
Particle Physics after the HL-LHC

Aug 8 2024P. Sphicas; Particle Physics after the HL-LHC 1

Paris Sphicas 
CERN & NKUA

Experimental Methods in Particle Physics
JINR, August 8, 2024

q Introduction
q The LHC handover
q Long-term future: proposed machines
q Long-term future: the physics
q JENAA
q Outlook



30 years go… The Famous UCLA Meeting (Feb.1994)
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Igor Golutvin and CMS
q That same year, Igor put together the RDMS collaboration

q I heard of him as a “guru” of instrumentation. His vision at UCLA was clear: the 

magnitude of the problem (CMS) was such that forces had to be combined.

q Sep 27-28, 1994: meeting in Dubna, 27 Russian and Dubna Member States(RDMS) 

institutions collaborating on CMS formed the RDMS_CMS collaboration. 

q RDMS spokesperson: Igor Golutvin; RDMS collaboration board: Viktor Matveev

q What followed was a series of meetings with US_CMS colleagues for the 
construction of the endcaps of CMS
q In the US we were going through the “Lehman” (DOE) reviews: a series of painstaking 

reviews of the full LHC program, including the allocation of responsibilities.

q During the reviews it was said time and again that RDMS, under Igor’s leadership, was 

the crucial partner for the HE and ME1/1 detectors.

q Especially ME 1/1 was considered the “tough” muon station in the CMS CSC 

system

q Subsequently: a long collaboration between RDMS and US_CMS towards the creation 

of the beautiful CMS detector that has delivered a long stream of forefront physics 

results – and a discovery. 

q For over three decades, Igor has been inextricably connected to the LHC and CMS
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The LHC handover
physics landscape



Physics landscape
q The LHC completed the Standard Model (SM) of particle physics

q A combined triumph of theory and experiment over 60 years, with unprecedented 

success in describing all phenomena that can be reproduced in the laboratory
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q Goodness of fit
q χ2

min=18.6 ® Prob= 23%
q Fit result often more accurate 

than measurement
q Small pulls for MH, MZ, Δαhad

(5)(MZ
2), 

mc, mb ® input accuracies exceed 
fit requirements

q Knowledge of mH ® huge 
improvement in: 

q mW (28®11 MeV)
q mt (6.2®2.5 GeV)
q sin2θW (2.3®1.0x10–3)

q Largest discrepancy:
q AFB(b): 2.5 σ

2.2 Results 9
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Figure 3: Left: comparison of the fit results with the input measurements in units of the experimental
uncertainties. Right: comparison of the fit results and the input measurements with the indirect determina-
tions in units of the total uncertainties. Analog results for the indirect determinations illustrate the impact
of their uncertainties on the total uncertainties. The indirect determination of an observable corresponds
to a fit without using the constraint from the corresponding input measurement.

Light blue: fit excluding 
input from row
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The overall picture of the measured/seen Higgs couplings
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Conclusions

● Evidence at the 3s level for H → μμ 
has been shown,

– A large improvement has been obtained wrt 
the previous analysis.

● Limits have been set on the Higgs boson 
decays with a meson in the final state.

● Further improvements will be obtained with 
Run-3 data, and finally with HL-LHC data.

● We are probing the Higgs boson decay 
branchion ratios at the level of 10-4 !

– No significant deviation from the SM prediction 
has been found, so far...

λf = κf ( mf

v )
( gV

2v )
1/2

= κ1/2
v ( mV

v )
A new kind of “force”, 

with non-universal 
couplings to matter (!)

A particle like no 
other!

JP=0+ (vacuum!)



The never-ending search for New Physics: 
SUSY, Exotica… (and it’s not like we didn’t look for them)
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The (potentially deep) meaning of potentially null results
q With each null search, the mystery deepens.  Some famous examples from 

History…

q Michelson-Morley experiment (…)

q Weisskopf (1939): “the self-energy of charged particles obeying Bose 
statistics is found to be quadratically divergent...,” 
® in theories of elementary bosons, new phenomena must enter at an energy scale of m/e 
® + positron, doubling of particles… 

q Rare Kaon decays: KL ® µ+µ– ; decay does not occur (…very rare).  BUT:
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~ G Λ2 ®      
Λ2 ~ 3-4 GeV2 !!!

The (potentially deep) meaning of things not happening

Oct 12, 2022P. Sphicas Higgs boson, Particle Physics and Future Prospects 24

n Weisskopf (1939): “the self-energy of charged particles obeying Bose 
statistics is found to be quadratically divergent...,” 
® in theories of elementary bosons, new phenomena must enter at an energy scale of m/e 
® Positron (antimatter), doubling of particles… 

n Rare Kaon decays: KL®µ+µ–
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Higgs boson issues

q The only (?!) spin-0 fundamental (?) particle
q What creates the infamous (but so necessary…) 

couplings to the leptons?
q It’s a new interaction! The only non-universal one (it’s 

not a gauge interaction…), with a free parameter 

(Yukawa coupling) for each combination (worse for 

quarks – mass matrix…)

q How about them neutrinos?!?

q What protects its mass and sets it to the EWK 
scale when it should be at Λpl?
q There is only one dimensionfull variable in the SM 

Lagrangian: v=246 GeV (…!?...)

q The rest of the SM is scale-free…

q And…. where is all that vaccum energy? 
Cosmological constant is > 10100 times off.
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Credit: blog.gymlish.com

q Does the Higgs couple to Dark Matter? Is it a new “portal”?

https://blog.gymglish.com/2012/07/17/higgs-boson-the-word-of-the-month-july-2012


SM @ the highest E; EWSB (“Higgs” sector)
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Most probably the only 2nd

generation interaction accessible at

the LHC being a clean signature.

Search for narrow resonance in

invariant mass spectrum of dimuon

above background of Drell-Yan, tt̄,

single top, dibosons, etc.

�(pp ! H+X) · B(H ! µµ)SM
⇠ 10 fb

S/B ⇠ 1/500 for
mµµ : [120� 130] GeV.

VBF process has the best sensitivity

for combating the irreducible bkg.

of DY production of dimuons.

Kajari Mazumdar Rare decays of Higgs @LHCP 7 June, 2021. 11 / 31

Evidence for H coupling to 
2nd-gen fermions: muons

H®µµ

P. Sphicas; Particle Physics after the HL-LHC

A dream: observe H 
decaying to charm quarks

First observation 
of Z®cc at a 

hadron collider!

Conclusions

q New results of the CMS search for the VH(H→cc) process are presented

§ Benefit from the full Run 2 dataset

§ Substantial improvements in charm tagging performance

§ Major upgrades of analysis techniques, such as jet energy/mass regression, kinematic fits, etc.

q Analysis validated by measuring VZ(Z→cc) signal strength: μVZ(Z → cc) = 1.01().+,-).+.

§ Significance of 5.7σ (5.9σ) è First observation of Z→cc at a Hadron Collider!

q Upper limits on VH(H→cc): μVH(H → cc) < 14 (7.6 exp.)

§ Almost 5x increase in expected sensitivity compared to analysis using 2016 data

§ Constraints on Higgs-charm coupling: 1.1 < 13 < 5.5 ( 13 < 3.4 exp.) — Most stringent to date!
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VH(H→cc) results

q Merged-jet topology: distribution of the Higgs boson candidate mass

q Resolved-jet topology and the combination: ordering the events by log10(S/B)
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A charming journey

More channels: ttH(cc), VBF H(cc), indirect constraints, etc.
Improvements in advanced analysis techniques 
(e.g., Deep Learning) and instrumentation (e.g., tracker)
Reduction of systematic uncertainties: c-tagging, event 
modeling, theoretical uncertainties, …

First observation of Z→ cc at a hadron collider!
Opening a new era for future explorations.
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A first evidence
at HL-LHC?

With Run 2 performance
With more improvements?

LHCb 1.98 fb-1

μ < 7900

LHCb 300 fb-1

μ < O(10)

A charming journey ahead!

From 9(1000) to 9(100) to 9(10) in ~5 years.
A combined effort and creativity from instrumentation, 

physics objects and analysis techniques!



Near-term future

Current running of the LHC
High-Luminosity LHC (HL-LHC)



LHC Timeline
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LS2: Upgrade 
of accelerator 
and detectors 

(Phase I)

LS3: Upgrade HL-
LHC and Phase II 

ATLAS&CMS

LS4: Upgrade 
Phase IIb 

ALICE&LHCb

today start HL-LHC

North Area upgrade?

HL-LHC target: 
Deliver 3000 fb-1 pp luminosity 
to both ATLAS and CMS
Programme ends in 2041
in view of the next large CERN 
project, e.g. FCC
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LS2: Upgrade 
of accelerator 
and detectors 

(Phase I)

LS3: Upgrade HL-
LHC and Phase II 

ATLAS&CMS

LS4: Upgrade 
Phase IIb 

ALICE&LHCb

today start HL-LHC

North Area upgrade?

HL-LHC target: 
Deliver 3000 fb-1 pp luminosity to 
both ATLAS and CMS
Programme ends in 2041
in view of the next large CERN 
project, e.g. FCC

P. Sphicas
LHC Results

Major intervention on more than 
1.2 km of the LHC

with new technologies:
Nb3Sn magnets, Crab cavities,… 

HL-LHC project formal approval by 
CERN Council (June 2016)

Cost to Completion
Material : 950 MCHF
Personnel: 1600 FTE-years

F. Bordry LHCC Feb 2017

Jan 16-21, 2022
CHIPP 2022 88

HL-LHC: major intervention on 
more than 1.2 km of the LHC 
with new technologies: Nb3Sn 
magnets, Crab cavities,... 



HL-LHC challenges

Upgrade several detector components (trackers, calorimeters, redesign 
some electronics, new detector technologies, Trigger and DAQ
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Annual dose at HL-LHC: 
similar to total dose from 
LHC start to LS3

Key to physics: maintain 
detector performance in 
the presence of much 
higher pileup (140-200!)



Medium-term Higgs physics: the LHC/HL-LHC program
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H width to invisible: 
h(125)®XX 
Includes BSM decays 
and rare SM decays: ≤4%

Higgs Couplings at HL-LHC

S. Jindariani, LHCP 20216

Uncertainty assumptions:
• Data statistics as sqrt(L) 
• Theory uncertainties halved
• Detector limitations remain constant

Precision on kappas of 2-4% can be reached 
with 3 ab-1 for the non-statistically dominated 
modes 

Measurements become systematically limited 
rather quickly

HL-LHC reach: Higgs

Higgs Self-Coupling at HL-LHC

S. Jindariani, LHCP 20218

Statistically limited!

The ultimate frontier: Higgs self-coupling
Higgs Self-Coupling at HL-LHC

S. Jindariani, LHCP 20218

Statistically limited!

Higgs Self-Coupling at HL-LHC

S. Jindariani, LHCP 20218

Statistically limited!

Higgs to Unknown

S. Jindariani, LHCP 20217

Connection with Dark Matter

Run-2 Limit ~20% @ 95%CL (dominated by VBF) 

CMS projection for VBF BR(inv): < 3.8% at 95%
Sensitive to ETmiss thresholdsThe strength of the PT  

Thermal potential: 

● Boson loops: 

SM: gauge bosons 

SUSY: light stops 

2HDM: extra Higgses 

● tree-level:  extra singlets: λSH2, NMSSM, etc. 

● replace H4 by H6, etc. 

δλ≤50%



Flavor physics: quark sector
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Fig. 5.14: Evolving constraints in the r̄ � h̄ plane from LHCb measurements and lattice QCD calcula-
tions, alone, with current inputs (2018), and the anticipated improvements from the data accumulated by
2025 (23 fb�1) and 2035 (300 fb�1), from top to bottom, respectively. Figures and underlying assump-
tions for future projections from Ref. [334].

5.6 Conclusions
Since the last update of the European Strategy, a plethora of new experimental results has been
achieved in flavour physics. No indisputable evidence of new physics has emerged so far,
though. The rationale for the observed pattern of masses and mixings of quarks and leptons
thus still remains a fundamental open question, which calls for new physics laws. Precision
flavour physics is a fundamental tool to discover them.

The probing power of flavour physics is manifest from the comparative effective analysis
of Fig. 5.1. In the near future, the sensitivities of several observables will reach very high
NP scales, 102 � 105 TeV—scales which are beyond the reach of high-energy colliders. Note
that this analysis does not claim that physics at—or below—the scale depicted is guaranteed to

Today

2025

2035

CKM triangle: extensive precision program en route
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B0 ņ  B0  MIXING  AND  DIRECT       �(¯ 
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Long-term future: proposed machines

A very brief summary



EU Strategy: High-priority future initiatives 
q “An electron-positron Higgs factory is the highest-priority next 

collider.” 
q “For the longer term, the European particle physics community has 

the ambition to operate a proton-proton collider at the highest 
achievable energy.”

q “Accomplishing these compelling goals will require innovation and 
cutting-edge technology: 
q … should ramp up … R&D effort …
q … should investigate the technical and financial feasibility of a future hadron 

collider at CERN with a centre-of-mass energy of at least 100 TeV and with an 
electron-positron Higgs and electroweak factory as a possible first stage….”

Aug 8 2024P. Sphicas; Particle Physics after the HL-LHC 19



Collider Crib sheet

q ILC (Japan):
q Linear collider with high-gradient 

superconducting acceleration 

q Ultimate: 0.5-1(?) TeV

q To secure (…) funding: reduce cost by 

starting at 250 GeV (H factory)

q CLIC (CERN):
q Linear collider with high gradient 

normal-conducting acceleration

q Ultimate: multi-TeV (3) e+e– collisions

q Use technology to overcome 

challenges

q Stages, for physics and funding

Aug 8 2024P. Sphicas; Particle Physics after the HL-LHC 20

q FCC-ee/FCC-hh (CERN):
q Protons to extend energy frontier

q 90 km ring with 16T magnets

q Use FCC-hh tunnel for e+e– collider

q Technology for ee: “standard”

q CEPC/SppC
q Essentially an FCC-ee, then hh with (a) 

more conservative luminosity 

estimates and (b) in China

q Outliers:
q “Low-field” (7T) magnets @ FCC (?)

q Muon Collider (???)



ILC, CLIC, FCC-ee/hh, CEPC
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CEPC: multiple candidate sites in China

Qinhuangdao site

CLIC

FCC

20km
11km;
29km;
50km

90 km100 km



FCC integrated program - timeline

22

2021- 25:
Feasibility Study

2028:
project approval 

by CERN Council

2032: 
construction 

starts

2041: 
HL- LHC ends

2045: 
Operation of 

FCC-ee

2070: 
Operation of 

FCC-hh

FCC Conceptual Design Study started in 2014 leading to CDR in 2018

“Realistic” schedule taking into account:
past experience in building colliders at CERN
approval timeline: ESPP, Council decision
that HL-LHC will run until 2041 
Can be accelerated if more resources available

Aug 8 2024P. Sphicas; Particle Physics after the HL-LHC



Regional implementation activities
q Meetings with municipalities in 

France (31) and Switzerland (10) 
q PA – Ferney Voltaire (FR) – experiment site
q PB – Présinge/Choulex (CH) – technical site
q PD – Nangy (FR) – experiment site
q PF – Roche sur Foron/Etaux (FR) – 

technical site
q PG – Charvonnex/Groisy (FR) – experiment 

site
q PH – Cercier (FR) – technical site
q PJ – Vulbens/Dingy en Vuache (FR)

experiment site
q PL – Challex (FR) – technical site

23

Detailed work with municipalities and host states
- identify land plots for surface sites
- understand specific aspects for design
- identify opportunities (waste heat, techn.)
- reserve land plots until project decision

Status 1 June 2024

à The support of the host states is
crucial (and greatly appreciated) for 
the further progress in the feasibility
study
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Site investigations: status
q Site investigations to identify exact 

location of geological interfaces:
q Molasse layer vs moraines/limestone

q ~30 drillings

q ~100 km seismic lines

à Start in July/August 2024
à Vertical position and inclination

Aug 8 2024P. Sphicas; Particle Physics after the HL-LHC 24

Drilling work on the lake



FCC-ee main machine parameters

25

F. Gianotti

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
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

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
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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

Improvements:

q x 10-50 on all EW observables

q up to x 10 on Higgs coupling (model-indep.) 

measurements over HL-LHC 

q x10 Belle II statistics for b, c, τ 

q indirect discovery potential up to ~ 70 TeV

q direct discovery potential for feebly-interacting 

particles over 5-100 GeV mass range

Design and parameters to maximise 
luminosity at all working points:
o allow for 50 MW synchrotron radiation 

per beam
o Independent vacuum systems for 

electrons and positrons
o full energy booster ring with top-up 

injection, collider permanent in 
collision mode

Up to 4 interaction points:

robustness, statistics, possibility of specialised detectors to 
maximise physics output

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
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FCC-ee baseline RF configuration so far

27

1-cell Nb/Cu

1-cell Nb/Cu

2-cell Nb/Cu addt’l 5- or 6-cell bulk Nb cavities

O. Brunner

Z W, H ttbar, 
booster

low R/Q, HOM 
damping, powered 
by 1 MW RF 
coupler and high 
efficiency klystron

moderate gradient 
and HOM damping 
requirements; 500 
kW / cavity, allowing 
reuse of klystrons 
already installed for Z

high RF voltage and 
limited footprint 
thanks to multicell 
cavities and higher
RF frequency; 200 
kW/ cavity

1-cell 
400 MHz,
Nb/Cu

2-cell 
400 MHz,
Nb/Cu

5-cell 
800 MHz,
bulk Nb

F. Peauger,
O. Brunner

Looking into two-cell RFs for ALL energies: Reverse phase operation (RPO) 
® higher RF cavity voltage (Y. Morita et al., SRF, 2009)
• Experimentally verified with high beam loading in KEKB (Y. Morita et al., IPAC, 2010)
• Baseline solution for EIC ESR (e.g., J. Guo et al., IPAC, 2022) 
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Long-term future: the physics

A very brief summary



The Higgs sector: from the HL-LHC to the “future”

Aug 8 2024P. Sphicas; Particle Physics after the HL-LHC 29

Kappa-scenario

❖ 𝜅 has the advantage that it is simple;

❖ the effects of polarization are undervalued in this approach;

❖ would give indications of deviations from the SM, but not necessarily diagnostic information to interpret 
deviation; 

❖ In this kappa framework HL-LHC projections are included, and the untagged and invisible branching ratios 
are constrained by measurements.
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Higgs Self Coupling

S. Jindariani, LHCP 202115

k3 needs higher energies! Precision from 50% at HL-LHC down to 5% (FCC)

Measurement of Higgs Self-Coupling
Di-Higgs processes at hadron colliders: 
◦ ;(==) ≈ 0. 0/×;(=)
◦ Important to use differential measurements

Di-Higgs processes at lepton colliders
◦ ZHH or VBF production complementary

Single-Higgs production sensitive 
through loop effects, e.g. for @A = 1:
◦ Hadron colliders: ~3%
◦ Lepton colliders: ~1%
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Precision Observables & Searches: examples
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Electroweak Observables at Future Colliders

ILC: 
◦ “Giga-Z” running not part of baseline 

but maybe later

28

1012 Z’s
“Tera-Z”

M. Lancaster

Electroweak Observables at Future Colliders

ILC: 
◦ “Giga-Z” running not part of baseline 

but maybe later

28

1012 Z’s
“Tera-Z”

M. Lancaster

q EWPO: 
circular ee 
colliders
+ linear colliders 

for sin2θW.

Note: currently, 

discussion/plan 

for a large Z run 

for the linear 

colliders…

8.3. SUPERSYMMETRY 123

 

 
 

) [GeV]±

1
χ∼)=m(0

2
χ∼m(

500 1000 1500 2000 2500 3000 3500

) [
G

eV
]

0 1χ∼
m

(

500

1000

1500

2000

2500

Kine
mati

ca
lly 

Fo
rbi

dd
en

 

0
1
χ∼ W(*) → ±

1
χ∼ and 0

1
χ∼ Z(*) → 0

2
χ∼, ±

1
χ∼ 0

2
χ∼

95% CL exclusion

Wino-like cross-sectionsLHC 36/fb, 13 TeV
HL-LHC 3/ab, 14 TeV (3L search)
HL-LHC compressed 3/ab, 14 TeV
HE-LHC 15/ab (projection)
HE-LHC compressed 15/ab (projection)

, 0.5/ab500ILC
, 1/ab1000ILC

, 2.5/ab1500CLIC
, 5/ab3000CLIC

FCC-hh (3L search, 3/ab)

Fig. 8.9: Exclusion reach for Wino-like lightest chargino (c̃±
1 ) and next-to-lightest neutralino

(c̃0
2 ) from hadron and lepton colliders.

to
p

s/2 for Dm as low as 0.5 GeV, while CLIC1500 and CLIC3000 allow a reach up to 650 GeV
and 1.3 TeV, respectively [454]. Monojet searches at hadron colliders can again complement
the reach for scenarios with small Dm [443]. The soft decay products of the NLSP are not re-
constructed and the sensitivity solely depends on the production rate of EWkinos in association
with an ISR jet. The reach of different colliders are illustrated by the hatched areas of Fig. 8.10
for an indicative Dm < 1 GeV. The sensitivity deteriorates at larger Dm, due to the requirements
on additional leptons or jets. No attempt is made to evaluate this loss here, which is expected
to become relevant for Dm ⇡ 5 GeV and above. Prospects for ep colliders (LHeC and FCC-eh)
performed using monojet-like signatures [139] are also shown in Fig. 8.10.

A special case arises when the lightest neutralino is either pure Higgsino or Wino. The
chargino-neutralino mass splitting is around 340 MeV and 160 MeV respectively, and the
chargino has a correspondingly long lifetime, which can be as large as several picoseconds.
The value of pmiss

T is small unless the pair-produced EWkinos recoil against an ISR jet. Taking
advantage of the long lifetime of the charginos, which can result in decays in the active volume
of the tracker detector, searches for disappearing charged tracks can be performed at hadron
colliders [443]. As an example, at the HL-LHC, studies using simplified models of c̃±

1 produc-
tion lead to exclusions of chargino masses up to mc̃±

1
= 750 GeV (1100 GeV) for lifetimes of

1 ns for the Higgsino (Wino) hypothesis. When considering the lifetimes corresponding to the
chargino-neutralino mass splittings given above (leading to thermal relic dark matter candidates
and referred to as pure Higgsino and pure Wino, respectively), masses up to 300 (830) GeV can
be excluded. The reach for all facilities is illustrated in Sect. 8.5. Analyses exploiting displaced
decays of the charged SUSY state have been studied also for lepton colliders, e.g. CLIC3000
(using charge stub tracks [345]), and for ep colliders (using disappearing tracks [458]).
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

Higgs compositeness (?)

Electroweak SUSY reach



The Dark Sector
q An experimental fact & yet, still 

a total mystery
q And masses span over 80 orders of 

magnitude

q Nightmare scenario: totally 
dark

q Only Gravity to play with…
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Direct
detection

indirect
detection

astrophysics

colliders

5

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	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

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

Dark Matter Candidates: Very little clue on mass scales

Too small mass
⇒ won’t “fit” 
in a galaxy!

From MACHOs 
searches

q More promising: some shade of grey 

6

Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal
mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {

18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

 ~ 1985, natural starting point 

Neff  / BBN

right after  W&Z discoveries 
12

Thermal Equilibrium in early 
Universe narrows the viable 

mass range

Hidden Sector

Folding in assumptions about early universe cosmology we can motivate more specific mass scales

Explorable at accelerator based DM searches: collider and fixed target/beam dump experiments  

Phenomenology of low mass region [MeV-GeV] thermal DM is quite different from Standard WIMP

==> Demands light mediator/s that in themselves are a search target

Dark Matter Candidates: Very little clue on mass scales

Thermal WIMPs



DM: Classic WIMPs 

q Two (SUSY) “extremes”, pure Wino, pure Higgsino
q Main “tools”: disappearing track, propagator modifications
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p/e+

p/e–

For small Δm, soft π±...

1

EWKinos in loop change prop 
(W, Y parameters)π±

π±8.5. DARK MATTER 131
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Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [483] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [484] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [443, 485]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [139]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [486]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector



9.3. DARK MATTER AND DARK SECTORS AT COLLIDERS 149

1 10 102 310
mχ [GeV]

−5010

−4910

−4810

10−47

−4610

−4510

10−44

σ
(χ

-n
uc

le
on

)[
cm

2 ]
SI

Direct searches, Majorana DM
Higgs Portal model

Collider limits at 95% CL, direct detection limits at 90% CL

XENON1T

PRL 121 (2018) 111302
XENON1T

PandaX

PRL 117 (2016) 121303
PandaX

LUX PRL 118 (2017) 021303
LUX

DarkSide-Argo (proj.)

DarkSide-Argo EPPSU submission

DarkSide-Argo (proj.)

DARWIN-200 (proj.)

JCAP 11 (2016) 017

DARWIN-200 (proj.)

Higgs PPG, arXiv:1905.03764
HL-LHC, BR<2.6

Higgs PPG, arXiv:1905.03764
HL-LHC+LHeC, BR<2.3

Higgs PPG, arXiv:1905.03764

CEPC, FCC-ee240, ILC250: BR<0.3%

Higgs PPG, arXiv:1905.03764
FCC-ee/eh/hh, BR<0.025

1 10 102 310
mχ [GeV]

−4810

10−47

−4610

−4510

10−44

−4310

10−42

σ
(χ
-n
uc
le
on
)[
cm

2 ]
SI

Direct searches, Scalar DM

XEN
ON1

T

PRL 121 (2018) 111302
XENON1T

Pand
aX

PRL 117 (2016) 121303
PandaX

DarkSide-50
PRL 121 (2018) 081307
DarkSide-50

LUX

PRL 118 (2017) 021303
LUX

DarkSide-Argo (proj.)

DarkSide-Argo EPPSU submission

DarkSide-Argo (proj.)

DARWIN-200 (proj.)

JCAP 11 (2016) 017

DARWIN-200 (proj.)

Higgs PPG, arXiv:1905.03764
HL-LHC: BR<2.6%

Higgs PPG, arXiv:1905.03764
HL-LHC+LHeC: BR<2.3%

Higgs PPG, arXiv:1905.03764

CEPC, FCC-ee240, ILC250: BR<0.3%

Higgs PPG, arXiv:1905.03764
FCC-ee/eh/hh: BR<0.025%

Higgs Portal model

Collider limits at 95% CL, direct detection limits at 90% CL

Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.
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Fig. 9.4: Top: Comparison of projected limits from future colliders with constraints from cur-
rent and future DD experiments on the spin-independent WIMP–nucleon scattering cross sec-
tion in the context of a simplified model where a scalar particle with unit couplings mediates
the interaction between SM fermions and Dirac fermionic DM. Collider limits are shown at
95% CL and direct detection limits at 90% CL. Bottom: comparison of a selection of projected
limits from future colliders with constraints from current and future indirect detection experi-
ments in the context of a simplified model where a pseudoscalar particle with unit couplings
mediates the interaction between SM fermions and Dirac fermionic DM. All limits are shown
at 95% CL. In both figures, collider searches and DD experiments exclude the areas above the
curves [585, 586].

Scalar mediator: Higgs portal and BSM scalar
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A collider discovery will need confirmation 
from DD/ID for cosmological origin
A DD/ID discovery will need confirmation 
from colliders to understand the nature of 
the interaction

A future collider program that optimizes sensitivity to invisible particles coherently 
with DD/ID serves us well. Need maximum overlap with DD/ID!

Ideal (for HEP) range
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Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.
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CERN Diversity Programme

Aug 8 2024P. Sphicas; Particle Physics after the HL-LHC 34

AD Experiments: Antiproton Decelerator for 
antimatter studies 
AWAKE: proton-induced plasma wakefield
acceleration
CLOUD: impact of cosmic rays on aeorosols
and clouds
COMPASS à AMBER: hadron structure and 
spectroscopy  
ISOLDE: radioactive nuclei facility
NA61/SHINE: ions and neutrino targets
NA62: rare kaon decays
NA63: radiation processes in strong EM fields
NA64: search for dark photons
NA65: study of tau neutrino production
Neutrino Platform: ν detector R&D for 
experiments in the US, Japan
n-TOF: n-induced cross-sections

~20 projects with > 1200 scientists

Future of the diversity programme discussed in the 
Physics Beyond Collider study

ECN3 upgrade à SHiP

Topics include:
q LHC injectors
q Low energy facilities
q High energy fixed target
q Opportunities gamma-factory

q Precision measurement and rare decays
q High energy beam dumps
q Low energy hidden sector (axions, EDM)
q QCD and Heavy Ion



Pseudo-summary



Pseudosummary/Outlook
q Extremely rich physics program ahead to understand the scalar sector

q The LHC and HL-LHC will get us to ≈2-5% couplings for the Higgs boson; 

q All options for a future “Higgs factory” ® ~O(10–2–10–3) understanding of couplings.

q Important aspects: EWPO (needs next-gen Z factory) and top threshold.

q Fundamental scalar?  Can probe it to 15-18 TeV.  

q FCC-ee/hh combination has the largest direct reach to new particles/phenomena. From 

new particles to Higgs self-coupling to Dark Matter searches…

q Dark Matter: Complementarity with indirect searches at colliders (and astroparticle 

expts); Next-generation colliders can cover the thermal WIMP scenario.  

q A rich parallel physics program of measurements and searches
q From nuclear physics, to hadron structure and searches for heavy neutral leptons

q The physics at hand, the physics of the next decade, and the physics of 
the long-term future remains fully exciting. Stay tuned… 

q And though we will miss Igor and his discerning view for doing excellent 
physics, we are counting on the people he has trained and brought up 
through five decades, to continue his legacy.

Aug 8 2024P. Sphicas; Particle Physics after the HL-LHC 36


