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Introduction
Di-Higgs and High Luminosity LHC (HL-LHC)

• Already seen in previous talks the importance of Higgs physics at future particle 
colliders. 

• What will I try to do here? 

• Focus on di-Higgs (HH) production, in particular at the HL-LHC expected to start in 
2029. 

• HL-LHC: upgrade of the LHC that will increase the collider luminosity by at least a 
factor of 5.  

• This will bring more data but also unprecedented detector challenges due to 
the high number of simultaneous pp collisions ( ). 

• Some questions I will try to answer:  

• Why are future HH measurements crucial? 

• What can be achieved with the HL-LHC dataset? And after this? 

• What are the limitations for the future?

⟨μ⟩ = 200

Pa
rt

ic
le

 P
hy

si
cs

 d
ep

ar
tm

en
t

Long shutdown  
2 (LS2) Long shutdown 3 (LS3)Run 3

We are here!

HL-LHC  
(Run 4)
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Why are HH 
measurements 

interesting?



4

M
ar

co
 V

al
en

te

C
en

tr
e

TR
IU

M
F,

 C
an

ad
a’

s 
pa

rt
ic

le
 a

cc
el

er
at

or
The Higgs potential
What is still unknown?
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• In the Standard Model, Higgs 
potential represented by: 

  

• So far, we only established 
where the minimum of the 
Higgs potential is.

V(ϕ†ϕ) = − μ2ϕ†ϕ + λ(ϕ†ϕ)2

This is what we 
experimentally know 

about the Higgs

Unknown!

Unknown!

|ϕ |

V(
ϕ)
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Different potential
shapes could explain the same 

physics we see now!

arxiv:1907.02078
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The Higgs potential
What is still unknown?
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• In the Standard Model, Higgs 
potential represented by: 

  

• So far, we only established 
where the minimum of the 
Higgs potential is.

V(ϕ†ϕ) = − μ2ϕ†ϕ + λ(ϕ†ϕ)2

This is what we 
experimentally know 

about the Higgs

Unknown!

Unknown!

|ϕ |

V(
ϕ)
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https://arxiv.org/abs/1907.02078
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How to measure the Higgs potential?
Multiple-Higgs events

We need to access the  parameter of the Higgs potential.λ

V(h) = − μ2 |ϕ |2 + λ |ϕ |4 ≃
1
2

m2
hh2 + λvh3 +

1
4

λh4+…
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How to measure the Higgs potential?
Multiple-Higgs events

We need to access the  parameter of the Higgs potential.λ

V(h) = − μ2 |ϕ |2 + λ |ϕ |4 ≃
1
2

m2
hh2 + λvh3 +

1
4

λh4+…

Tells us where the minimum of the potential is 
  means ⇒ mH = 2λv ≈ 125 GeV λSM ≈ 0.13
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How to measure the Higgs potential?
Multiple-Higgs events

We need to access the  parameter of the Higgs potential.λ

V(h) = − μ2 |ϕ |2 + λ |ϕ |4 ≃
1
2

m2
hh2 + λvh3 +

1
4

λh4+…

Tells us where the minimum of the potential is 
  means ⇒ mH = 2λv ≈ 125 GeV λSM ≈ 0.13

Access to  through 3-Higgs 
interactions. Possible to access 

for the first time at HL-LHC

λ

∝ λ

Trilinear Higgs self-coupling

κλ ≡
λ

λSM

We generally look more at 
 rather than  directly κλ λ
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How to measure the Higgs potential?
Multiple-Higgs events

We need to access the  parameter of the Higgs potential.λ

V(h) = − μ2 |ϕ |2 + λ |ϕ |4 ≃
1
2

m2
hh2 + λvh3 +

1
4

λh4+…

Tells us where the minimum of the potential is 
  means ⇒ mH = 2λv ≈ 125 GeV λSM ≈ 0.13

Out of the reach of HL-LHC and most of  
the future collider scenarios.

∝ λ

Quadrilinear Higgs self-coupling

Access to  through 3-Higgs 
interactions. Possible to access 

for the first time at HL-LHC

λ

∝ λ

Trilinear Higgs self-coupling

κλ ≡
λ

λSM

We generally look more at 
 rather than  directly κλ λ
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HH production at the HL-LHC
Non-resonant HH production
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• Extremely low cross-section in the SM due to 

Box diagramTriangle diagram

1 HH event every 1000 single-H events!

Gluon-gluon fusion (ggF)

Vector-boson fusion (VBF)

• Destructive 
interference leads 
to small cross-
section:
σggF = 36.4 fb

• Signature: 2 Higgs + 2 quarks 
close to the LHC proton beams. 

• Access to , but also to VVHH 
process (never measured!) which 
could provide test of SM unitarity 
via measurement of . 

• Very tiny cross-section: 

κλ

k2V

σVBF = 2.0 fb
κ2V ≡

c2V

cSM
2V
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What have we 
achieved so far?



Latest ATLAS Run 2 results
SM signal strength 95% CL upper limits

• No signal observed, but we are getting very close! Maximal sensitivity is obtained through combination of 
different HH decay channels.  

• Observed 95% CL upper limit is ! 

• SM hypothesis  still compatible with observation at 95% CL. 

• CMS has very similar numbers 🙂  

• Dominant uncertainty: statistical! Adding more data will help a lot!

2.9 × σHH(SM )

(κλ, κ2V) = (1.0, 1.0)
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4.0x better than  combination36 fb−1
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κλ ∈ [−1.2, 7.2] κ2V ∈ [0.6, 1.5]

Phys. Rev. Lett. 133 (2024) 101801

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


What can we achieve 
at the HL-LHC?
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Di-Higgs at the HL-LHC
Some caveats…

• This is a nice question, but it is not so simple to answer. 🙂 

• However, many important questions remain: 

1. When are we going to hit the systematics wall? 

2. Can we reduce systematics in the next years? By how much? 

3. How much are the detector upgrades going to improve performance? 

• ATLAS and CMS will need to be upgraded to cope with large radiation 
doses, high data flows, and challenging reconstruction conditions (200 
simultaneous pp collisions).
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ATLAS upgrades CMS upgrades

Inner detector Brand new and fully made of silicon!

Timing 
detectors

Yes! Forward region only (2.4 < |η| < 4.0) Yes! Full eta coverage.

Calorimeter New readout electronics New readout electronics. New end-cap 
calorimeter (5D shower reconstruction)

Trigger Brand new! L1/HLT output rates: 1MHz/10kHz Brand new! L1/HLT output rates: 650kHz/
7.5kHz

Muon chambers New Small Wheel (installed), upgraded barrel 
RPCs, new TGC chambers, new MDT electronics

Extend eta gaps and increase 
redundancy with new technologies 

(GEMs, RPCs)

Po
te

nt
ia

l o
f F

ut
ur

e 
Co

lli
de

rs
 w

or
ks

ho
p 

[2
02

4]

H
H

 m
ea

su
re

m
en

ts
 a

t H
L-

LH
C 

an
d 

fu
tu

re
 c

ol
lid

er
s

Can certainly extrapolate the previous Run 2 results with HL-LHC luminosity ( )3000 fb−1



11

M
ar

co
 V

al
en

te

C
en

tr
e

TR
IU

M
F,

 C
an

ad
a’

s 
pa

rt
ic

le
 a

cc
el

er
at

or
HL-LHC reconstruction performance
Are detector upgrades enough to cope with the higher pileup conditions?

• For HH, crucial point is the reconstruction performance of b-jets, , photons, and 
leptons (  and ). 

• Current HL-LHC simulations show comparable (or better) reconstruction performance 
between Run 2 and HL-LHC thanks to upgraded detectors!

τhad
e μ
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ATL-PHYS-PUB-2022-047

ATL-PHYS-PUB-2019-005
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Run 2 performance
 identification efficiencyτhad

An extrapolation from Run 2 analyses should give a realistic idea 
of the expected H-LHC sensitivity for HH!

https://cds.cern.ch/record/2839913/files/ATL-PHYS-PUB-2022-047.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-005/
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A history of Run 2 extrapolations
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arXiv:1902.10229 arXiv:2211.11084

• A little bit of history: 

• Projections for CERN Yellow-Report (2019): based on partial Run 2 analyses ( ) 

• Snowmass process (2021): based on first round of complete Run 2 analyses ( ). 

• European Strategy update for particle physics: soon in 2025!

36 fb−1

139 fb−1

CERN yellow report (2019)

Snowmass EF report (2022)
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https://arxiv.org/abs/1902.10229
https://arxiv.org/pdf/2211.11084
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ATLAS + CMS projections (2019)
A simple extrapolation…

Pa
rt

ic
le

 P
hy

si
cs

 d
ep

ar
tm

en
t

Statistical significance (Z)

ℒcomb = ∏
analysis

ℒa log(ℒcomb) = ∑
analysis

log(ℒa)

Zcomb = ∑
analysis

Z2
a

• CERN Yellow Report extrapolation based of partial Run 2 ATLAS and CMS 
results ( ) with expected reduction systematic uncertainties. 

• Combined significance:  ( ) with and without systematic 
uncertainties. 

• Scenario without systematics give best possible case. 

• Precision on  modifier: 

36 fb−1

4.0σ 4.5σ

κλ ∼ 50 %
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arXiv:1902.10229

https://arxiv.org/abs/1902.10229


Are these numbers 
still realistic?
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ATLAS Snowmass projections (2022)
New ATLAS projections
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• Only ATLAS projections were updated with new Run 2 analyses ( ) 

• Statistical significance:  ( ) with (without) systematic uncertainties. 

• 68% CL  range (with systematics): [0.5,1.6] 

• Achieved almost the same expected sensitivity ATLAS+CMS with ATLAS-only! 

• Previous CERN Yellow report ATLAS-only  range: [0.25,1.9] 

• This means that ATLAS+CMS should be much better than  and 50% 
precision on  quoted in many documents. 🙂

139 fb−1

3.4σ 4.9σ

κλ

κλ

4.0σ
κλ ATLAS-PHYS-PUB-2022-053

3.4σ
4.9σ
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https://cds.cern.ch/record/2841244
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My personal ATLAS+CMS estimation
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Speculations…

ATLAS+CMS   
constraint ~[0.65,1.3]. 

Or also 30-35% 
precision on .

κλ

κλ

• Let’s assume that ATLAS and CMS will have identical sensitivity to HH. Not very far 
from reality if you look at the latest CMS results 😉 . 

• This means that: 

• Significance:  

 

•  precision: 

ZATLAS+CMS ≈ Z2
ATLAS + Z2

ATLAS = 2 ⋅ ZATLAS

κλ log(ℒATLAS+CMS) ≈ logATLAS(ℒ) + logATLAS(ℒ) = 2 ⋅ logATLAS(ℒ)

  with (without) systematics  ZATLAS+CMS ≈ 4.8σ (6.9σ)
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Speculations…

ATLAS+CMS   
constraint ~[0.65,1.3]. 

Or also 30-35% 
precision on .

κλ

κλ

• Let’s assume that ATLAS and CMS will have identical sensitivity to HH. Not very far 
from reality if you look at the latest CMS results 😉 . 

• This means that: 

• Significance:  

 

•  precision: 

ZATLAS+CMS ≈ Z2
ATLAS + Z2

ATLAS = 2 ⋅ ZATLAS

κλ log(ℒATLAS+CMS) ≈ logATLAS(ℒ) + logATLAS(ℒ) = 2 ⋅ logATLAS(ℒ)

  with (without) systematics  ZATLAS+CMS ≈ 4.8σ (6.9σ)

This means that we should get really close to a  
discovery for ATLAS+CMS at HL-LHC. And the  

precision should be ~30%.

5σ
κλ

And this is probably still pessimistic 😉
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More data, better reconstruction and triggers

• We already achieved plenty of improvements in Run 3 for reconstruction and 
triggers. And these will be all propagated to HL-LHC! 😉 

• Some examples: 

• b-tagging largely improved with Graph Neural Networks (GN1)! 

• Triggers significantly improved (e.g. asymmetric  triggers)! 

• So,  and 30%  precision is probably still pessimistic (we can do more!)

HH → bb̄bb̄

4.8σ κλ
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Run 3 ATLAS improvements
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X2 better light-jet rejection

ATLAS-PHYS-PUB-2022-027

+20-60% more  triggered databb̄bb̄
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https://cds.cern.ch/record/2811135


Boosted VBF  (2024)HH → bb̄bb̄
k2V limits
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• At 95% CL, expected  at HL-LHC. 

• Recently published (2024) a new Run 2 search ( ) allowing to 
already beat HL-LHC limit! A huge step forward in just 2 years! 

• It isn’t hard to believe that all these numbers are still pessimistic!

κ2V ∈ [0.5,1.6]

140 fb−1

k2V ∈ [0.55,1.49]

Boosted VBF  ( )HH → bb̄bb̄ 140 fb−1

arXiv:2404.17193

k2V ∈ [0.5,1.6]

Resolved  at HL-LHC ( )HH → bb̄bb̄ 3000 fb−1

ATL-PHYS-PUB-2022-053
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https://arxiv.org/abs/2404.17193
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/


What can we achieve 
beyond HL-LHC?
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HH production at future Higgs factories

• Two ways to constrain self-coupling modifier  at 
Higgs factories: 

• Indirect constraint ( ): no access to HH 

• Dominant at circular  colliders (FCC-
ee,CEPC) and low-energy linear colliders 
(ILC250, etc.) 

• Requires good knowledge of other Higgs 
couplings ( ) to measure  precisely. 

• Direct constraint ( , ): access to HH  

• Dominant at high-energy lepton colliders 
(ILC, CLIC, C3, Muon Collider).

κλ

ZH

e+e−

e . g . κV, κγ κλ

ZHH ννHH
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Comparison of future colliders

• Circular  colliders (FCC-ee, CLIC) could get  precision down to 25-50% with indirect 
ZH measurements. 

• O(1%) knowledge of other Higgs couplings is expected to be good enough! 

• Possible to achieve: 

• ~10% precision with high-energy linear colliders (ILC1000, CLIC3000, etc.)  

• ~5% precision with high-energy hadron colliders (FCC-hh)

e+e− κλ
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arXiv:1910.11775

arXiv:2303.08533

Personal estimation 🙂

Want more? You need  
a 30 TeV Muon Collider 

( )!ννHH

https://arxiv.org/abs/1910.11775
https://arxiv.org/abs/2303.08533
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Conclusion and outlook
• The Higgs sector is UNIQUE and still 

largely unexplored! 

• Shape of the Higgs potential is 
essential to fully understand EWSB! 

• HH searches at HL-LHC will give first 
measurement of potential shape via 
measurement of . 

• Some personal HL-LHC estimations: 

• ⚠ Unofficial, please use with caution! 

•  discovery should be well within 
reach! Especially considering how 
quickly we are improving things. 

• For better precision: future  and 
hadron-hadron colliders 

• Want better? Then you need a 15 TeV 
Muon Collider ( ).

κλ

5σ

e+e−

≥
σ(κλ) ∼ 1 %
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Personal HL-LHC 
projection

Significance Z 4.8σ (6.9σ) with and 
without systematics

     Precision        ~30% with systs

     Precision     ~50% with systs

κλ

κ2V

    Precision on

Circular e+e-  
(FCC-ee/CEPC) ~ 25-50%

FCC-hh ~5%

High-energy linear 
colliders ~10%

κλ

Already better than this with Run 2 dataset!
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HL-LHC systematic uncertainties and cross-
sections
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ATLAS CERN Yellow report
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Future colliders luminosities
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