
THE HIGGS SELF-COUPLING
How did the Universe originate and how will it eventually evolve?
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R. Gröber’s talk

Direct measurement of 
the Higgs self-coupling 
via HH

= 𝜆/𝜆!"

https://indico.ijclab.in2p3.fr/event/10259/timetable/
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Phys. Rev. Lett. 133 (2024) 101801

Legend: 
New from HH2023

CMSPublic/SummaryResultsHIG 

O(20%) improvement 

Boosted VBF

Z. Liang’s talk, A. Bethani’s talk

https://link.aps.org/doi/10.1103/PhysRevLett.133.101801
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG
https://indico.ijclab.in2p3.fr/event/10259/timetable/
https://indico.ijclab.in2p3.fr/event/10259/timetable/
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Photon and lepton 
triggers powerful 

at low 𝑚!!

Boosted hadronic 
signatures powerful 

at high 𝑚!!

CMS 
H+HH

https://arxiv.org/pdf/2407.13554 

Legend: 
New from HH2023

ATLAS 
HH

Phys. Rev. Lett. 133 (2024) 101801

Latest observed (expected) constraints on 𝑘!at 95% CL: ATLAS [-1.2;7.2] (-1.6;7.2), CMS [-1.2;7.5] (-2.0;7.7)

Z. Liang’s talk, A. Bethani’s talk

https://arxiv.org/pdf/2407.13554
https://link.aps.org/doi/10.1103/PhysRevLett.133.101801
https://indico.ijclab.in2p3.fr/event/10259/timetable/
https://indico.ijclab.in2p3.fr/event/10259/timetable/
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R. Gröber’s talk

JHEP 01 (2024) 066

Phys. Rev. Lett. 133 (2024) 101801

CMS-PAS-HIG-21-002 

HEFT

SMEFT

g
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cgghh

g

g H

H

ctthh

EFFECTIVE FIELD THEORIES
R. Gröber’s talk

https://indico.ijclab.in2p3.fr/event/10259/timetable/
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://link.aps.org/doi/10.1103/PhysRevLett.133.101801
https://cds.cern.ch/record/2799151
https://indico.ijclab.in2p3.fr/event/10259/timetable/
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See more in F. Haslbeck’s talk and ATL-PHYS-PUB-2024-016

Lesson from the past: results exceed expectations!

Mostly object 
reconstruction
Mostly analysis 
techniques

https://indico.ijclab.in2p3.fr/event/10259/timetable/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/


Run 2 Run 3 HL-LHC
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FTAG-2023-01/ 

BJetTriggerPublicResults

DP2023_0502904702 

Impressive improvements in flavour tagging (resolved and boosted) & very promising hadronic triggers

Where will new technologies 
and new algorithms take us 

during HL-LHC?

Theory improvements also key, 
”baseline” assumes th. 
uncertainties halved!

ATL-PHYS-PUB-2024-016

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
https://twiki.cern.ch/twiki/pub/AtlasPublic/BJetTriggerPublicResults/runcomp-effs.png
https://cds.cern.ch/record/2868787/files/DP2023_050.pdf?version=1
https://cds.cern.ch/record/2904702
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/
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Run 2 ATLAS + CMS Combination Run 2 + Run 3 reach HL-LHC ATLAS + CMS

Dataset 
already 
doubled. 
Similar 
sensitivities 
from ATLAS 
& CMS!

Initiated at 
HiggsPairs

ATLAS & 
CMS shared 
workspaces

New (and final) Run 2 
combination by ATLAS, new 
workspaces to be shared. 
CMS?

2022

2023

2024

Crucial 
input for 
the 
European 
Strategy 
Update

Previous projections (50% 
precision) *very* outdated

ATLAS+CMS+Theory 
collaborations to harmonize 
systematics and enable 
powerful result interpretation

Phys. Rev. Lett. 133 
(2024) 101801

Lumi extr.

?

https://link.aps.org/doi/10.1103/PhysRevLett.133.101801
https://link.aps.org/doi/10.1103/PhysRevLett.133.101801
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9

“3” TRANSPARENCIES OF COMPARISON

THANKS FOR 
YOUR 

ATTENTION!
LET’S OPEN THE 

DISCUSSION
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EXTRA SLIDES

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

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

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

10
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R. Gröber’s talk

https://indico.ijclab.in2p3.fr/event/10259/timetable/
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FTAG-2023-01/ 

https://cds.cern.ch
/record/2904702 

Fake rate improved by ~2 
orders of magnitude since 

the Tevatron! Ref 1, 2

ATL-PHYS-PUB-2022-047/ 

ATL-PHYS-PUB-2023-023 

Run 4 Beyond Run 4?
 6LPXODWLRQ�3UHOLPLQDU\ 3D

4D

ATL-PHYS-PUB-2023-023 

Run 2 to Run 3 Run 3

BJetTriggerPublicResults

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
https://cds.cern.ch/record/2904702
https://cds.cern.ch/record/2904702
https://indico.fnal.gov/event/9504/attachments/74423/89291/D0_University_2011-02-03_Greder.pdf
https://arxiv.org/pdf/0707.1712
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-047/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-023/
https://twiki.cern.ch/twiki/pub/AtlasPublic/BJetTriggerPublicResults/runcomp-effs.png
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ggF

SM

1401.7340 𝑘#=

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

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

ggF

SM

1401.7340 𝑘#=

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

Key experimental handle

Only box

SM
Close to 
max int.
Mainly 
triangle

j.revip.2020.100045

Softer spectrum for 
large 𝜅! values

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

Need to combine 
multiple signatures 

of Higgs boson decays 
to increase sensitivity

0 20000 40000 60000 80000 100000 120000

HL-LHC

Run 2 + 3

Run 2

HH Events

We detect only 
O(%) of these
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s41586-022-04892-x 

Phys. Rev. Lett. 133 (2024) 101801

https://www.nature.com/articles/s41586-022-04892-x
https://link.aps.org/doi/10.1103/PhysRevLett.133.101801
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/
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TAU TRIGGERS
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HADRONIC TRIGGERS

DP2023_050.pdf

https://cds.cern.ch/record/2868787/files/DP2023_050.pdf?version=1
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BOOSTED OBJECTS

ATL-PHYS-PUB-2023-021/ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-021/
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THE POWER OF COMBINATION
𝑯+𝑯𝑯

Phys. Lett. B 843 (2023) 137745 https://arxiv.org/pdf/2407.13554 

https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://arxiv.org/pdf/2407.13554
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A BROAD AND 
EXCITING PROGRAMME

JHEP 02 (2024) 037

JHEP 01 (2024) 066

JHEP 08 (2024) 164 

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

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

Effective Field Theory with 𝑯𝑯 → 𝒃𝒃𝜸𝜸
𝑯𝑯 → 𝒃𝒃𝒍𝒍

Effective Field Theory with 𝑯𝑯 → 𝒃𝒃𝝉𝝉 Boosted 𝑯𝑯 → 𝒃𝒃𝒃𝒃

𝑯𝑯 → 𝑴𝒖𝒍𝒕𝒊𝒍𝒆𝒑𝒕𝒐𝒏

https://link.springer.com/article/10.1007/JHEP02(2024)037
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://link.springer.com/article/10.1007/JHEP08(2024)164
ATLAS-CONF-2024-003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/fig_10.png
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HEFT
To benchmark or not to benchmark? A controversial plot

Phys. Rev. Lett. 133 (2024) 101801 CMS-PAS-HIG-21-002 

https://link.aps.org/doi/10.1103/PhysRevLett.133.101801
https://cds.cern.ch/record/2799151
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HEFT

https://arxiv.org/pdf/2304.01968 

https://arxiv.org/pdf/2304.01968
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MULTILEPTONS
• CMS full Run 2 search for 𝐻𝐻 −> 𝑊𝑊𝑊𝑊,𝑊𝑊𝜏𝜏, 𝑎𝑛𝑑	𝜏𝜏𝜏𝜏 https://arxiv.org/abs/2206.10268 
• Additional 𝛾𝛾𝜏𝜏 search https://inspirehep.net/literature/2784595 

• ATLAS ML and yyML combined https://link.springer.com/article/10.1007/JHEP08(2024)164 

https://arxiv.org/abs/2206.10268
https://inspirehep.net/literature/2784595
https://link.springer.com/article/10.1007/JHEP08(2024)164
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MULTILEPTONS
• CMS full Run 2 search for 𝐻𝐻 −> 𝑊𝑊𝑊𝑊,𝑊𝑊𝜏𝜏, 𝑎𝑛𝑑	𝜏𝜏𝜏𝜏 https://arxiv.org/abs/2206.10268 
• Additional 𝛾𝛾𝜏𝜏 search https://inspirehep.net/literature/2784595 

• ATLAS ML and yyML combined https://link.springer.com/article/10.1007/JHEP08(2024)164 

https://arxiv.org/abs/2206.10268
https://inspirehep.net/literature/2784595
https://link.springer.com/article/10.1007/JHEP08(2024)164
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MULTILEPTONS
• CMS full Run 2 search for 𝐻𝐻 −> 𝑊𝑊𝑊𝑊,𝑊𝑊𝜏𝜏, 𝑎𝑛𝑑	𝜏𝜏𝜏𝜏 https://arxiv.org/abs/2206.10268 
• Additional 𝛾𝛾𝜏𝜏 search https://inspirehep.net/literature/2784595 

• ATLAS ML and yyML combined https://link.springer.com/article/10.1007/JHEP08(2024)164 

https://arxiv.org/abs/2206.10268
https://inspirehep.net/literature/2784595
https://link.springer.com/article/10.1007/JHEP08(2024)164
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AN IMPRESSIVE SUCCESS

What we thought we 
could achieve

What we achieved

Phys. Lett. B 800 (2020) 135103

Phys. Rev. D 108 (2023) 052003

JHEP 01 (2024) 066

ATLAS-CONF-2023-071

Luminosity 
extrapolations

https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/fig_10.png
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RUN 3 (400 VS 500 FB-1)



23.09.24

V.M.M.CAIRO 32

RUN 3 (400 VS 500 FB-1)
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2D COUPLINGS

Phys. Rev. Lett. 133 (2024) 101801

https://link.aps.org/doi/10.1103/PhysRevLett.133.101801
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PUTTING EVERYTHING TOGETHER
https://arxiv.org/pdf/2207.00043.pdf 

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

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

Reviews in Physics 5 (2020) 100045 
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SINGLE HIGGS
https://doi.org/10.1016/j.revip.2020.100045 

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


Curtesy of L. Pereira Sanchez, adapted from 
JHEP04(2021)279 
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EFFECTIVE FIELD THEORIES AT THE LHC
• Searching for physics Beyond the Standard Model (BSM) 

major goal of particle physics 

• Higgs, Top and electroweak precision measurements 
benefit from a global approach in the framework of 
Effective Field Theories (EFT)
• Different operators sensitive to different phenomena

• SMEFT (SM EFT, Higgs fields as doublets) or HEFT (Higgs 
EFT, physical Higgs boson)

• SMEFT typically expanded to dim. 6 operators, dim. 8 
included to probe certain couplings

• HEFT more general than SMEFT, certain coefficients 
become independent

SMEFT Wilson coefficients

https://arxiv.org/pdf/2012.02779.pdf
https://link.springer.com/article/10.1007/JHEP04(2021)279
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EXPERIMENTAL OBSERVABLES
SM

BSMWhat EFT 
allows us 
to probe

𝐸 < 	𝐸"!# 𝐸 > 	𝐸"!#

Inspired by D. Valsecchi 

Wilson Coefficient 

Operator 
(indicated also with O)

Odd dim. neglected (l/b number violations)
Scale of BSM physics

ℒ!"#$% = ℒ!" + ℒ& + ℒ' + ℒ( + ℒ) +⋯ ,  

https://indico.cern.ch/event/1198609/contributions/5367280/
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EXPERIMENTAL OBSERVABLES
SM

BSMWhat EFT 
allows us 
to probe

quadratic 
(1/Λ&)

Inspired by D. Valsecchi 

ℒ!"#$% = ℒ!" + ℒ'+ ℒ) +⋯ ⇒
                𝜎!"#$% = 𝜎!" + 𝜎*+,,' + 𝜎.!",' + 𝜎*+,,) +	…

linear
(1/Λ')

𝐸 < 	𝐸"!# 𝐸 > 	𝐸"!#

https://indico.cern.ch/event/1198609/contributions/5367280/
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EXPERIMENTAL OBSERVABLES
SM

BSMWhat EFT 
allows us 
to probe

quadratic 
(1/Λ&)

Inspired by D. Valsecchi 

ℒ!"#$% = ℒ!" + ℒ'+ ℒ) +⋯ ⇒
                𝜎!"#$% = 𝜎!" + 𝜎*+,,' + 𝜎.!",' + 𝜎*+,,) +	…

linear
(1/Λ')

High energy tails of kinematic 
observables enhance 
experimental sensitivity to SM 
deviations
• Lin. vs Lin.+Quad. to probe 

higher order effects

Differential & precise 
measurements are key

Great complementarity between 
SM, Top and Higgs sectors to 
address fundamental physics 
questions…

𝐸 < 	𝐸"!# 𝐸 > 	𝐸"!#

https://indico.cern.ch/event/1198609/contributions/5367280/
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WHY HH? AND WHY IN EFT?

j.revip.2020.100045 

LHC early Run 2 
constraints  ≈ 10

No sensitivity to 
parameters other 
than 𝑂$ (~𝑘%)

Higgs pairs produced by means of various interactions at the LHC, including the Higgs 
self-coupling, 𝝀, giving us direct access to its measurement when searching for HH

https://doi.org/10.1016/j.revip.2020.100045
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WHY HH? AND WHY IN EFT?

LHC early Run 2 
constraints  ≈ 10

Higgs pairs produced by means of various interactions at the LHC, including the Higgs 
self-coupling, 𝝀, giving us direct access to its measurement when searching for HH

LHC full Run 2 
constraints  ≈ 3

Relevant to 
consider general 
coupling 
variations

j.revip.2020.100045 

https://doi.org/10.1016/j.revip.2020.100045
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HIGGS PAIRS IN SMEFT 2301.03212 

ATLAS 𝑯𝑯 → 𝟒𝒃

In Single Higgs, only included in 
linear combination with other WCs

Probed uniquely by HH

More 2D scans in the extra slides

https://arxiv.org/abs/2301.03212
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HIGGS PAIRS IN SMEFT 2301.03212 

Limits are ~ comparable with global 
combination (dominated by single Higgs)

Order-of-magnitude hand-made comparison between 2301.03212 (Global Fit) and ATL-PHYS-PUB-2022-037 (HH4b) 

https://arxiv.org/abs/2301.03212
https://arxiv.org/abs/2301.03212
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-037/
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HIGGS PAIRS IN HEFT 2301.03212, ATL-PHYS-PUB-2022-019, JHEP 03 (2021) 257

g

g

H

H

ctth

ctth

g

g H

H

H

cggh chhh

g

g H

H

cgghh

g

g H

H

ctthh

Standard Model Beyond Standard Model

g

g H

H

H

ctth chhh

In HEFT, anomalous single-Higgs couplings ≠ HH couplings (𝑐&&!! ≠ 𝑐&&! , 𝑐''!! ≠ 𝑐''! 	)

(*)

(*) In black the CMS WCs convention, in colors the ATLAS one

https://arxiv.org/abs/2301.03212
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-019/
http://dx.doi.org/10.1007/JHEP03(2021)257
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HIGGS PAIRS IN HEFT 2301.03212, ATL-PHYS-PUB-2022-019, JHEP 03 (2021) 257

g

g

H

H

ctth

ctth

g

g H

H

H

cggh chhh

g

g H

H

cgghh

g

g H

H

ctthh

Standard Model Beyond Standard Model

g

g H

H

H

ctth chhh

In HEFT, anomalous single-Higgs couplings ≠ HH couplings (𝑐&&!! ≠ 𝑐&&! , 𝑐''!! ≠ 𝑐''! 	)

HEFT results for ATLAS 𝐻𝐻 → 𝛾𝛾𝑏𝑏 + 𝐻𝐻 → 𝑏𝑏𝜏𝜏 (𝜎/𝜎() 	< O(3)), ATLAS 𝐻𝐻 → 4𝑏 and CMS 𝐻𝐻 → 𝛾𝛾𝑏𝑏 

(*) In black the CMS WCs convention, in colors the ATLAS one

(*)

See extra slides for constraints 
on “benchmarks”, i.e. xs limits 

on recommended 
combinations of WCs values

https://arxiv.org/abs/2301.03212
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-019/
http://dx.doi.org/10.1007/JHEP03(2021)257
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HIGGS PAIRS IN HEFT
• CMS full Run 2 search for 𝐻𝐻 −> 𝑊𝑊𝑊𝑊,𝑊𝑊𝜏𝜏, 𝑎𝑛𝑑	𝜏𝜏𝜏𝜏
• Require multi-leptons (𝑒, 𝜇, 𝜏*+,) in the final state
• 𝜎/𝜎() 	< O(20)

2206.10268  

https://arxiv.org/abs/2206.10268
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HOW DOES HH LOOK IN HL-LHC?

0.5 ≲ 𝒌𝝀 ≲ 1.6 at 𝟏𝝈

ATLAS alone 
comparable to 

previous expectation 
from ATLAS + CMS

ATL-PHYS-PUB-2022-053

was 3.3!

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

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

ATL-PHYS-PUB-2022-053/ 

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

ATL-PHYS-PUB-2022-053/ 

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

ATL-PHYS-PUB-2022-053/ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/


23.09.24

V.M.M.CAIRO 54

HOW DOES HH LOOK IN HL-LHC?

ATL-PHYS-PUB-2022-047/ 

ATL-PHYS-PUB-2022-053 

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

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

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


23.09.24

V.M.M.CAIRO 55

RUN 3 𝒃-TAGGING

ATL-PHYS-PUB-2022-027 

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

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2022-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/


ITK BTAGGING
23.09.24

V.M.M.CAIRO 56

Moder taggers based on Graph Neural Networks further exploit the potential of the 
ITk: up to x2 improvement in light-jet rejection!

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

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

