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Problems in SM

• Dark Matter in the Universe

• - Particle – antiparticle asymmetry in the Universe,     numbers!

• CP violation CKM phase – too small efect

• - Neutrino masses, mixing, oscillations

• - Very small cosmological constant. Very weak gravity interaction

• - Muon (g-2)μ anomaly (about 3.5 σ → 4.2 σ BNL)

• - B-anomalies (about 4.5 σ)

• - CDF W-mass anomaly (about 7 σ)
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More Problems in SM

• What is a generation? Why there are only 3 generations?

• How quarks and leptons related to each other, what is a nature

of quark-lepton analogy?

• What is responsible for gauge symmetries, why charges are quantize?

• Are there additional gauge symmetries?

• What is responsible for a formation of the Higgs potential?

• To which accuracy the CPT symmetry is exact?

• Why gravity is so weak comparing to other interactions?
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Z’-boson search strategy

Interference effects are sizeable and model dependent. The optimal cut
|M(ll)-MZ’| < 5% ELHC reduces them to O(10%) for all single narrow Z’s thus 
allowing
for model-independent analyses. Alexey Myagkov , MISP 2024



95% C.L. Exclusion Limits
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W’-boson search strategy
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Vector Like Quarks ( VLQs)

• The “vector-like” part of their name means that they are not “chiral”. 
That is, the left-handed and right-handed versions of the them 
interact equally with the weak interaction, unlike the real quarks of 
the Standard Model, where only the left-handed ones do so. This 
modification means that vector-like quarks don’t have to get their 
mass from interactions with the Brout-Englert-Higgs field, and hence 
are not excluded by LHC measurements involving the Higgs boson.
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Vector Like Quarks ( VLQs)

• Yukawa are completely free parameters) and to the Higgs mass 
stability itself (divergence of radiative corrections), which can 
probably be explained, extending the SM to encompass new, yet 
undiscovered, states.

• Vector like quarks ( VLQ ): colored 1⁄2 spin particles, left and right 
components are symmetric

• Decays to heavy SM objects, H/W/Z/Top
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Vector Like Quarks ( VLQs)

• In minimal models, VLQs exist as either singlets(T and B) or as
a doublet(T, B), each with different Branching Fractions:

• singlet 50 % (𝑇→𝑏𝑊,𝐵→𝑡𝑊), 

• 25%(𝑇→𝑡𝐻 and→𝑡𝑍,𝐵→𝑏𝑊 and →𝑏𝑍)

• doublet 50%(𝑇→𝑡𝐻and→𝑡𝑍,𝐵→𝑏𝑊and→𝑏𝑍)
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𝑇→𝑡𝐻(𝐻→𝛾𝛾)
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Heavy Neutral Leptons - Motivation 
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LHC HNL Searches
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Tracker DV searches – ATLAS & CMS
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W±W± scattering results
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W_R -> N + l results
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Searches for Dark Matter (DM) 
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Direct production
of DM
ATLAS, CMS

Indirect detection
Detect ordinary matter resulting 
from decay/annihilation of dark 
matter   (ICECUBE, HESS)



Dark matter candidates:

• stable (non-interacting directly, MET signatures) or with a 

lifetime high enough  (LLP signatures)

• electrically neutral 

• with a mass reachable at the LHC 
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DM signatures (two substances – DM particle and 
mediator):

• fully visible (mediator only, a new resonance

in dijet/dilepton/diboson etc. spectra) 

• MET  - decay to DM particle pair (+ a visible “tag”)

• non-standard properties of SM particles 

• (higgs sector – higgs boson pair production, h125   to invisible…) 
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There are three complementary philosophies 
to search for DM at the LHC
• Effective Field Theory (EFT)-typically depends on two Degrees of 

Freedom (M_DM and M* -UV cut off scale)

• Simplified (or simple) models-minimal number of DOF, typically 4 or 
more

• Complete models like SUSY, possibly with a smaller, 
phenomenologically motivated parameter set like the pMSSM.

Alexey Myagkov , MISP 2024



Dark matter models

Simplified models

Higgs portal

Extended
Higgs sector
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Experimental signatures

• searches for missing transverse momentum (EmissT) plus X signatures 
(mono-X, where the Et_miss resulting from the DM particles leaves 
the detectors unnoticed and the visible, i.e. detectable,final state X is 
used for triggering

• containing only visible particles such as pairs of leptons or jets that 
aim to detect the particles mediating the interactions between the 
DM and the SM particles through observation of a new resonance or 
a modification of the kinematics of the final-state particles
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Simplified DM model summary (ATL-PHYS-PUB-2022-036) 
summary plots for s-channel, 2HDM+a and Dark Higgs models

Regions in the (mediator-mass, DM-mass) 
plane excluded at 95% CL by visible and 
invisible searches, for leptophobic axial-vector 
mediator simplified models.
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𝒁𝒍𝒍+ 𝑬𝑻_𝒎𝒊𝒔𝒔, Phys. Lett. B 829 (2022) 
137066

Sensitive to many types of 
models; particularly competitive 
for 𝐻→𝑖𝑛𝑣and 2HDM+a

Exclusion limits for simplified DM models 
with gχ= 1.0, gq= 0.25, and gℓ = 0, when 
assuming (a) an axial-vector mediator or (b) 
a vector mediator.
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𝒕𝑾 + 𝑬𝑻_𝒎𝒊𝒔𝒔 (ATLAS-CONF-2022-012)
2HDMa

The expected and observed exclusion
contours as a function of 𝑚

Combined with tW2L channel (Eur. Phys. J. C 81
(2020) 860)
The dominant single top-quark final state for the
2HDM+a model,
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VBF Higgs + 𝑬𝑻_𝒎𝒊𝒔𝒔 (JHEP 08 (2022)
104) Higgs portal

Upper limits on the spin-independent WIMP-nucleon 
cross section using Higgs portal
interpretations of Binv at 90% CL vs mWIMP

Upper limit on cross section times 
branching ratio to invisible particles for a 
scalar mediator as a function of its mass
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Dark sector with Long-Lived Particles at the LHC

LLP: 
a proper lifetime cτ0 is 
greater than or 
comparable to the 
characteristic size of 
the (sub)detectors

small cτ0 that 
comparable to the
inner tracker size, no
displaced tracks 
“standard” prompt 
decay

intermediate cτ0 LLP 

very large/infinite
large cτ0 stable particles, 
“standard” MET signatures
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LLP signatures with displaced vertexes
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Photons from same decay
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Displaced Vertex + Jets
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Displaced Vertex + Jets
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Displaced Vertex + Jets
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HL-LHC

Run 2: 140/fb
Run 3: ~450/fb
HL-LHC: ~3000/fb
(~20 x today’s dataset)
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PU in Run2 and HL-LHC

At Run 2 average
PU per event was
approximately 40.

Expected PU at HLLHC
140-200
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Expected schedule

LHC will run till ~2037
Only ~5% of the collisions 
Delivered so far…
Then a high energy LHC (28 TeV)? 
This option is discussed @ CERN..
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HE-LHC

• HE-LHC (part of FCC study): ~16 T magnets in LHC tunnel ( √s~ 30TeV)

• uses existing tunnel and infrastructure; can be built at fixed budget

• strong physics case if new physics from LHC/HL-LHC

• powerful demonstration of the FCC-hh magnet technology
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Main expected measurements
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FCC Integrated Programme (Michael Benedikt 
and Frank Zimmermann, CERN)

comprehensive long-term program maximizing physics opportunities
stage 1: FCC-ee (Z, W, H, "t" "t" ̅) as Higgs factory, electroweak & top factory at highest luminosities
stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option
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43

PA: Experiment

PB: technical

PD: experiment

PF: technical

PG: experiment

PH: technical

PJ: experiment

PL: technical

Layout chosen out of ~ 100 initial variants, based on 
geology and surface constraints (land availability, access 
to roads, etc.), environment (protected zones), 
infrastructure (water, electricity, transport), machine 
performance etc.
“Avoid-reduce -compensate” principle of EU and French 
regulations
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Stage 1: FCC-ee – 2nd highest luminosity 
collider 
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FCC-ee: main machine parameters

F. Gianotti

3 years 
2 x 106 H 

5 years
2 x 106 tt pairs 

2 years
> 108 WW 
LEP x 104

4 years
5 x 1012 Z 
LEP x 105

 x 10-50 improvements on all EW observables
 up to x 10 improvement on Higgs coupling (model-indep.) measurements over HL-LHC
 x10 Belle II statistics for b, c, τ 
 indirect discovery potential up to ~ 70 TeV
 direct discovery potential for feebly-interacting particles over 5-100 GeV mass range

Up to 4 interaction points  robustness, 
statistics, possibility of specialised detectors
to maximise physics output

Parameter Z WW H (ZH) ttbar

beam energy [GeV] 45.6 80 120 182.5

beam current [mA] 1270 137 26.7 4.9

number bunches/beam 11200 1780 440 60

bunch intensity  [1011] 2.14 1.45 1.15 1.55

SR energy loss / turn [GeV] 0.0394 0.374 1.89 10.4

total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.1/0 2.1/9.4

long. damping time [turns] 1158 215 64 18

horizontal beta* [m] 0.11 0.2 0.24 1.0

vertical beta* [mm] 0.7 1.0 1.0 1.6

horizontal geometric emittance [nm] 0.71 2.17 0.71 1.59

vertical geom. emittance [pm] 1.9 2.2 1.4 1.6

horizontal rms IP spot size [mm] 9 21 13 40

vertical rms IP spot size [nm] 36 47 40 51

beam-beam parameter xx / xy 0.002/0.0973 0.013/0.128 0.010/0.088 0.073/0.134

rms bunch length with SR / BS [mm] 5.6 / 15.5 3.5 / 5.4 3.4 / 4.7 1.8 / 2.2

luminosity per IP [1034 cm-2s-1] 140 20 5.0 1.25

total integrated luminosity / IP / year [ab-1/yr] 17 2.4 0.6 0.15

beam lifetime rad Bhabha + BS [min] 15 12 12 11



Stage 2: FCC-hh – parameters

F. Gianotti

Formidable challenges: 
 high-field superconducting magnets: 14 - 20 T
 power load in arcs from synchrotron radiation: 4 MW  cryogenics, vacuum
 stored beam energy: ~ 9 GJ machine protection
 pile-up in the detectors: ~1000 events/xing
 energy consumption: 4 TWh/year  R&D on cryo, HTS, beam current, … 

Formidable physics reach, including:
 Direct discovery potential up to ~ 40 TeV
 Measurement of Higgs self to ~ 5% and ttH to ~ 1%
 High-precision and model-indep (with FCC-ee input) 

measurements of  rare Higgs decays (𝛄𝛄, Z𝛄, µµ) 
 Final word about WIMP dark matter

With FCC-hh after FCC-ee: 
significantly
more time for high-field 
magnet R&D 
aiming at highest possible 
energies

parameter FCC-hh HL-LHC LHC

collision energy cms [TeV] 84 - 119 14

dipole field [T] 14 - 20 8.33

circumference [km] 90.7 26.7

arc length [km] 76.9 22.5

beam current [A] 0.5 1.1 0.58

bunch intensity  [1011] 1 2.2 1.15

bunch spacing  [ns] 25 25

synchr. rad. power / ring [kW] 1020 - 4250 7.3 3.6

SR power / length [W/m/ap.] 13 - 54 0.33 0.17

long. emit. damping time [h] 0.77 – 0.26 12.9

peak luminosity [1034 cm-2s-1] ~30 5 (lev.) 1

events/bunch crossing ~1000 132 27

stored energy/beam [GJ] 6.1 - 8.9 0.7 0.36

Integrated luminosity/main IP [fb-1] 20000 3000 300



Why FCC ?
Physics : best overall physics potential of all proposed future colliders
FCC-ee : ultra-precise measurements of the Higgs boson, indirect exploration of next energy scale (~ x10 LHC)
FCC-hh : only machine able to explore next energy frontier directly (~ x10 LHC)
Heavy-ion collisions and, possibly, ep/e-ion collisions
4 collision points robustness; increased dataset for same machine power; specialized experiments for maximum 
physics output
2) Timeline
FCC-ee technology is mature construction can proceed in parallel to HL-LHC operation and physics can start few 
years after     end of HL-LHC operation This would keep the community, in particular the young people, engaged 
and motivated. 
FCC-ee before FCC-hh would also allow:

- cost of the (more expensive) FCC-hh machine to be spread over more years
- 20 years of R&D work towards affordable magnets providing the highest achievable field (HTS)
- optimization of overall investment : FCC-hh will reuse same civil engineering and large part of FCC-ee

technical infrastructure

3) It’s the only facility commensurate with the size of the CERN community (4 major experiments)
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LC projects discussed

ILC in Japan CLIC at CERN 
Initially  e+e- collisions at least at 250 
GeV
Linear colliders: 11 (Higgs) -> 50 (max) 
km for higher energies later
Four different RF solutions drive the 
designs
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The Compact Linear Collider (CLIC)
Timeline: Electron-positron linear 
collider at CERN for the era 
beyond HL-LHC 
Compact: Novel and unique two-
beam accelerating technique with 
high-gradient room temperature 
RF cavities (~20’500 structures at 
380 GeV), ~11km in its initial 
phase
Expandable: Staged programme
with collision energies from 380 
GeV (Higgs/top) up to 3 TeV
(Energy Frontier)
CDR in 2012 with focus on 3 TeV. 
Updated project overview 
documents in 2018 (Project 
Implementation Plan) with focus 
380 GeV for Higgs and top. Alexey Myagkov , MISP 2024



Thank you for your attention!
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• F. Gianotti

• FCC meeting

• Rome April 2016

16 TeV vs 14 TeV
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• WG set up to explore technical feasibility of pushing LHC energy to:

• design value: 14 TeV

• ultimate value: 15 TeV (corresponding to max dipole field of 9 T)

• beyond (e.g. by replacing 1/3 of dipoles with 11 T Nb3Sn magnets)  

• Identify open risks, needed tests and technical developments, trade-
off 

• between energy and machine efficiency/availability

• Report on 1) end 2016, 2) end 2017, 3) end 2018 (in time for ES) 
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FPF - BSM Physics Studies



LHC LLP – Run 3 

These are cost-effective implementations based on 
existing tunnels and infrastructures.Alexey Myagkov , MISP 2024



LHC LLP proposals
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The ILC250 accelerator facility 

e- Source

e+ Main Liinac

e+ Source

e- Main Linac

Damping Ring

Beam dump

Interaction point

Physics Detectors

Bunches of ~1010 e+/e-
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