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H → γγ

JHEP08 (2022) 027

PAS-HIG-21-009 

2012

H → 4 leptons

2013

https://link.springer.com/article/10.1007/JHEP08(2022)027
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-009/index.html


3The ATLAS Collaboration Nature, 607, 52–59 (2022) , The CMS Collaboration Nature, 607, 60–68 (2022)

General properties and couplings: OK

https://www.nature.com/articles/s41586-022-04893-w
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwimxorXw6T9AhXIWaQEHecZDuoQFnoECAwQAQ&url=https://www.nature.com/articles/s41586-022-04892-x&usg=AOvVaw1y1o0NlgkyvtC6M9XGVZ9T
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Production properties: OK

Ratio to NNLOPS



5
ΓH = 3.2

+2.4
−1.7

MeV at 68 % CLΓH = 4.6
+2.6
−2.5

MeV at 68 % CL

The Higgs width (SM: 4.1 MeV)  : OK
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•having important questions to pursue 

•creating opportunities to answer them 

•being able to constantly add to our knowledge, 
while seeking those answers

The next steps in HEP build on
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•Data driven:
•DM
•Neutrino masses
•Matter vs antimatter asymmetry
•Dark energy
•…

•Theory driven:
•The hierarchy problem and naturalness
•The flavour problem (origin of fermion families, mass/mixing pattern)
•Origin of inflation
•…
•Quantum gravity

beyond the Higgs: 
the important questions
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•For none of these questions, the path to an answer is unambiguously defined. 

•Two examples: 

•DM: could be anything from fuzzy 10–22 eV scalars, to O(TeV) WIMPs, to multi-M⦿ primordial 
BHs, passing through axions and sub-GeV DM
•a vast array of expts is needed, even though most of them will end up empty-handed…

•Neutrino masses: could originate anywhere between the EW and the GUT scale
•we are still in the process of acquiring basic knowledge about the neutrino sector: mass 

hierarchy, majorana nature, sterile neutrinos, CP violation, correlation with mixing in the 
charged-lepton sector (μ→eγ, H→μτ, …): as for DM, a broad range of options to explore, to 
find the right clues

•We cannot objectively establish a hierarchy of relevance among the fundamental questions. The 
hierarchy evolves with time (think of GUTs and proton decay searches!) and is likely subjective. 
It is also likely that several of the big questions are tied together and will find their answer in a 
common context  (eg DM and hierarchy problem, flavour and nu masses, quantum gravity/
inflation/dark energy, …)

The opportunities
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v
H0

Where does this come from?

V(H) = – μ2 |H|2 + λ |H|4

But there is one central question to the progress of 
HEP, which can only be addressed by colliders



The SM Higgs mechanism (á la Weinberg) provides the minimal set of 

ingredients required to enable a consistent breaking of the EW symmetry.  

Where these ingredients come from, what possible additional 
infrastructure comes with them, whether their presence is due 

to purely anthropic or more fundamental reasons, we don’t 
know, the SM doesn’t tell us …
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a historical example: 
superconductivity

•The relation between the Higgs phenomenon and the SM is similar to the relation between 
superconductivity and the Landau-Ginzburg theory of phase transitions: a quartic potential 
for a bosonic order parameter, with negative quadratic term, and the ensuing symmetry 
breaking. If superconductivity had been discovered after Landau-Ginzburg, we would be in a 
similar situations as we are in today: an experimentally proven phenomenological model. But 
we would still lack a deep understanding of the relevant dynamics.

• For superconductivity, this came later, with the identification of e–e– Cooper pairs as the 
underlying order parameter, and BCS theory. In particle physics, we still don’t know whether 
the Higgs is built out of some sort of Cooper pairs (composite Higgs) or whether it is 
elementary, and in both cases we have no clue as to what is the dynamics that generates the 
Higgs potential. With Cooper pairs it turned out to be just EM and phonon interactions. 
With the Higgs, none of the SM interactions can do this, and we must look beyond.

11
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• BCS-like: the Higgs is a composite object

• Supersymmetry: the Higgs is a fundamental field and
• λ2 ~  g2+g’2 , it is not arbitrary (MSSM, w/out susy breaking, has one 

parameter less than SM!)
• potential is fixed by susy & gauge symmetry
• EW symmetry breaking (and thus mH and λ) determined by the 

parameters of SUSY breaking

• …

examples of possible scenarios



• Is the Higgs the only (fundamental?) scalar field, or are there other Higgs-like states (e.g. 
H±, A0, H±±, ... , EW-singlets, ....) ?

• Do all SM families get their mass from the same Higgs field?

• Do I3=1/2 fermions (up-type quarks) get their mass from the same Higgs field as I3=–1/2 
fermions (down-type quarks and charged leptons)?

• Do Higgs couplings conserve flavour? H→μτ? H→eτ? t→Hc?

• Is there a deep reason for the apparent metastability of the Higgs vacuum?

• Is there a relation among Higgs/EWSB, baryogenesis, Dark Matter, inflation? 

• What happens at the EW phase transition (PT) during the Big Bang?

• what’s the order of the phase transition?

• are the conditions realized to allow EW baryogenesis? 

Other important open issues 
on the Higgs sector
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➡ the Higgs discovery does not close the book, it opens a whole new chapter of 
exploration, based on precise measurements of its properties,  

which can only rely on the LHC and on a future generation of colliders
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The LHC experiments have been exploring a vast multitude of 
scenarios of physics beyond the Standard Model

In search of the origin of known departures from the SM

• Dark matter, long lived particles

• Neutrino masses

• Matter/antimatter asymmetry of the universe

To explore alternative extensions of the SM

• New gauge interactions (Z’, W’) or extra Higgs bosons

• Additional fermionic partners of quarks and leptons, leptoquarks, …

• Composite nature of quarks and leptons

• Supersymmetry, in a variety of twists (minimal, constrained, natural, RPV, …)

• Extra dimensions

• New flavour phenomena

• unanticipated surprises …
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So far, no conclusive signal of physics beyond the SM
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The value of diversity in collider physics



Over 3000 papers published/submitted to refereed journals by the 7 experiments that 
operated in Run 1 and 2 (ALICE, ATLAS, CMS, LHCb, LHCf, TOTEM, MoEDAL)… and the 
first papers are appearing by the new experiments started in Run 3 (FASER, SND@LHC)

Of these:

~10% on Higgs  (15% if ATLAS+CMS only)

~30% on searches for new physics (35% if ATLAS+CMS only)

~60% of the papers on SM measurements (jets, EW, top, b, HIs, …)
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LHC scientific production
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QCD dynamics

• Countless precise measurements of hard cross sections, and improved determinations of the proton PDF
• Measurement of total, elastic, inelastic pp cross sections at different energies, new inputs for the 

understanding of the dominant reactions in pp collisions
• Exotic spectroscopy: discovery and study of new tetra- and penta-quarks, doubly heavy baryons, expected 

sensitivity to glueballs
• Discovery of QGP-like collective phenomena (long-range correlations, strange and charm enhancement, 

…) in “small” systems (pA and pp)

EW param’s and dynamics

• mW, mtop 171.77 ± 0.37 GeV, (CMS https://arxiv.org/pdf/2302.01967.pdf)  sin2θW

• EW interactions at the TeV scale (DY, VV, VVV, VBS, VBF, Higgs, …)

Not only Higgs and exotic searches !

Flavour physics

• B(s) →μμ
• D mixing and CP violation in the D system
• Measurement of the γ angle, CPV phase φs, …
• Lepton flavour universality in charge- and neutral-current semileptonic B decays => possible anomalies ?

https://arxiv.org/pdf/2302.01967.pdf
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QCD production dynamics
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Excellent agreement between data and theoretical predictions, over 10 orders of magnitude, 
culminating 30 years of progress in higher-order perturbative calculations, which have now 
reached next-to-leading order as routine, NNLO as benchmark for most processes, and NNNLO 
available for only some (very important!) cases, but rapidly expanding beyond
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4 top production
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https://cds.cern.ch/record/2853304 https://arxiv.org/abs/2303.15061 

σexp = 22.5
+6.6
−5.5

fb vs σSM = 12.0 ± 2.4 fb σexp = 17.0
+3.7
−3.5stat

+2.4
−2.1syst

fb vs σSM = 13.4
+1.0
−1.8

fb

https://cds.cern.ch/record/2853304
https://arxiv.org/abs/2303.15061
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αS from Z pt spectrum

ATLAS-CONF-2023-015 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-015/
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ATLASpdf21 fit, https://arxiv.org/pdf/2112.11266.pdf including HERA and ATLAS data

Strange quark / light antiquarks ratio Gluon PDF

Example: PDF fits from LHC data

https://arxiv.org/pdf/2112.11266.pdf


25arXiv:2208.06485 ATLAS-CONF-2023-019 

Not everything is perfect though! 
Ex: ttW cross section….

https://arxiv.org/pdf/2208.06485.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-019/
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Study of QCD dynamics in previously 
unexplored dynamical regimes



discovery of new 
dynamical behaviour, 
with collective 
phenomena typical of 
QGP appearing 
already in high-
multiplicity final 
states of pp and pA
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consolidation of known phenomena, with 
higher precision and broader coverage:
(ALICE, https://inspirehep.net/literature/2165947 )

Collective QCD phenomena in high-T, high-density 
and other extreme environments 

https://inspirehep.net/literature/2165947
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First experimental evidence for odderon exchange made possible by comparison of pp 
TOTEM data with ppbar D0 data 

hh elastic scattering dominated by exchange of leading Regge poles:
-pomeron (CP even, contributes w. same sign to pp and ppbar amplitudes)
-odderon (CP odd, contribute w. opposite signs to pp and ppbar amplitudes)

Phys.Rev.Lett. 127 (2021) 6, 062003 

https://doi.org/10.1103/PhysRevLett.127.062003
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EW physics
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80360 ± 16 MeV

80434 ± 9 MeV

W mass

New Moriond update
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ATLAS 2020: arXiv:2007.14040 

LEP: 
BR(Wàτν)/BR(Wàµν) = 1.066 ± 0.025 
ATLAS: 
BR(Wàτν)/BR(Wàµν) = 0.992 ± 0.013

CMS 2022: arXiv:2201.07861 

?? LEP2 !!SM

Lepton universality of W couplings

http://www.arXiv.org/abs/2007.14040
https://arxiv.org/pdf/2201.07861
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MW and sin2θW precision must still improve to match the accurate SM prediction

PS: note the big impact in the SM precision due to the knowledge of MH
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Exotic Spectroscopy, nuclear physics and more
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css ccu

CMS, Phys. Lett. B 803 (2020) 135345  

Continued progress, and novelties, in spectroscopy

http://dx.doi.org/10.1016/j.physletb.2020.135345
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3 3
–

A usual baryon:

A baryon with two heavy q’s:

3 3
–Similar to a heavy meson, eg Bu

but here the core is a fermion, while in a doubly-heavy baryon the 
core is a boson (different hyperfine splitting structures, etc)

⇒ rewarding for theory and experiment to challenge each 

other’s ability to predict/measure!!

3 x 3 = 6 + 3
_
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Impact on astroparticle physics 

countless searches for dark matter candidates covering a huge 
domain of plausible model space 

… plus:



38photons~π0~π+– neutrons JHEP 07 (2020) 016 

Probing the spectrum of most energetic particles forward-produced => 
model development of highest-energy cosmic ray showers in the 
atmosphere

LHCf detector during installation

Phys.Lett.B 780 (2018) 233 

https://arxiv.org/pdf/2003.02192.pdf
https://doi.org/10.1016/j.physletb.2017.12.050
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Laura Šerkšnytė CERN seminar 

ALICE https://doi.org/10.1038/s41567-022-01804-8 

https://indico.cern.ch/event/1187944/
https://doi.org/10.1038/s41567-022-01804-8
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Neutrino Physics: FASERv and SND@LHC

Among other goals:
measure neutrino cross sections in energy ranges never explored 
before, of relevance to cosmic neutrino studies, and flavour-tagged
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FASER/FASERν



43

SND@LHC

2022 run:

8 νμ candidates
(exp 5)

estimated bg 0.2
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I have a broad concept of “new physics”, which includes SM phenomena, emerging 
from the data, that are unexpected, surprising, or simply poorly understood. 

I consider as “new”, and as a discovery, everything that is not obviously predictable, 
or that requires deeper study to be clarified, even if it belongs to the realm of SM 
phenomena.

“New physics” is emerging every day at the LHC!

• These 3000 papers reflect the underlying existence, at the LHC, of 100’s of scientifically 
“independent” experiments, which historically would have required different detectors and facilities, 
built and operated by different communities

• On each of these topics the LHC expts are advancing the knowledge previously acquired by 
dedicated facilities

• HERA→PDFs, B-factories→flavour, RHIC→HIs, LEP/SLC→EWPT, etc

• Even in the perspective of new dedicated facilities, eg SuperKEKB or EIC, LHC maintains a key role 
of competition and complementarity

Remarks
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The LHC future: High-Luminosity LHC
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Gluino mass exclusion search sensitivity, vs luminsoty: 
still plenty of room for discovery at HL-LHC!
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Examples of new opportunities
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FASER BSM searches
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CMS light dimuon resonance searches with data scouting

• Mass range 1.1-2.6 GeV and 4.2-7.9 GeV

• Trigger-level reconstruction with low thresholds

• Stores events with 2 μ of pt>3 GeV

• Selects μ+μ– pairs with pt>4 |η|<1.9

Improves on LHCb and Belle/Babar sensitivity
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• Plenty of excesses and anomalies exist here and there, which higher luminosity can 
enhance or evaporate

• focus on development of new analysis strategies, relying on advanced machine-
learning techniques, new detector capabilities (eg timing), advences in trigger 
architectures

• The exploration of the highest mass region (where already now signal eff~O(1) and 
S/B>>1) is already close to saturation, but plenty of room for significant improvement 
in sensitivity below the phase-space threshold, especially for rare and/or elusive 
signatures 



Key take-home messages

• The study of the SM will not be complete until we clarify the nature of the Higgs 
mechanism and exhaust the exploration of phenomena at the TeV scale: many aspects are 
still obscure, many questions are still open.

• The LHC has proven the immense and unique versatility and precision of a high-energy pp 
collider. 

• The spectrum of observables and diverse phenomena that it has access to, the precision of 
the measurements, the groundwork for first-principles interpretations in the context of the 
Standard Model or beyond, have no equals in the history of our field

• The LHC forthcoming upgrades in luminosity and detector performance with expand even 
more its broad and deep potential, opening the way to possible discoveries, and more 
surprises
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