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The Higgs boson
❖ The Higgs boson was “predicted” in 1964 to explain 

Electroweak Symmetry Breaking and origin of particle mass. 
❖ EWSB:       m(W), m(Z) >> m(γ)    and    m(γ)  = 0

❖ It was discovered at the Large Hadron Collider (LHC) in 2012. 
❖ Given the mass of the Higgs boson (125 GeV), its properties 

within the Standard Model are well defined. 
❖    Lifetime = 1.6 x 10-22 seconds,    width = 4.2 MeV
❖   BR(h → W+W-) = 21%    BR(h → bb) = 58%   BR(h → γγ) = 0.2%

❖ The LHC continues improving Higgs boson measurements  
❖ deviations from SM could suggest answers to open questions. 
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Higgs boson is the only 
fundamental scalar particle 

of the Standard Model

Standard Model is complete.
But is the theory of the 

fundamental particles complete?



The Standard Model
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Higgs boson is special
•Only known spinless (S=0) fundamental particle.

•Explains symmetry breaking in electroweak force.

•Gives mass to fundamental particles.

•First particle named “Particle of the Year”.
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the Higgs Boson was among nominees!
Time’s 2012 Person of the Year: 
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Higgs boson is special
•Only known spinless (S=0) fundamental particle.

•Explains symmetry breaking in electroweak force.

•Gives mass to fundamental particles.

•First particle named “Particle of the Year”.

•Potential “tool” for discovery of 

     Physics Beyond the Standard Model (BSM)
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❖ The High Luminosity LHC will stretch the Higgs physics reach:
❖ ~2-5% precision for most Higgs couplings
❖ Larger uncertainties on Z𝜸 and charm
❖ < 50% on the self-coupling
❖ Higgs width 5%
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Future Reach of HL-LHC
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arXiv:1902:00134
arXiv:1903.01629Projections Assume: 

   Higgs boson has no decay modes beyond those predicted in the SM. 

• S1, current projection
• /model-dependent
• S2, improved
• /model-dependent                                  

(HL-LHC adopted)
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arXiv:1902:00134
arXiv:1903.01629Projections Assume: 

   Higgs boson has no decay modes beyond those predicted in the SM. 

• S1, current projection
• /model-dependent
• S2, improved
• /model-dependent                                  

(HL-LHC adopted)

❖ Higgs boson production 
backgrounds at the LHC 
(strong interaction) 
limits the precision that 
can be achieved on these 
measurements:

❖ ~2-6%

❖ SPOILER ALERT
❖ The e+e- Higgs 

factory can greatly 
improve precision.
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Physics at the LHC
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Status: March 2019

ATLAS Preliminary

Run 1,2
p
s = 7,8,13 TeV

Theory

LHC pp
p
s = 7 TeV

Data 4.5 � 4.6 fb
�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb
�1

LHC pp
p
s = 13 TeV

Data 3.2 � 79.8 fb
�1

Standard Model Total Production Cross Section Measurements

1 barn = 10-24  cm2

1 picobarn = 10-12 barns



Physics at  
the Higgs factory

❖ Higgs boson 
production not 
nearly as rare as at 
the LHC

❖ Backgrounds lower

❖ Higher precision
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Beyond the Standard Model
❖ Is the Standard Model complete?

❖  Gives excellent description of most physics.
❖ But

❖  No dark matter.
❖  Higgs mass unnaturally small (Hierarchy Prob.) - compared to 

gravity.
❖  Why matter dominates Universe (Baryon asym.)?
❖  Why is electroweak symmetry broken?
❖  or neutrino mass, dark energy, gravity …

❖ Properties of Higgs boson could point the way.
❖ For example, is the Higgs boson elementary or a composite?
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Advantage of Higgs Studies at e+e-

  Very low backgrounds and simple reactions in e+e−.
     Environment allows for detectors of unprecedented accuracy.

Also, all decay modes are observed in e+e-,
         with small, calculable backgrounds.

Polarization enhances sensitivity.

Higher precision, model-independent  measurements feasible.
     Sub-1% coupling measurements achievable.

Energy extendability (to 500-1000 GeV) accesses                              
.        top Yukawa and triple-Higgs couplings

J. Brau  - Oregon Quarknet - June 21, 2023 17



e+e-  Higgs Factory proposals
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√s beam 
polarisation ∫Ldt for Higgs R&D phase

ILC/C^3 0.1 - 1 TeV e-: 80%

e+: 30%

2000 fb-1 @ 250 GeV

   200 fb-1 @ 350 GeV

 4000 fb-1 @ 500 GeV

ILC TDR completed

in 2013

CLIC 0.35 - 3 TeV e-: (80%)

e+: 0%

 1000 fb-1 @ 380 GeV

2500 fb-1 @ 1.5 TeV

5000 fb-1 @ 3 TeV

CDR completed

in 2012

CEPC 90 - 240 GeV e-: 0%

e+: 0% 5600 fb-1 @ 240 GeV CDR completed


in 2018

FCC-ee 90 - 350 GeV e-: 0%

e+: 0%

5000 fb-1 @ 250 GeV

1700 fb-1 @ 350 GeV

CDR completed

in Jan 2019

update based on J. Tian, LC School, DESY, 2018 
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International Linear Collider (ILC)

19

e- Source

e+ Main Linac

e+ Source

e- Main Linac

Parameter Initial 
stage TDR

C.M. Energy (GeV) 250 500

Length (km) 20 31

Luminosity (x1034) 1.35 
(2.7, 
5.4)

1.8

Repetition (Hz) 5 (10) 5

Beam Pulse  Period 
(ms)

0.73 0.73

Beam Current  
(mA in pulse)

5.8 5.8

Beam size (y) at FF 
(nm)

7.7 5.9

SRF Cavity Gr (MV/m),  
      Q0

31.5, 
1x10 10

31.5, 
1x10 10

main linacbunch
compressor

damping
ring

source

pre-accelerator

collimation

final focus

IP

extraction
& dump

KeV

few GeV

few GeV
few GeV

250-500 GeV

Nano-beam Technology

SRF Accelerating Technology

Key Technologies

Physics Detectors

Damping Ring

based on S. Michizono, 8 Nov 2017

ILC TDR is 5-volumes, 
published 12 June 2013

Polarized electrons (± 80%) and positrons (± 30%)

~20km

arXiv:1903.01629arXiv:1711.00568



Future Circular Collider (FCC-ee)
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G. Taylor, Jan 2019

Unpolarized beams

Energy
(GeV)

Design Luminosity
(1034 cm-2  s-1/IP)

90 182

160 19.4

240 7.3

375 1.33

SR/beam limited to ~50 MW

CDR:   CERN-ACC-2018-0057

F. Zimmerman, SLAC P5, May 3, 2023

→ 91 km

F. Zimmerman, 2023



AF Collider Implementation Task
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Thomas Roser 
P5  meeting 

April 13, 2023



Future Collider Timeline
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C. Vernieri – Snowmass 21 EF Workshop - Brown U. - March 2022



Process to achieve Higgs collisions by  
~2040 (Linear) or ~2050 (Circular)

FCCee plan 
starts with Z, 
then WW, 
reaching 
Higgs ~2050

CEPC earlier?
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CERN plan, F. Gianotti, 13 April 2023

LINEAR

CIRCULAR



Higgs Boson Cross Section
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Higgs Factory observes Higgs recoiling from a Z, with known CM energy⇓

•   powerful channel for unbiassed tagging of Higgs events
•   measurement of even invisible decays     

 (⇓ - some beamstrahlung)

Higgstrahlung at 250 GeV
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Invisible decays are included

4. MEASURE RECOIL
AND OBSERVE DECAY

1. KNOWN INTIAL STATE
2. MEASURE Z→ l+l−

3. SELECT E(Z boson) = 110 GeV     
M(recoil) = 125 GeV

l+

l−

)2Recoil Mass (GeV/c
110 120 130 140 150

E
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n
ts

0

100
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400

 + X @ 250 GeV-
µ+µ →

-
+e+e

Toy MC Data

Signal+Background

Signal

Background

arXiv:1604.07524, PRD94 (2016) 113002



HL-LHC Comparison (model-dependent)

The darker bars show the results allowing invisible and exotic Higgs decay 
channels; the lighter bars assume that these BSM decays are not present.
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arXiv:2203.07622

ALSO:   

BR(invisible) < 0.16%

SM = 0.1%

arXiv:2203.08330

 1 %



Testing New Physics Models
❖ Studied nine(9) models that are unlikely to be discovered by HL-LHC.

❖ Masses beyond reach.
1. pMSSM SUSY [34]; high colored masses: m(bino) =3:4 TeV, m(gluino) = 4 TeV.
2. Type II 2-Higgs-doublet [36]; heavy Higgs bosons at 600 GeV and tan β  = 7.
3. Type X 2-Higgs-doublet [36]; heavy Higgs bosons at 450 GeV and tan β = 6.
4. Type Y 2-Higgs-doublet [36]; heavy Higgs bosons at 600 GeV and tan  β = 7.
5. Composite Higgs MCHM5, f = 1.2 TeV [38]; lightest new particle vectorlike top partner T at 
1.7 TeV and very small single production.
6. Little Higgs with T-parity [39]; f = 785 GeV and top partner T at 2 TeV.
7. Little Higgs with T-parity [40]; f = 1 TeV and option B for light-quark Yukawa couplings; 
top partner T mass of 2.03 TeV.
8. Higgs-radion mixing [41]; radion mass is 500 GeV; other relevant extra-dimensional states 
can be at multi-TeV masses.
9. Model with Higgs singlet added to SM, motivated by EW baryogenesis with portal to dark 
matter sector [42]; singlet mass is 2.8 TeV, with mixing as permitted by decoupling.
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Model Discrimination - 250 GeV
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CLICILC/C^3
CLIC

FCC-ee
ILC/C^3
CLIC

The Broader Physics Program

But e+e- colliders also provide:
• search for exotic modes of Higgs boson decay
• search for dark matter particles and other invisible states
• search for heavy resonances through 2-fermion processes
• precise study of W boson interactions in e+e-  →  W+W-

• precise measurement of the top quark mass
• precise measurement of top quark electroweak couplings 

• precise measurement of top quark Yukawa coupling (tth) 
• measurement of the triple Higgs boson coupling
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    240/250 GeV              
CEPC
FCC-ee

ILC/C^3
CLIC

 500 GeV-1 TeV       > TeV      350/380 GeV              

The physics opportunities of next-generation e+e- colliders emphasize 
precise measurement of most Higgs boson couplings.

These are the centerpiece and FIRST PRIORITY.



Model Discrimination (250+500)
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SiD - a linear collider detector
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6 x 6 x 6 m3,   5 Tesla field 



Jim Brau                                    Terascale Physics and the Higgs Factory                                    Feb 10 , 2023

e+e− → Zh;      Z → μ+ μ−;     h → bb

32
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SiD - a linear collider detector

❖ Much detector development remains to be done.

❖ Oregon is particularly involved in developing a new 
calorimeter based on monolithic active pixels -

❖ 25 um x 100 um.     

❖ Half a trillion pixels in final experiment.

❖ Small prototypes, larger modules, beam tests to verify 
design, and finally, construction.  We need time to do all 
this work.
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Summary
❖ BSM physics would impact Higgs boson couplings at the 

percent level for mass scales of TeV.
❖ Electron-positron colliders provide qualitatively improved, 

percent level precision on Higgs boson couplings, with                          
model-independent measurements.

❖ Excellent science already achievable at 250 GeV from 
strength of Higgstrahlung reconstruction and EFT analysis.   
❖ Higher energy from upgrades extends physics program.

❖ In all scenarios for future LHC outcomes, there is a 
compelling discovery potential.

❖ Higgs factory collisions are possible by 2040.
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