 x SM à 1.5 x SM

1.726  fb at 13 TeV
∼20x smaller than ggF

HIG-19-018-pas

Obs. -1.3 < 𝑐+, < 3.5
Exp. -0.9 < 𝑐+, < 3.1 
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http://cds.cern.ch/record/2293646/files/CMS-TDR-019.pdf?version=4
https://cds.cern.ch/record/2742937/files/HIG-19-018-pas.pdf?version=1
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The observed (expected) limits constrain κ2V within the range 0.6 < κ2V < 1.4 (0.6 < κ2V < 1.4) and κV within 
−1.2<κV <−0.8or0.8<κV <1.2(−1.2<κV <−0.8or0.8<κV <1.2)at95%confidence level, when all other Higgs boson 
couplings are assumed equal to their standard model values. The signal hypothesis with κ2V = 0 and other 
couplings equal to 1 is excluded at a CL higher than 99.99%. When both κ2V and κV are varied 
simultaneously, the observed limits exclude the hypothesis κ2V = 0 at a CL of 95% or higher for all κV 
coupling values above 0.5 (i.e. for all values compatible with previous measurements of the κV 
coupling), with other couplings assumed equal to their standard model values. 

CMS PAS B2G-21-001 



https://arxiv.org/pdf/1910.00012.pdf

Given these bounds, only the effect of c6 can lead to deviations of order 10 in the HH cross section from 
the SM predictions. However, to constrain c6 at levels of order 1, we will need precise constraints on all of 
other coefficients that enter the analysis. This demands a global SMEFT interpretation.  
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https://arxiv.org/pdf/1910.00012.pdf


Vacuum Stability:
While in low-scale inverse seesaw models one can find modificaGons in the trilinear Higgs self-
coupling up to 30% [153], the scenarios providing such a large deviaGon of the trilinear Higgs self-
coupling drive the Higgs potenGal into the unstable regime. RequesGng that this does not occur within 
one order of magnitude from the mass scale of the right-handed neutrinos (hence not requiring any 
UV compleGon below that scale), one can bound the trilinear Higgs self-coupling modificafons to be 
smaller than = 0.1% [151] via metastability arguments (see e.g. Ref. [154]). 

PerturbaGvity:
Klambda<~6
QuarGc coupling deviaGons < ~60

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


(https://arxiv.org/pdf/1704.02311.pdf)
Maxi-sizing the trilinear Higgs self-coupling:how large could it be?

In order to answer the question on how much the trilinear Higgs self-coupling could 
deviate from its Standard Model value in weakly coupled models, we study both 
theoretical and phenomenological constraints. As a first step, we discuss this question 
by modifying the Standard Model using effective operators. Considering constraints 
from vacuum stability and perturbativity, we show that only the latter can be reliably 
assessed in a model-independent way. We then focus on UV models which receive 
constraints from Higgs coupling measurements, electroweak precision tests, vacuum 
stability and perturbativity. We find that the interplay of current measurements with 
perturbativity already exclude self-coupling modifications above a factor of few with 
respect to the Standard Model value.

The paper quotes |κλ| < 6 and -1.5 < κλ< 8.7
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https://arxiv.org/pdf/1704.02311.pdf


(https://arxiv.org/pdf/1702.07678.pdf)
Electroweak oblique parameters as a probe of the trilinear Higgs boson self-interaction

In this paper, we evaluate how well electroweak precision data, expressed using the 
electroweak oblique parameters S and T[5, 6], can constrain modifications of the 
trilinear Higgs self-interaction.

In this paper, we consider only the effects of modifying of the trilinear and quartic 
couplings in isolation from the other Standard Model couplings

Quotes 
−14.0≤κλ≤17.4
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https://arxiv.org/pdf/1702.07678.pdf
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• Secron 3.5.6 of the White Paper menrons MSSM, focusing on the presence of light stops

Double Higgs production cross section 
normalised to the SM values as a function of 

the lightest stop mass. Full one loop 
calculation (solid lines), and the EFT 

calculation (dashed lines). κt is chosen to be 
1 for the orange, red and green lines, and 1.1 

for the blue lines. 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-019/fig_06.png

Given the current exclusion 
limits on the stop mass and the 
precision on kt, a scenario with 
the stop mass > 1.2 TeV and kt 
1.1 implies a xs enhancement 
of a factor 1.6, not too far 
away from our combined 
limits, so it could be 
investigated and would be 
interesting also for future kt 
measurements

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-019/fig_06.png
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hops://arxiv.org/pdf/1905.03764.pdf

At lepton colliders, the production 
cross sections do depend on the 
polarisation but this dependence 
drops out in the ratios to the SM rates 
(beam spectrum and QED ISR effects 
have been included).  

https://arxiv.org/pdf/1905.03764.pdf
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Figure 1. Measured single hit e�ciency per layer as a function of the instantaneous luminosity [3]. The
data were taken with the Phase-0 pixel detector during 2016.
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Figure 2. Comparison of the layouts of the Phase-1 detector (top) and the Phase-0 detector (bottom) [2].

and therefore quicker. The new pixel detector features an additional fourth layer of pixel modules
in the barrel and a third disk per side in the endcap region. The number of channels has almost
doubled (from 66 million to 124 million), giving a four-hit coverage in the whole tracking region
up to |⌘ | = 2.5. To improve the vertex resolution and the b-tagging e�ciency, the radius of the
innermost layer has been reduced from 44 mm to 29 mm. This means that a new beam pipe was also
required, which was already installed during the Long Shutdown 1 in 2013/2014. A comparison of
the Phase-0 detector and the new detector design is shown in Figure 2.

The material budget of the Phase-1 pixel detector has been significantly reduced by moving
from a C6F14 liquid cooling system to a two-phase CO2 cooling system. In the latter, the evaporative
cooling allows lower coolant mass flows by making use of the latent heat, and the pipes can be much
smaller due to the thermodynamic properties of CO2. A further reduction of the material budget
was achieved by moving services out of the active volume and by using an ultra-light carbon fiber
support structure.

A constraint for the new pixel detector was that the existing power cables had to be reused

– 2 –

Inner R [cm] |eta| B field [T] X0 at eta 0
pT resolution at 

1 (100) GeV, 
|η|=0 

ATLAS 3.3 2.5 2 0.3 1.3 (3.8)% 

CMS 2.9 3.0 4 0.4 0.7 (1.5-2.0)% 

50x250 μm 

50x400 μm 

80 μm pitch 

4 mm 100x150 μm 

CMSATLAS
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• At 13 TeV, O(15) charged particles per pp collision
• Run 2 <𝝁> ∼ 40 , O(500-1000) tracks per event

• Tracking and vertexing designed for <𝝁> ∼ 20

• Run 3 <𝝁> ∼ 60

• Updates to retain high efficiency and low fake rate are mandatory!

Eur. Phys. J. C76 (2016)
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https://dx.doi.org/10.1140/epjc/s10052-016-4335-y
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hGp://cdsweb.cern.ch/record/26695hGp://cdsweb.cern.ch/record/2669540/files/ATL-PHYS-PUB-2019-014.pdf40/files/ATL-PHYS-PUB-2019-014.pdf

39 mm
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radius of the 
innermost 
pixel layer 
from 39 to 34 
mm. 

The pixel pitch 
in the barrel of 
the innermost 
layer was
also fixed to 
25 × 100 μm2 
while a pixel 
pitch of 50 ×
50 μm2 is 
used in the 
rest of the 
detector. 
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• Mulr-step Inside-out:
• Space points
• Seed finding
• Track candidate
• Ambiguity solving
• TRT Extension

• Addironal outside-in step
• Special setups: pixel tracklets, tracks with 

large impact parameters, etc.

• Seed finding
• Track-to-Seed assignment
• Fitting
• Acceptance/Rejection

Beam lineSeed VertexVertex Vertex

Track
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5 parameters describe the helical path of a 
charged par]cle in a solenoidal magne]c 
field: 
• Transverse d0 and longitudinal z0 

impact parameters, 
• 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

• Track bending in magnetic field, sagitta 
measurement related to the inverse of 
the transverse momentum pT=p cos(𝝓)
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TRT Extension

Inside-out

Quite a lot of reconstruction 
time spent here, and it scales 

dramatically with pile-up
ATL-PHYS-PUB-2019-041
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By default, 
enabled only 
in ROIs
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The transverse and longitudinal impact parameters, d0 and z0 respectively, are important to
discriminate tracks originating from primary vertices from tracks originating from secondary
vertices

Smaller pixel pitch
(IBL vs Pixel vs CMS : 

50x250 vs 50x400 vs 100x150 𝝻m)
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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 : main innovation is an adaptive multi-vertex fitting procedure (AMVF)

Improvement

IVF AMVF

Track 
set 1 Track 

set 2

vtx 1 vtx 2 vtx 1 vtx 2

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-015/
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Performance figures for vertex reconstruction are:
• Merging probability

• Longitudinal separation between nearby vertices is an indicator of the ability in 
resolving vertices

AMVF more powerful in 
resolving vertices
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Figure 8: Comparison of IVF and AMVF HS vertex reconstruction e�ciency as a function of local pile-up density,
for (a) tt̄ and (b) VBF H ! 4⌫ . The reconstruction e�ciency is the fraction of events where the true HS vertex is
successfully reconstructed (classified as CLEAN/MATCHED, LOWPU or HIGHPU).
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Figure 9: Comparison of IVF and AMVF HS vertex selection e�ciency as a function of local pile-up density, for
(a) tt̄ and (b) VBF H ! 4⌫ . The selection e�ciency is the fraction of events where the reconstructed vertex with
highest

Õ
p

2
T is the one containing the largest total weight from true HS tracks.

16

The AMVF improves the 
seleclon efficiency for |bar 
reducing the dependence on 

pile-up density 
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Performance figures for vertex reconstruction are:
• Efficiency

• Reconstruction: Fraction of events in which the hard scatter vertex is reconstructed 
and classified as Clean/Matched, LowPU and HighPU (see extra slides for details)

• Selection: Fraction of events in which the highest SumPt2 vertex contains the largest 
total weight from the true HS tracks

The AMVF improves the 
reconstruction efficiency for 
ttbar, in particular at high PU
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Performance figures for vertex reconstruction are:
• Spatial resolution

• Radial and longitudinal radial resolution calculated as the difference between the 
true and the reconstructed vertex position
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(b) VBF H ! 4⌫

Figure 10: Comparison of IVF and AMVF HS vertex radial resolution as a function of local pile-up density for (a)
tt̄ and (b) VBF H ! 4⌫ , obtained from the di�erence between the generator-level information and reconstructed
primary vertex position in MC simulation.
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(b) VBF H ! 4⌫

Figure 11: Comparison of IVF and AMVF HS vertex longitudinal resolution as a function of local pile-up density for
(a) tt̄ and (b) VBF H ! 4⌫ , obtained from the di�erence between the generator-level information and reconstructed
primary vertex position in MC simulation.
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In the z direcron, the AMVF achieves 20% 
(10%) be|er resolulon for |bar (VBF H → 4ν). 
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Figure 10: Comparison of IVF and AMVF HS vertex radial resolution as a function of local pile-up density for (a)
tt̄ and (b) VBF H ! 4⌫ , obtained from the di�erence between the generator-level information and reconstructed
primary vertex position in MC simulation.
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Figure 11: Comparison of IVF and AMVF HS vertex longitudinal resolution as a function of local pile-up density for
(a) tt̄ and (b) VBF H ! 4⌫ , obtained from the di�erence between the generator-level information and reconstructed
primary vertex position in MC simulation.
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(*) number of generated vertices per unit length within a symmetrical ±2 mm longitudinal window. 

(*) 
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Reconstructed Vertices 
classification

CLEAN: >70% of the total track weight in the 
reconstructed vertex originates from a single 

simulated pp interacaon. 

MERGED: <70% of the total track weight in the 
reconstructed vertex originates from any single 

simulated pp interaction 

SPLIT: A single simulated pp interaction contributes the 
largest track weight to two or more reconstructed vertices. 

The reconstructed vertex with the largest track � Σp2
T is 

classed as either CLEAN or MERGED, whilst the other(s) are 
labelled SPLIT. 

FAKE: Fake tracks contribute more weight to the 
reconstructed vertex than any simulated pp

interaction. 

To study the performance of primary vertex reconstrucron using MC simularon, a truth-
matching algorithm is needed, based on the generator-level parrcles associated to tracks 

contriburng to reconstructed verrces. 

Event Classification

CLEAN/MATCHED: the event contains a CLEAN 
reconstructed vertex originating from the true HS 

interaction, and the HS interaction does not contribute more 
than 50% of the accumulated track weight to any other 

vertex. 

LOWPU: the event contains a MERGED vertex 
with at least 50% of the accumulated track 

weight coming from the simulated HS 
interaction. 

HIGHPU: the event contains a MERGED vertex with its main 
contribumon coming from a simulated pile-up interacmon, 

and in which the HS interacmon contributes between 1% and 
50% of the accumulated track weight. 

PUREPU: The event does not contain any 
reconstructed vertex with at least 1% 

accumulated track weight from the HS 
interaction. 
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One limitation of this method is that, under high luminosity conditions, it becomes vulnerable to selecting61

high pT vertices resulting from the merging of nearby PU vertices. Nearby PU vertices can be merged when62

the typical distance between pileup vertices is comparable or smaller to the vertex resolution. An example63

where the sumPT algorithm incorrectly selects one of such merged vertices is shown in Figure 1. This e↵ect64

is further illustrated in Figure 2, where the sumPT vertex selection e�ciency shows a downward trend with65

increasing average local PU vertex density. This consequence of merged PU vertices is exacerbated for VBF66

Higgs to invisibles vertices with their modest visible pT .67

Figure 1: PU vertices with many tracks, as shown in the left r-z event display, dominate the softer recon-
structed HS Primary Vertex (in the same Event), in the right, when using sumPT. The left plot is centered
(red ellipse) on the vertex incorrectly chosen by sumPT, the right plot is centered on the reconstructed HS
Primary Vertex. All the jets with pT > 30 GeV are drawn in the r-z plane on top of the vertex of interest.
Also shown in the lower half of the plots is the truth Z axis with the truth HS and PU vertex positions
marked.

4 New Technique68

The key di↵erence between the selected PU vertex and the correct HS vertex in Figure 1 is that in the case69

of the HS vertex, the tracks are correlated with the high pT jets in the event whereas the tracks within the70

PU merged vertex are not strongly correlated in angles, because they originate from independent, close-by,71

interactions. Therefore there is room for improvement by resolving the substructure associated with vertices,72

and grooming the tracks attached to the vertices such that tracks correlated to HS processes are selected73

preferentially.74

Based on this insight, we proposed a new algorithm for vertex selection in VBF Higgs invisible events at75

HL-LHC that makes use of the track-jet correlations within each vertex, based on maximizing an augmented76

version of the standard sumPT algorithm that projects tracks onto hard jets,77

sumPTw =
X

tracks

pTw =
X

tracks

p
2
T p

2
T (closest jet)

1

�R
1(�R < 0.8)1(pT (jet) > pT (threshold)). (3)

Here pT (threshold) = 30 GeV is used, and �R is the distance between a track and the closest jet with78

su�cient pT in ⌘�� space. This projects tracks onto jets and adds the weighted pTw as defined above. Thus79

sumPTw is a bolstered measure of the total vertex sumPT in jets. Since merged PU vertices are made of80

2 or more independent interactions, their tracks are not correlated in ⌘ � � space with the HS interaction.81

Therefore by projecting their tracks onto hard jet axis directions, their large sumPT is significantly reduced.82

Figure 2 shows the new sumPTw algorithm (square) performance versus the standard sumPT algorithm83

(circle). sumPTw significantly flattens the PU vertex density dependence of vertex selection e�ciency. This84

demonstrates the robustness of sumPTw in the face of merged PU vertices at high PU vertex densities. The85

new algorithm improves the average Vertex Selection E�ciency from 86% to 95%, a 10% relative improvement86

on the current approach under the tight event selection criteria as described in Section 2.87
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One limitation of this method is that, under high luminosity conditions, it becomes vulnerable to selecting61

high pT vertices resulting from the merging of nearby PU vertices. Nearby PU vertices can be merged when62

the typical distance between pileup vertices is comparable or smaller to the vertex resolution. An example63

where the sumPT algorithm incorrectly selects one of such merged vertices is shown in Figure 1. This e↵ect64

is further illustrated in Figure 2, where the sumPT vertex selection e�ciency shows a downward trend with65

increasing average local PU vertex density. This consequence of merged PU vertices is exacerbated for VBF66

Higgs to invisibles vertices with their modest visible pT .67

Figure 1: PU vertices with many tracks, as shown in the left r-z event display, dominate the softer recon-
structed HS Primary Vertex (in the same Event), in the right, when using sumPT. The left plot is centered
(red ellipse) on the vertex incorrectly chosen by sumPT, the right plot is centered on the reconstructed HS
Primary Vertex. All the jets with pT > 30 GeV are drawn in the r-z plane on top of the vertex of interest.
Also shown in the lower half of the plots is the truth Z axis with the truth HS and PU vertex positions
marked.

4 New Technique68

The key di↵erence between the selected PU vertex and the correct HS vertex in Figure 1 is that in the case69

of the HS vertex, the tracks are correlated with the high pT jets in the event whereas the tracks within the70

PU merged vertex are not strongly correlated in angles, because they originate from independent, close-by,71

interactions. Therefore there is room for improvement by resolving the substructure associated with vertices,72

and grooming the tracks attached to the vertices such that tracks correlated to HS processes are selected73

preferentially.74

Based on this insight, we proposed a new algorithm for vertex selection in VBF Higgs invisible events at75

HL-LHC that makes use of the track-jet correlations within each vertex, based on maximizing an augmented76

version of the standard sumPT algorithm that projects tracks onto hard jets,77

sumPTw =
X

tracks

pTw =
X

tracks
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2
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�R
1(�R < 0.8)1(pT (jet) > pT (threshold)). (3)

Here pT (threshold) = 30 GeV is used, and �R is the distance between a track and the closest jet with78

su�cient pT in ⌘�� space. This projects tracks onto jets and adds the weighted pTw as defined above. Thus79

sumPTw is a bolstered measure of the total vertex sumPT in jets. Since merged PU vertices are made of80

2 or more independent interactions, their tracks are not correlated in ⌘ � � space with the HS interaction.81

Therefore by projecting their tracks onto hard jet axis directions, their large sumPT is significantly reduced.82

Figure 2 shows the new sumPTw algorithm (square) performance versus the standard sumPT algorithm83

(circle). sumPTw significantly flattens the PU vertex density dependence of vertex selection e�ciency. This84

demonstrates the robustness of sumPTw in the face of merged PU vertices at high PU vertex densities. The85

new algorithm improves the average Vertex Selection E�ciency from 86% to 95%, a 10% relative improvement86

on the current approach under the tight event selection criteria as described in Section 2.87

2

Pile up vertex harder than vertex of interest, wrongly selected by ∑𝑝��
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Benefits even more from the forward ITk acceptance…
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2020-002/


• Open-source and detector independent platform for tracking & 
vertexing algorithms R&D 

• Collaboration across experiments + ML experts

http://acts.web.cern.ch/ACTS/

ATLAS Tracking & Vertexing infrastructure gave the basis to 
A Common Tracking So/ware
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http://acts.web.cern.ch/ACTS/


Run 3 • ∼30% inclusive efficiency recovery

• ∼10% better PV selection efficiency

• ∼20% better longitudinal resolution

• Direct improvement in JetFitter

• First deployed ACTS component

May 2022 V. M. M. Cairo 337

Run 2 à Run 3   :    single iterative à adaptive multi-vertex fitting procedure (AMVF)
• All selected tracks available for fitting

• Vertex candidates compete for tracks

ATL-PHYS-PUB-2019-015

Being re-tuned for the new ATLAS silicon Inner Tracker (ITk)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-015/
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• ∼30% inclusive efficiency recovery

• ∼10% better vertex selection efficiency

• ∼20% better longitudinal resolution

• Improved overall PU robustness, 
currently being re-tuned for ITk

Run 2 à Run 3 : from single iterative to multi-vertex fitting procedure (AMVF)

First piece of ACTS included in the ATLAS:
execution time 2x as fast!

Opens-up opportunities for new vertexing ideas in a 
flexible and detector independent way…

Run 3

ITk

ITk - AMVF

Run 2 - IVF
ATL-PHYS-PUB-2019-014

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

https://acts.readthedocs.io/en/latest/
https://cds.cern.ch/record/2669540
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-015/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2021-002/

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2021-002/
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https://cds.cern.ch/record/2773619/files/ATL-COM-HGTD-2021-010.pdf?version=5

RejecRon of pileup jets as a funcRon of the efficiency for selecRng hard-scaYer jets with 30 < pT < 50 GeV using the RpT discriminant in VBF H → invisible events with an average of 
200 pile-up collisions per bunch crossing. The RpT algorithm computes the raRo of track pT within a jet to the fully calibrated jet pT. Jets originaRng from the hard-scaYer vertex 
have larger RpT on average than those from pileup interacRons. Typical working points use 85% of efficiency for hard-scaYer jets. In order to compute the numerator of RpT, tracks 
are required to be compaRble with the hard-scaYer vertex. The track-to-vertex associaRon can be computed using the longitudinal impact parameter (z0) with the tracker detector 
alone (ITk) or by combining it with the HGTD using the reconstructed Rme of the tracks (t) in addiRon to their impact parameter. In the case of ITk, the track-to-vertex associaRon is 
performed by comparing the track z0 to the z posiRon of the hard-scaYer vertex. For HGTD, the reconstructed Rme of the tracks are compared to the reconstructed Rme t0 of the 
hard-scaYer vertex.
In order to evaluate the impact that the reconstrucRon of the vertex t0 has on the pileup jet suppression, this figure considers the case in which the reconstructed vertex t0 is 
replaced by the Monte Carlo truth t0. This gives an indicaRon of the maximum (ideal) performance that could be achieved, as well as the effect of the current algorithm used to 
determine the vertex t0 on the pileup jet idenRficaRon performance. There are two sets of curves (black and red). The black curves use reconstructed quanRRes only and show the 
pileup suppression performance using ITk alone (solid) and the combined ITk and HGTD detectors (dashed) as it is shown in the HGTD TDR. The ITk+HGTD performance depends 
on the ability to reconstruct t0, which includes both the efficiency to find a vertex t0 in the event, and on its resoluRon. The red fine-dashed line was obtained using the Monte 
Carlo truth t0 instead of the reconstructed t0, indicaRng the ulRmate (ideal) performance achievable under perfect efficiency and resoluRon to determine the vertex t0. 

https://cds.cern.ch/record/2773619/files/ATL-COM-HGTD-2021-010.pdf?version=5


May 2022 V. M. M. Cairo 341



Inner System

is the Inner System (IS) 
Assembly & Integration

Barrel Endcap

R0/1
R0.5

R1

L0

L1

ITK-2020-002/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2020-002/


Validate Local Support design and loading procedure

Thermo-mechanical prototype 
• Load with dummy modules

• silicon heaters with plarnum coarng
• 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

Integra[on prototypes
• Integrate electrical prototype in quarter shell at low z
• Integrate addironal stave/ring flavors

7

Heaters - Wiring

IN

OUT

Heaters
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R0/1
coupled

Thermo-mechanical characterization 
• Radiation hardness up to 10-15 MGy, operate cold, prevent leakage current & thermal runaway 



• Every small detail in construcGon plays a role later on in 
performance

• Large amount of material in the tracker from Pixel services 
and cooling

• EsGmated a priori, but requires data-driven methods during 
actual operaGon

• Many lessons learned arer IBL installafon
• Hadronic interacGons & photon conversions
• Track extension efficiency 

ITK-2019-001

JINST 12 P12009

Cooling fluid 
incorrectly 

modelled in 
simulation
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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


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

• Every small detail in construcGon plays a role later on in 
performance

• Large amount of material in the tracker from Pixel services 
and cooling

• EsGmated a priori, but requires data-driven methods during 
actual operaGon

• Many lessons learned a|er IBL installaGon
• Hadronic interacGons & photon conversions
• Track extension efficiency 

• Largest source of uncertainty for track reconstrucfon
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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


• Crucial components in the event reconstruction chain
Unprecedented challenges from increasing pile-up

• Algorithms’ optimization and detector construction go hand-in-hand
• Constructability and optimal performance must be ensured

• Material-budget is critical
• Systematic effects propagate to all reconstructed objects (e.g. converted 

photons)

• About 5 years to go before the start of the HL-LHC phase
• Building the trackers is a major deliverable for ATLAS & CMS
• Lessons from the past are to be taken into account 

• The early operation phase will open opportunity for exciting 
track- and vertex- based analysis!
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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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2 m

1.3 m

1.3 m

October 2019

January 2020

Photo by C. Vernieri

July 2020

Will accommodate thermal and electrical tesfng

Valentina Sam (UMass)
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Test BoxCO2 Plant

Flow control and monitoring

Temperature 
and pressure 
monitoring

Connection 
system

Gantry systems

Ring
Stave
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• Bare local support (R0/1) tested in July 2020 - to be used for thermo-mechanical prototype
• Ongoing work on loading it with heaters

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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• Bare local support (R0/1) tested in July 2020 - to be used for thermo-mechanical prototype
• Ongoing work on loading it with heaters

More on the offline image processing in the extra slides…
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Cooled ring

LS meets 
specifications
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• Thermal tesfng infrastructure ready, current emphasis on loading

Thermally conductive epoxy (SE4445)
Picture by H. Herde

Example of glue dispensing on glass 
slides emulating quad modules

Syringes with SE4445 for glue robot 

Nordson EFD Ultimus V

SLAC loading team
Picture by H. Herde

Closest layers to the interacGon points: radiaGon effects are severe, adhesives must be rad-hard
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Q5

TFM ~ 20 (except for Q5)
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