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The Standard Model of particle physics

2



Status of the Standard Model

• < 1973: theoretical foundations of the SM

• renormalizability of SU(2)xU(1) with Higgs mechanism for EWSB

• asymptotic freedom, QCD as gauge theory of strong interactions

• KM description of CP violation

• Followed by 40 years of consolidation:

• experimental verification, via discovery of

• Fermions: charm, tau, bottom, top (all discovered in the USA)

• Bosons: gluon, W and Z, Higgs (all discovered in Europe)

• technical theoretical advances (higher-order calculations, lattice QCD, ...)

• experimental consolidation, via precision measurement of

• EW radiative corrections

• running of αS

• CKM parameters, ....

• Remains to be verified: 

• mechanism at the origin of particles’ masses: is the Higgs boson 
dynamics what prescribed by the SM, or are there other phenomena at 
work?
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Run 1 of the LHC determined, with a precision of ±20%, 
that the Higgs boson gives a mass to SM particles



Open Higgs issues for run 2 and beyond
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Higgs selfcouplings

The Higgs sector is defined in the SM by two parameters, μ and λ:

VSM (H) = �µ2 |H|2 + � |H|4
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These relations uniquely determine the strength of Higgs selfcouplings 
in terms of mH

Testing these relations is therefore an important test of the SM nature of the 
Higgs mechanism
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Strong 1st order phase transition ⇒〈ΦC〉> TC

In the SM this requires mH ≲ 80 GeV ⇒ new physics, coupling to the Higgs and 

effective at scales O(TeV), must modify the Higgs potential to make this possible
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The nature of the EW phase transition

T>TC T≳TC T=TC T<TC

〈ΦC〉

T=0



• Experimental probes:

• study of triple-Higgs couplings (... and quadruple, etc)

• search for components of an extended Higgs sector (e.g. 2HDM, extra 
singlets, ...)

• search for new sources of CP violation, originating from (or affecting) 
Higgs interactions

Understanding the role of the EWPT in the evolution or 
generation of the baryon asymmetry of the Universe is a key 
target for future accelerators
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What is Dark Matter?
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Galaxy cluster Abell 2218

dark matter
23%

dark energy
73%

non-luminous atoms 
(e.g. planets, dead 

stars, dust, etc), ~4%
stars, neutrinos, 
photons ~0.5%

The modeling of Dark Matter has become more and more 
articulate. From a single source (WIMP, axion, neutrino, ...) 
to the possibility of dark hidden worlds



Evidence building up for self-interacting DM
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Evidence building up for self-interacting DM

DM

DM

gas

Growing interest in models with rich sectors of “dark” particles, 
coupled to the SM ones via weakly interacting “portals” 



6. Can the Higgs be the portal between the visible 
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Plausible BSM theories of this type exist. They may also

• solve the hierarchy problem in a natural way

• connect the mechanisms that create the matter-over-antimatter 
asymmetry in the Universe, with those generating Dark Matter

• explain why there are similar amounts of visible and dark matter 
in the Universe

The opportunities for testing and discovering such scenarios 
at the LHC, beyond and elsewhere are under study



Pending items after LHC Run 1
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CMS/LHCb B(S)→μ+μ–

BR(B→μ+μ–)

BR(BS→μ+μ–)
2.3σ high w.r.t. SM
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Vub puzzle
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Vub puzzle

arXiv:1504.01568

Λb→pμν at LHCb

http://arxiv.org/abs/arXiv:1504.01568
http://arxiv.org/abs/arXiv:1504.01568
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Anomalies left over from run 1, examples at large Q

3.5σ local 2.6σ 2.9σ

ATLAS, arXiv:1506.00962

→2.4σ global, accounting 
for the whole range of mjj and 
for ZZ, WW, WZ modes

pp→X→VV’ →jet jet,  with V(’)=W,Z fully hadronic decays

| mj – mV | < 13 GeV

XV V’

NB: the excesses are strongly correlated: | mj – mV | < 13 GeV 
allows the same event to belong to more than one selection 
among WZ, WW and ZZ



17

Anomalies left over from run 1, examples at large Q

Dileptons + jets + MET (SUSY searches)

CMS, http://arxiv.org/abs/1502.06031 ATLAS, http://arxiv.org/abs/1503.03290

Njets (pT>40 GeV) ≥2,   ETmiss > 150 GeV
or
Njets (pT>40 GeV) ≥3,   ETmiss > 100 GeV

low mass: mll  = (20–70) GeV
On-Z: mll  = (81–101) GeV

Njets (pT>35 GeV) ≥2,   ETmiss > 225 GeV
HT > 600 GeV

On-Z: mll  = (81–101) GeV
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CMS, http://arxiv.org/abs/1502.06031

⇒2.6 σ
... no signal on-peak

σ(350 GeV) ratio 13TeV/8TeV ~ 4.5
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CMS, http://arxiv.org/abs/1502.06031

⇒2.6 σ
... no signal on-peak

σ(350 GeV) ratio 13TeV/8TeV ~ 4.5

Already more than 10 TH interpretation papers on arXiv ....

⇒3.0 σ ⇒1.6 σ

ATLAS, http://arxiv.org/abs/1503.03290

... but no signal off-peak

σ(800 GeV) ratio 13TeV/8TeV ~ 8.5
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The key deliverable of HL-LHC: Higgs selfcoupling

3ab–1: 60% precision on signal yield (SM coupling)

       → 40% with 2 expts
        → 30% including other channels?
           → 25% with experience?
             → ?? % 

        must be optimistic!

HH→bbγγ
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Differentiating 
among different 
Z’ models:

Searching new 
forces: W’, Z’ 100 fb–1 discovery 

reach up to ~ 5.5 
TeV

100 fb–1 model 
discrimination up 
to 2.5 TeV

E.g. a W’ coupling to R-handed 
fermions, to reestablish at high 
energy the R/L symmetry

M. Dittmar et al, hep-ph/0307020)

http://arxiv.org/abs/hep-ph/0307020
http://arxiv.org/abs/hep-ph/0307020
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• If MET: is it really the DM particle?

• If Z’: what is it? Does it restore Left-Right symmetry? How does it couple?

• The “still-don’t-know-what’s-next” scenario

• LHC is the only guaranteed machine we have. If nothing else is approved within the 
next 10-15 years, we must rely on HL-LHC and possible further evolutions of the LHC 
complex to guarantee the future of our exploration
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Why do we need to go beyond the HL-LHC?
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Goal: finding the answer to key questions such as

• What’s the origin of Dark matter ?

• What’s the origin of matter/antimatter asymmetry in the 
universe?

• What’s the origin of neutrino masses?

• What determines the number and interactions of different 
families of quarks and leptons?

• ...



The “tools”

• Direct exploration of physics at the weak scale through high-
energy colliders (linear/circular, ee/pp/ep/μμ)

• Quarks: flavour physics, EDM’s

• Neutrinos: CP violation, mass hierarchy and absolute scale, 
majorana nature

• Charged leptons: flavour violation, g–2, EDMs

• Axions, axion-like’s (ALPs), dark photons, ....
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There is no experiment/facility, proposed or conceivable, 
in the lab or in space, accelerator or non-accelerator 
driven, which can guarantee to find an answer to any of 
the questions above

⇒

• target broad and well justified scenarios

• consider the potential of given facilities to provide 
conclusive answers to relevant (and answerable!) questions

- can we identify forms of no-lose theorems ?

• weigh the value of knowledge that will be acquired, no 
matter what, by a given facility (the value of “measurements”)



Most of the “big questions” touch directly on weak scale physics.

There are relevant, well defined questions, whose answer can be 
found exploring the TeV scale, and which can help guide the 

evaluation of the future exptl facilities. E.g.
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Why do we need to go beyond the HL-LHC?

.... because 14 TeV are not enough to 
guarantee the answer to any of these questions



• A complete study of the Higgs boson, of its interactions and 
of EWSB is a guaranteed deliverable of this programme ...

• ... accompanied by an ambitious discovery potential, 
sensitive to possible manifestations of new physics at the 
TeV scale 

The exploration of the high-energy frontier beyond the LHC 
can provide conclusive answers to most of those questions
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• A complete study of the Higgs boson, of its interactions and 
of EWSB is a guaranteed deliverable of this programme ...

• ... accompanied by an ambitious discovery potential, 
sensitive to possible manifestations of new physics at the 
TeV scale 

The exploration of the high-energy frontier beyond the LHC 
can provide conclusive answers to most of those questions

To address the scenarios raised by the question of “why don’t we see 
new physics at the LHC” (i.e. (i) scale of new physics is too large, or (ii) 
signals are elusive), future facilities should guarantee

• precision
• sensitivity (to elusive signatures)
• extended energy/mass reach

30
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The known faces at the energy frontier are the 
linear e+e– colliders, namely ILC and CLIC

The new kids in town: circular colliders



... and two efforts are formalized and develop into 
studies towards Conceptual Design Reports

http://cern.ch/fcc http://cepc.ihep.ac.cn

 

Yifang 

CepC, 50 km

SppC, 70 km
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FCC-hh parameters and lum goals



P.Janot 34NB: TLEP = FCC-ee
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175 GeV e- beam from FCC-ee and 50 TeV p beam from FCC-hh
Highest centre-of-mass energy ep collider, ~6 TeV
Luminosity ~1034cm-2s-1

FCC-eh parameters and lum goals



gHXY FCC-ee
ZZ 0.16%

WW 0.85%
γ γ 1.7%
Zγ
tt
bb 0.88%
τ τ 0.94%
cc 1.0%
ss H→Vγ, in progr.

μμ 6.4%
uu,dd H→Vγ, in progr.

ee e+e–→H, in progr.

HH
BRexo 0.48%

Higgs precision projections
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FCC-hh

1% ?
1% ?

2% ?

5% ?
< 10–6 ?

FCC-hh ambitious but 
possible targets?

→ from ttH/ttZ

→ extrapolation from HL-LHC estimates

→ from HH → bb γγ
→ for specific channels, like H→eμ, ...

→ extrapolation from HL-LHC estimates

gg→H 740 pb 7.4 G

VBF 82 pb 0.8 G

WH 16 pb 160 M

ZH 11 pb 110 M

ttH 38 pb 380 M

gg→HH 1.4 pb 14 M

N / 10ab–1σ





Towards no-lose arguments for Dark Matter scenarios: 

disappearing tracks L.Wang @ FCC week



Extension of the discovery reach at high mass

Example: discovery reach of W’ with SM-like couplings

At L=O(ab–1),  Lum x 10 ⇒ ~ M + 7 TeV

NB For SM-like Z’ , σZ‘ BRlept ~ 0.1 x σW‘ BRlept , ⇒ rescale lum by ~ 10

39



From the global programme of FCC-ee, 1–2 orders of magnitude more 
precise measurements of EW parameters



Conclusions and final remarks



Conclusions and final remarks

• The success of the SM and the Higgs discovery give us a robust 
framework to interpret and assess the value and possible 
implications of current puzzles in physics, from the smoking-gun 
evidence for DM or ν masses, to the more subtle and 
ambiguous scattered anomalies, to the purely theoretical 
concerns (hierarchy problem, flavour problem, etc.)
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• The success of the SM and the Higgs discovery give us a robust 
framework to interpret and assess the value and possible 
implications of current puzzles in physics, from the smoking-gun 
evidence for DM or ν masses, to the more subtle and 
ambiguous scattered anomalies, to the purely theoretical 
concerns (hierarchy problem, flavour problem, etc.)

• While crucial inputs are coming and will come from sources 
other than accelerator-based experiments, these are 
irreplaceable to guarantee progress towards answering most of 
the key outstanding questions of HEP 


