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LHC data agree amazingly well with SM predictions

2

The LHC is a precision 
measurement machine!
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Take Away Message Here
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Why are there so many kinds of particles?
What is dark matter?
What is dark energy?
Why is there matter and no antimatter?
Why is CP Violation absent in QCD?
Are there extra dimensions?
Do the forces unify?
What is the nature of neutrinos?
What stabilizes the Higgs mass?
    …..

Y-K Kim
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The Higgs Boson is special

The recently discovered Higgs boson is a form of matter never 
before observed, and it is mysterious. What principles determine its 
effects on other particles? How does it interact with neutrinos or 
with dark matter? Is there one Higgs particle or many? Is the new 
particle really fundamental, or is it composed of others? 2014 P5 Report
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The Higgs Boson as a tool for discovery
Precision Higgs measurements are key for BSM physics
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Typical mass scale probed by precision Higgs coupling measurements

Dawson etal, 2209.07510
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Higgs couplings in the phenomenological MSSM

pMSSM scan:   0.09-25 TeV for non-colored sparticles and  0.2-50 TeV for sparticles with color

Higgs coupling measurements sensitive to models with masses up to ten’s of TeV

Dickinson etal, 2207.05103
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Pattern of Higgs coupling deviations are model dependent

9Idachi etal, 2203.07646
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Higgs self-coupling
Important to measure shape of the Higgs potential
              V(Φ) = μ2|Φ|2 + λ|Φ|4/2

Higgs mass is directly related to dynamics of Higgs sector
    λhhh =  3√2 λv = 3mh

2/√2 v    λhhhh = 3λ =  3mh
2/2v2  

10

Triple Higgs coupling provides evidence of vacuum condensation
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Higgs coupling measurements @LHC

Fermion and Boson couplings measured to ~10% 
(20% in some cases)

Theory becoming 
more precise @ 
N3LO

Inclusive cross 
section for
pp → H →γγ

Chen etal, 2102.07607

Self-coupling 
constraints 
from combined 
channels 
ATLAS-CONF-2024-006

A great achievement!
Provides first portrait of EWSB
Higgs appears to be SM-like
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Direct searches for BSM
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Effective Field Theories: Global fits to new physics
Model independent description of new physics
Wilson expansion, in powers of the cut-off scale and new physics encoded in the Wilson coefficients
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A complete basis of operators with d=5-8 totals 2499 
operators!  
84 operators for one generation  
59  if CP is also conserved
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HL-LHC is around the corner!

Identified as a highest priority in 2013 European 
Particle Physics Strategy update and 2014 P5 
report 

The HL-LHC has a compelling and comprehensive program that 
includes essential measurements of the Higgs properties

Plan for 3 ab-1 of pp collisions at 14 TeV
190M Higgs bosons to be produced!
120k Higgs boson pairs produced
Significant upgrades for the detectors and accelerator

14
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Expectations for Higgs Coupling Measurements @HL-LHC
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Powerful tool to further explore the Higgs sector
(Pile-up a challenge)
• Bosonic Higgs couplings to ~<2%
• Fermionic Higgs couplings to ~2-4%
• Theory is largest contribution to uncertainties
Tri-linear coupling a science driver
• Observe pp → HH @ 3.4σ
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EFT sensitivity

16
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Next step:  a precision Higgs Factory
2020 European Particle Physics update
• An electron-positron Higgs factory is the highest priority next collider.  For the longer 

term, the European particle physics community has the ambition to operate a 
proton-proton collider at the highest achievable energy.  Accomplishing these goals 
will require innovation and cutting edge technology.

2023 P5 Report
• Construct a portfolio of major projects that collectively study nearly all fundamental 

constituents of our universe.
• An offshore Higgs factory, realized in collaboration with international partners, in order to reveal 

the secrets of the Higgs boson. The current designs of FCC-ee and ILC meet our scientific 
requirements. The US should actively engage in feasibility and design studies. Once a specific 
project is deemed feasible and well-defined, the US should aim for a contribution at funding levels 
commensurate to that of the US involvement in the LHC and HL-LHC, while maintaining a healthy 
US onshore program in particle physics.

17
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Design features of e+e-  Higgs Factories

Linear Colliders:  ILC/C3/CLIC

• Energy can reach to TeV
• Longitudinal polarization “easy”
• Low radiation
• Energy efficient

Circular Colliders:  FCC-ee/CEPC

• Beams circulate after collisions
• Highest lumi at Z/WW/ZH
• Energy limited to < 400 GeV
• Less energy efficient



19

e+e- machine comparison:  Physics potential

• Roughly equal number of 
Higgs produced for circular vs 
linear run plans 

• Circular option enables 
precision EW Z and WW 
physics program

• Linear option enables 
extension to higher energies 
for Higgs self-coupling

Which is best?

19



20

e+e- machine comparison:  Physics potential

• Roughly equal number of 
Higgs produced for circular vs 
linear run plans 

• Circular option enables 
precision EW Z and WW 
physics program

• Linear option enables 
extension to higher energies 
for Direct Higgs self-coupling

Which is best?  Whichever one 
we can get built!

20
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Design features of e+e-  Higgs Factories

Linear Colliders:  ILC/C3/CLIC

• Energy can reach to TeV
• Longitudinal polarization “easy”
• Low radiation
• Energy efficient

Circular Colliders:  FCC-ee/CEPC

• Beams circulate after collisions
• Highest lumi at Z/WW/ZH
• Energy limited to < 400 GeV
• Less energy efficient

FCC Week!
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Recoil mass technique
e+e- ® Z + Anything
• ‘Anything’ corresponds to a system 

recoiling against the Z, tagged by 
leptons/jets 

• The mass of this system is determined 
solely by kinematics and conservation of 
energy

• Peak in Recoil Mass corresponds to 125 
GeV Higgs!

Allows for:

• Δmh ~ 15-31 MeV (depending on Lumi)
• Model independent measurement of σZH 

and Higgs couplings

•  Advantage of e+e-  collisions: initial 
quantum state is fully known

22
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Precision Higgs measurements at future colliders

Dawson etal, 2209.07510

Sub-1% measurement of most couplings
H charm coupling measured to %-level
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Feasible 1st generation Higgs coupling measurement?

Run at √s = 125 GeV
Require very small beam energy spread ~ 4 MeV
Large background 
1.3σ significance /IP/yr, combing all Higgs final states

24Enterria etal, 2107.02686
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Higgs as a portal to the dark sector

Simulation of e+e- ® Z + Higgs with 
Z ® 2 b-quarks and Higgs ® invisible 25N. Graf



2626

Expected precision on effective couplings 

Belloni etal, 2209.08078

Example of the power of this 
approach
Limits on leptoquark 
coupling/mass
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Rare Higgs decays

Green boxes denote
HL-LHC strength

Rest covered by FCC-ee
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Precision EW run plan
Tera-Z
• 5-6 Trillion Z-

bosons
• Reduced stat 

uncertainty by factor 
of ~500

WW Threshold
• 200M WW pairs
• 1000 x LEP 

statistics
• W mass to 0.4 MeV
     

28

Enables spectacular EW precision observable science program

Full LEP1 data set accumulated every minute!
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jlkj

29Blondel etal, 2106.13885

Requires theory calculations at next 
order, or higher!!

Enables spectacular EW 
precision observable science 
program

Oblique parameters
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Top-quark physics

Shaded bars are global fit

Belloni etal, 2209.08078

Top-quark mass important input to 
numerous observables/quantities, including 
vaccum stability

Vary √s to perform scan at top-quark threshold 
for precision top mass measurement of 20-70 
MeV, factor of 10 improvement over HL-LHC

10 TeV, c=1

3 TeV, c=1

EFT constraints on top-quark couplings
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Detector Requirements

31S. Rajagopalan
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Several strawdog FCC-ee detector benchmarks
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FCC-ee Next Steps

Feasibility study – Launched in 2021
• Consolidation of science program and 

detector technologies, administrative and 
financial issues, and significant work on
territorial feasibility, including: geological, 
environmental impact, infrastructures, and 
civil engineering

CERN Council recently launched next
European Particle Physics Strategy
update
• Process to begin soon

33
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U.S. statement of intent
Joint Statement of Intent between the US and CERN concerns future planning 

for large research infrastructures, advanced scientific computing and open 
science signed in Washington DC April 2024

34

Concerning the proposed Future Circular 
Collider, FCC-ee, the text states: 

“Should the CERN Member States determine 
the FCC-ee is likely to be CERN’s next world-
leading research facility following the high-
luminosity Large Hadron Collider, the United 
States intends to collaborate on its 
construction and physics exploitation, subject 
to appropriate domestic approvals.”

D. Mulligan, OSTP and F. Gianotti, CERN



35

U.S. Higgs Factory Coordination Consortium
Provide strategic direction for the U.S. 

community to engage, shape, and thereby 
advance the development of the physics, 
experiment, and detector program for a 
potential future Higgs factory

35

HFSC:  S. Rajagopalan, chair, R. Patterson, co-
chair, M. Demarteau, S. Eno 
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CERN FCC Timeline

36
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LHC & HL-LHC Operations

EIC Construction

US-Europe Collider Timeline

37

FCC-ee Construction

RHIC Operations

FCC-ee Operations

EIC Operations
2020 2030 2040

U.S.
Europe
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Relativistic Heavy Ion Collider

24 Continuous years of operation
Only operating collider in the U.S.
Will shut down in 2025

38

Colossal magnetic 
field observed in 
Quark-Gluon 
Plasma with
B = 1018 BEarth

STAR, arXiv: 2304.03430, PRX 14, 011028 (2024)
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Compelling EIC Science Highlighted by NAS Report

39

How do quarks, gluons, 
and orbital angular 
momentum contribute to 
proton spin?

Spin: a fundamental 
property of matter

All elementary particles, 
but the Higgs carry spin

Spin cannot be explained 
by a static picture, rather 
the interplay between the 
properties and interactions 
of quarks and gluons inside
the proton

Does the mass of 
visible matter emerge 
from quark-gluon 
interactions?

Atom: Binding/Mass = 
0.00000001
Nucleus: Binding/Mass = 
0.01
Proton: Binding/Mass = 
100

The EIC will determine an 
important term 
contributing to the proton 
mass, the so-called “QCD 
trace anomaly.

How can we 
understand the QCD 
dynamics and the 
relation to 
Confinement?

EIC will image  
quarks and gluons in 
3D in space and 
momentum inside the 
nucleon & nuclei 
Uncover how the 
nucleon properties 
emerge from quarks 
and gluons and their 
interactions.

How do the quark-
gluon interactions 
create nuclear 
binding?

Is the structure of a 
free and bound 
nucleon the same?
How do quarks and 
gluons, interact with 
a nuclear medium?
How do the confined 
hadronic states 
emerge from these 
quarks and gluons?

Does gluon density in 
nuclei saturate at high 
energy?

How many gluons can fit 
in a proton?
How does a dense 
nuclear environment 
affect the quarks and 
gluons, their correlations 
and interactions?

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?
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~ 1/kT

k T
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(x
, k

T2 )

• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)

QS: Matter of Definition and Frame (II)
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Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?
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• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)

=
?

gluon
splitting

gluon
recombination

All Nobel-Worthy Questions!
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Facility Requirements
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EIC Facility Performance Goals
• High Luminosity: L= 1033 – 1034cm-2sec-1, 10 – 100 fb-1/year
• Highly Polarized Beams:  70%
• Large Center of Mass Energy Range: Ecm = 20 – 140 GeV
• Large Ion Species Range:  protons – Uranium
• Large Detector Acceptance and Good Background Conditions
• Ability to Accommodate a Complementary Second Interaction 

Region (IR) and Detector

EIC is the only new collider to be designed and built in the world in the next decade.

Conceptual design scope and expected performance satisfy 
the U.S. Nuclear Science Advisory Committee (NSAC) Long 
Range Plans (2015 & 2023) and the requirements endorsed by 
the  U.S. National Academy of Sciences (2018).
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Project status
Schedule: CD-3B = March 2025
 CD2/3 = End of 2025, CD-4 = 2034
Cost:  CD-1 cost range of $1.7-2.8B
Funding:  $397M provided from FY20 - FY24
 $100M New York State Grant for EIC 

Buildings Awarded February 2024
   UK commits £58 in-kind

41

The EIC scientific community is rapidly growing 
with more than 1,529 members from 294 
institutions and 40 countries. 

EIC Accelerator Collaboration 
Kick-Off Meeting at IPAC24  
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Slide from F. Zimmerman
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EIC – FCC Synergies
• SRF cavities, electron gun (high current, high brightness beams) 
• Beam instrumentation: SR monitors, BLM, BPMs, Beam feedback systems, 
• crab angle measurements 
• Vacuum systems 
• IR region magnets, prototypes, production 
• MDI, IR shielding 
• Collimation 
• Beam-beam interactions, beam-gas interactions 
• Impedance model, instabilities, HOM, ion instability 
• AC-LGAD  Technology
• LAPPD Photon sensors
• MAPS
• ITS3 sensor technology
• Streaming readout
• Common software and tools

43EIC provides accelerator & detector R&D opportunities for FCC- ee
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FCC-ee has outstanding science potential
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There is much work 
to do and it will take 
time

….Discoveries await!!

45

BUILD 
COLLIDERS


