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LHC Run 1 and Run 2 are a big success!
✦ 2012: Discovery of a spin-0 particle with Higgs-like 

properties (ATLAS, CMS) 

✦ 2014: Discovery of a collective-like (flow) behavior 

in multi-hadron p-p and p-Pb collisions (ALICE, CMS) 

✦ 2015: First observation of the rare  

decay (LHCb, CMS) 

✦ 2018: Direct measurement of top-Higgs Yukawa 

coupling in  production; bottom-Higgs Yukawa 

coupling in  (ATLAS, CMS) 

✦ 2020: First observation of VVV production and VV 

scattering (CMS); first observation of time-

dependent CP violation in  systems (LHCb)

B0
s → μ+μ−

tt̄H

VH, H → bb̄

Bs
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The first elementary scalar 
 observed in Nature
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[Phys.Rev.D
 101 (2020) 012002]

[Phys.Rev.Lett. 125 (2020) 151802]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
http://dx.doi.org/10.1103/PhysRevLett.125.151802
http://dx.doi.org/10.1103/PhysRevLett.125.151802


The Big Questions

3

✦  What is the nature of electroweak symmetry breaking (EWSB)?  

✦ What is the nature of Dark Matter? Dark Energy? 

✦ What is the mechanism behind the generation of neutrino masses? 

✦ How to explain the matter/antimatter asymmetry of the Universe? 

Where are the additional sources of CP violation? 

✦ etc.

Disclaimer: Focus on the first two questions for the remaining 
(impossible to cover everything)



We have observed a Higgs boson…
Really?
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STANDARD MODEL — KNOWABLE UNKNOWNS

�8

This is what you get when you buy one 
of those famous CERN T-shirts

Gauge-Higgs interaction: measured and 
compatible with the SM…

Yukawa interaction: measured and 
compatible with the Standard Model 
(SM) for the 3rd generation…
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This is what you get when you buy one 
of those famous CERN T-shirts

Gauge-Higgs interaction: measured and 
compatible with the SM…

Yukawa interaction: measured and 
compatible with the Standard Model 
(SM) for the 3rd generation…

The core of EWSB: the scalar potential, 
not yet measured! Its shape dictates the 
fate of our vacuum!



Higgs self-interactions: cornerstone of the SM
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After EWSB, with H the Higgs boson: 

V(H) =
1
2

M2
HH2 + vλH3 H3 +

1
4

λH4 H4 + constant

SM predicts λH3 = λH4 =
M2

H

2v2

Establishing non-zero Higgs-self interactions = start accessing 
the shape of the potential! Key goal of Run 3 and HL-LHC



Direct access to the self-couplings: Higgs pair production
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✦ Lots of data needed: HL-LHC! 
✦ Precise predictions needed to 
reduce the uncertainties

Small probability to produce Higgs pairs: 

Gluon Fusion 

Vector Boson Fusion (VBF) 
NLO [1,2] NNLO [3] 
+ non-negligible contribution 
from                     LO [6]                        

Top-Quark Associated 
NLO [2] 

Higgs-strahlung 
NLO [1,2] NNLO [1,4,5]
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Figure 6. (Left) The expected uncertainty on the ratios of Higgs coupling modifiers, ∑, from
the combination of ATLAS and CMS at HL-LHC showing separately the statistical, experi-
mental and theoretical uncertainties from Ref. [63]. (Right) The expected precision on the
Higgs self-coupling, ∑∏ from HL-LHC shown as the minimum negative-log-likelihood dis-
tribution from the combination of all channels for ATLAS and CMS using the full HL-LHC
dataset from Ref. [63]. The likelihoods for the individual channels are also shown.

proton–proton Collider (SppC [62]) is also proposed in China. In this note, the capabilities for
Higgs physics of HL-LHC and FCC-hh are discussed.

3.1. The luminosity frontier: HL-LHC

The HL-LHC is expected to begin operation after 2027 to provide 3 ab°1 of data. The large data
sample will improve the precision of many LHC measurements, and open up new possibilities
inaccessible at LHC.

The left panel of Figure 6 shows the expected uncertainty on the ratio of Higgs coupling
modifiers, ∑, with respect to the coupling of the Higgs boson to the Z boson [63]. Projections
are shown from the combination of the ATLAS and CMS results with the full dataset expected
at HL-LHC. For many channels, HL-LHC measurements are expected to reach a precision better
than 2%, typically dominated by theoretical uncertainties. Rare Higgs decays such as H ! Z∞
and H !µµ are expected to be measured to a precision of 9.8% and 4.2% respectively. Under the
assumption that ∑W,Z ∑ 1, HL-LHC will be able to probe invisible and undetected decays of the
Higgs boson with a precision of a few percent.

The HL-LHC is also expected to provide the first evidence for the Higgs self-coupling with
the measurement of the Higgs pair inclusive and diVerential cross sections. The right panel
of Figure 6 shows the expected precision on the Higgs self-coupling for the combination of
ATLAS and CMS, with the full expected HL-LHC dataset. The expected significance from the
combination of all channels and both experiments is 4æ [63] and the most sensitive channel is
bb̄∞∞ [63].

3.2. The energy frontier: FCC-hh

One of the key physics targets of FCC-hh will be studying the nature of the Higgs potential
by measuring Higgs pair production with high precision. The leading order diagrams for Higgs

C. R. Physique, 2020, 21, nO 1, 23-43
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Higgs and SM program: keep probing couplings
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✦ 1st- and 2nd-generation Yukawa couplings: lots of room for new physics here 

✦ Triple-Higgs coupling: shape of the scalar potential, may give indications on 

the dynamics behind EWSB (still unknown!) 

✦ If new physics is heavy: effective field theory a very powerful tool to probe it

ℒ = ℒSM + ∑
i

ci

Λ2
𝒪d=6

i + ∑
i

di

Λ4
𝒪d=8

i + …

scale of new physics

HL-LHC EFT prospects: 

δgHZZ 3.6 %
δgHWW 3.2 %
δgHbb 5.3 %
δgHττ 3.4 %
δgHμμ 5.5 %
δgHtt 3.5 %
δgHgg 2.3 %

…
[CERN Yellow Rep. Monogr.7 (2019)]

https://doi.org/10.23731/CYRM-2019-007.221
https://doi.org/10.23731/CYRM-2019-007.221


Higgs and SM program: keep probing couplings

9

To search for indirect evidence of new physics in experimental data: 
requires high-precision theoretical predictions!

Push QCD and electroweak 
higher-order calculations

Develop new tools to describe soft 
radiation even more accurately

of the proton into quarks and gluons. If these cancellations play a role in the observed

perturbative convergence pattern, then it implies that one cannot decouple the study of

the perturbative convergence from the structure of the proton encoded in the PDFs. We

will return to this point below, when we discuss the e↵ect of PDFs on our cross section

predictions.
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Figure 5: The cross sections for producing a W+ (left) or W� (right) as a function of

the virtuality Q. The uncertainty bands are obtained by varying µF and µR around the

central scale µcent = Q. The dashed magenta line indicates the physical W boson mass,

Q = mW .

Figure 5 shows the production cross section for an o↵-shell W boson normalised to the

prediction at N3LO for a larger range of virtualities (Q  2TeV). We see that for larger

values of the virtuality (Q > 550GeV) the bands derived from scale variation at NNLO

and N3LO start to overlap. We also observe a more typical shrinking of the scale variation

bands as well as a small correction at N3LO.

Figure 6: The cross sections for producing a lepton-neutrino pair via an o↵-shell W boson

as a function of the invariant mass of the final state, or equivalently the virtuality of the

W boson, cf. eq. (2.1).

Figure 6 shows the nominal production cross section of a lepton-neutrino pair at the

LHC at 13 TeV centre of mass energy, as defined in eq. (2.1).

Figure 7 shows the variation of K-factors as a function of the energy of the hadron

collider for Q = 100 GeV. The orange, blue and red bands correspond to predictions

with the perturbative cross section truncated at NLO, NNLO and N3LO, and the size

of the band is obtained by performing a 7-point variation of (µF , µR) around the central

scale µcent = Q. We observe that the NLO, NNLO and N3LO K-factors are relatively

independent of the centre of mass energy. Furthermore, we see that the bands due to scale

– 8 –

[JHEP 11 (2020) 143]
[see for example Phys.Rev.Lett. 125 (2020) 052002]

https://doi.org/10.1007/JHEP11(2020)143
https://doi.org/10.1007/JHEP11(2020)143
https://doi.org/10.1103/PhysRevLett.125.052002
https://doi.org/10.1103/PhysRevLett.125.052002


We have observational evidences of Dark Matter…

10

[A
st

ro
ph

ys
. J

. 6
04

 (2
00

3)
 59

6–
60

3]

Stars (optics) / Gas (X-rays) / Dark Matter (DM)

[A&A 571 (2014) A12]

Baryonic density  

Dark Matter (DM) density 

Ωbh2 = 0.0224 ± 0.0001

Ωch2 = 0.120 ± 0.001
[A&A 641 (2020 A6]

But what is it really? Weakly interactive massive particle(s) 
(WIMPs)? Something else?

https://doi.org/10.1086/381970
https://doi.org/10.1086/381970
ttps://doi.org/10.1051/0004-6361/201321580
ttps://doi.org/10.1051/0004-6361/201321580
https://dx.doi.org/10.1051/0004-6361/201833910
https://dx.doi.org/10.1051/0004-6361/201833910


WIMPs are still looked for
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DM stable and neutral: 
missing energy in detectors!

	
Collider	searches	typically	rely	on	mono-X	channels:	
	
	
	
	
	
	
	
	
	
X	=		jet,	W,	Z,	Higgs,	photon,	etc.	
	
MET	is	a	useful	trigger	and	hard	to	produce	in	the	SM	(except	for	neutrinos.)	
	
	
	
	
	
	
	

mediator	

dark	matter	=	MET	

✦ Mono-X search: X tagging missing energy from DM  

✦ Mediator A can be anything (Higgs portal? Gauge 

portal? Supersymmetric models? Exotic?)

χ

Still no excess: exclusion limit 
strongly model-dependent

ℒ = ℒSM −
1
2

Z′�μνZ′ �μν +
1
2

m2
ZA

Z′�μZ′�μ + χ̄(iγμ∂μ + gχ(1 + γ5)γμZ′ �μ − mχ)χ + gqq̄γμZ′�μq
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WIMPs are still looked for
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Higher luminosity = more data = higher reach in the tails
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Exciting new directions beyond WIMP
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Plethora of ideas and models beyond WIMPs: strong interacting massive particles (SIMPs), 
axions and axion-like particles (ALPs), feebly-interacting (massive) particles (FI(M)Ps), etc.

[arXiv:1707.04591]

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	
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≈
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≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why

13

https://arxiv.org/pdf/1707.04591
https://arxiv.org/pdf/1707.04591
https://doi.org/10.1103/PhysRevD.97.095033
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Exciting new directions beyond WIMP
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Plethora of ideas and models beyond WIMPs: strong interacting massive particles (SIMPs), 
axions and axion-like particles (ALPs), feebly-interacting massive particles (FIMPs), etc.

Most are long-lived particles (LLPs): small couplings, or very heavy mediator, or very small mass difference 

with the mediator  look for disappearing tracks or displaced vertices⇒

Exemple with LHCb searches for hidden-valley pions , via :πv H → πvπv, πv → hadrons
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Figure 8.5: Projected sensitivities to a Hidden Valley model, extrapolated from Run 1 results
with the displaced di-jet final state [452], for luminosities of (left) 23 fb�1 and (right) 300 fb�1.

called “downstream” tracks have worse vertex and momentum resolution, limiting the capabilities
of LHCb for this displacement range. E↵orts to develop new trigger lines to select downstream
tracks are summarised in Ref. [453]. Among with these track types, upstream tracks are also
considered useful for LLP searches: a proposal to add Magnet Stations (MS) inside the LHCb
magnet to improve low momentum resolution can be found in Ref.

The RF foil strongly a↵ects the background composition of LLP searches in the LHCb
experiment. Namely, for LLP candidates decaying below 5 mm from the beam line, the main
source of background is due to heavy-flavour decays; while material interactions with the RF
foil compose the main background contribution for those LLP decaying above 5 mm from the
beam line. While the former is purely due to QCD processes and hence not reducible, the latter
is kept under control by the use of a very detailed veto map [446]. However, the removal of
the RF foil would further enhance the sensitivity to this kind of analyses, since it would both
significantly increase the impact parameter (IP) resolution and reduce the background due to
material interactions.

The impact of pile-up has to be studied in more detail (especially for those searches involving
jets in the final state). There are some ideas under consideration, for example the removal of
neutral particles, which are more pile-up sensitive than charged tracks, from the jet reconstruction.
Machine-learning pile-up mitigation methods are also being studied. The fast-timing capabilities
of the TORCH will be invaluable in suppressing combinatoric background.

The search for exotic massive long-lived particles decaying into a pair of jets su↵ers for low
e�ciency in low-mass region, i.e. below 20 GeV/c2. At low masses the final state cannot always
be reconstructed as two resolved jets but as a single jet (merged jet). Reference [454] shows
that the substructure of such merged jets can be exploited to improve the selection e�ciency.
More studies are needed, in particular for the development of new tagging algorithms for the
identification of merged jets over the multi-jet background. CMS already showed promising
results in this field [455] by employing machine learning techniques, in particular Boosted
Decision Trees (BDT) and Deep Neural Networks. We expect that for the Upgrade II similar
techniques will be used at LHCb. Ultimately Upgrade II should be able to probe much of the
currently unexplored parameter space.
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[arXiv:1808.08865] [see also Phys.Rev. D97 (2018) 095033]

https://arxiv.org/pdf/1808.08865
https://arxiv.org/pdf/1808.08865
https://doi.org/10.1103/PhysRevD.97.095033
https://doi.org/10.1103/PhysRevD.97.095033


Outlook
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We have a bright future ahead!

✦ Precision measurements: Rich program with lots of room for new physics here 

✦ Electroweak symmetry breaking mechanism: HL-LHC will allow for probing a 

crucial part of the SM still un-tested yet! 

✦ The nature of Dark Matter: Lots of new results to come, will explore new 

corners in the theory space beyond the WIMP paradigm 

Thanks for your attention!


