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Collider Physics:
The Higgs Factory & Beyond

(1). The LHC rocks!
The LHC / HL-LHC deliveries & expectations.

(2). The Higgs rules!
ILC, CEPC, FCC,, deliveries & expectations.

(3). The Energy frontier drives!

10 TeV pCM Energy @ SppC, FCC,,., MuC.
And the race is on ...



U.S. Community Summer Study: Snowmass 2021

July 17 = 26, 2022 @ UW — Seattle
http://seattlesnowmass2021.net
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Opportunities in HEP for the decade & beyond

Decadal Overview of Future Large-Scale Projects

Frontier /Decade 2025 - 2035 2035 -2045

U.S. Initiative for the Targeted Development of Future Colliders and their Detectors

Energy Frontier ,
Higgs Factory

Neutrino Frontier LBNF/DUNE Phase I & PIP- 11 DUNE Phase II (incl. proton injector)
Cosmic Microwave Background - S4 | Next Gen. Grav. Wave Observatory*
Cosmic Frontier Spectroscopic Survey - S5* Line Intensity Mapping*
Multi-Scale Dark Matter Program (incl. Gen-3 WIMP searches)
Rare Process Frontier Advanced Muon Facility




Snowmass 2021 & the P5 Recommendations
http://seattlesnowmass2021.net
https://www.usparticlephysics.org/2023-p5-report/

Explore the Quantum Universe

Search for Direct Evidence
for e’yv Particles

Decipher Explore llluminate
; ; the
Quantum Paradigms in ;
: Hidden
Realm Physics Universe


http://seattlesnowmass2021.net/

P5 report: Recommendation 1

As the highest priority independent of the budget scenarios, complete construction
projects and support operations of ongoing experiments and research to enable
maximum science. We reaffirm the previous P5 recommendations on major initiatives:

Including:
a. HL-LHC (energy frontier)
b. 15t Phase DUNE & PIP-Il (LBN neutrino)

c. The Vera Rubin Observatory (dark energy survey)

Recommendation 2

An off-shore 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 (see also Recommendation 6), 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 on-shore program in particle physics (section 3.2).




P5 report: Recommendation 4

Support a comprehensive effort to develop the resources —theoretical, computational,

and technological—essential to our 20-year vision for the field. This includes an

aggressive R&D program that, while technologically challenging, could yield

revolutionary accelerator designs that chart a realistic path to a 10 TeV pCM collider.

a. Support vigorous R&D toward a cost-effective 10 TeV pCM collider based on proton, muon,
or possible wakefield technologies, including an evaluation of options for US siting of such a
machine, with a goal of being ready to build major test facilities and demonstrator facilities
within the next 10 years (sections 3.2, 5.1, 6.5, and Recommendation 6).

b. Enhance research in theory to propel innovation, maximize scientific impact of investments in
experiments, and expand our understanding of the universe (section 6.1).

c. Expand the General Accelerator R&D (GARD) program within HEP, including stewardship
(section 6.4).

d. Investin R&D in instrumentation to develop innovative scientific tools (section 6.3).

e. Conduct R&D efforts to define and enable new projects in the next decade, including detectors for
an e+e— Higgs factory and 10 TeV pCM collider, Spec-S5, DUNE FD4, Mu2e-Il, Advanced Muon
Facility, and line intensity mapping (sections 3.1, 3.2, 4.2, 5.1, 5.2, and 6.3).

f. Support key cyberinfrastructure components such as shared software tools and a sustained
R&D effort in computing, to fully exploit emerging technologies for projects. Prioritize computing
and novel data analysis techniques for maximizing science across the entire field (section 6.7).

g. Develop plans for improving the Fermilab accelerator complex that are consistent with the long-
term vision of this report, including neutrinos, flavor, and a 10 TeV pCM collider (section 6.6).




NAS 2025 Report

Elementary Particle Physics: The Higgs & Beyond
(link ...)

Recommendations (8 of them)

Recommendation 1: The United States should host the world’s highest-energy elementary
particle collider around the middle of the century. This requires the immediate creation of a
national muon collider research and development program to enable the construction of a
demonstrator of the key new technologies and their integration.

Recommendation 2: The United States should participate in the international Future

Circular Collider Higgs factory currently under study at CERN to unravel the physics of
the Higgs boson.

Recommendation 3: The United States should continue to pursue and develop new
approaches to questions ranging from neutrino physics and tests of fundamental

symmetries to the mysteries of dark matter, dark energy, cosmic inflation, and the excess of
matter over antimatter in the universe.



Beyond the Standard Model physics

Neutrinos and cosmic messengers

. ;
. 020 110¢ ate ~ Dark matter and the dark sector

Implementation of t )20 upda European Strategy

Fabiola Gianotti (CERN), ESPROpeRSymposium, Venices23 June 2025

Strong interations

17% (46)

Electroweak physics including Higgs

High-priority future initiatives (1): future colliders

Flavour physics

14% (37)

Projects and large experiments

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 National inputs and national laboratories
at the highest achievable energy. 2% |

Others, e.g. personal contributions

sl e , ‘ ' ' Detector instrumentation
Europe, together with its international partners, should investigate the technical

and financial feasibility of a future hadron collider at CERN with a centre-of-mass  Accelerator science and technology
energy of at least 100 TeV and with an electron-positron Higgs and electroweak
factory as a possible first stage. Such a feasibility study of the colliders and related
infrastructure should be established as a global endeavour and be completed on
the timescale of the next Strategy update.

Computing

Communications, education, outreach, knowledge transfer and careers

Sustainability
. Science drivers Community organization
Enabling technologies Policy



Status of CEPC in China

Yifang Wang for the team
Institute of High Energy Physics, Beijing
Venice, June 24, 2025

* Since 2005, we were thinking about the next machine after BEPCII/BESII!

* After its discovery, we realized that Higgs is the best portal for new physics and for
the future of HEP

* The idea of a Circular e+e- Collider(CEPC) followed by a possible Super proton-

proton collider(SPPC) was firstly proposed in Sep. 2012, and reported at Fermilab
during the workshop: “Higgs Factories 2012” in Oct. 2012

* It quickly gained momentum in China and in the world
K : Optimum circumference for H/Z/Top

\ L. total cost (H+Z+TOP)
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Collider Physics:
The Higgs Factory & Beyond

(1). The LHC rocks!
The LHC / HL-LHC deliveries & expectations.
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LHC / HL-LHC lead the way:
Energy frontier for the next 15 years!

LHC - High Luminosity LHC (Caterina Vernieri)

LHC ) HL-LHC
(3 ab1)
RUN 2 'Upgrade of accelerator SUN 3 HL-LHC installation RUN 4/5
8M H and experiments 16M H ATLAS Upgrade 170M H
(300 fb1) 120k HH
2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 . 2039
H couplings to: O(5-10)%

H self-coupling to: 0(50)%

New physics reach:
M, A ~ O(a few TeV)
just above the EW scale!
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HH statistical significance
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Collider Physics:
The Higgs Factory & Beyond

(2). The Higgs rules!
ILC, CEPC, FCC,, deliveries & expectations.
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High priority: Higgs Factories

THE TOHOKU REGION OF JAPAN Cklﬁi?ﬂh 50000 GeV'  Briw (< %, 95% C.L.)
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3 COOL COPPER COLLIDER

T T T Y VY Y Y Y FCC'ee
250/500 GeV ™ ettt 240/365 GeV
250/550 GeV . :
..>TeV CERN - FCC
Operation mode Z W Higgs
Center-of-mass energy (GeV) 91 160 240
Operation time (year) 2 1 10
Instantaneous luminosity/IP (10**cm—2s5~1) 115 16.0 5.0
® HL-LHC

Integrated luminosity (ab—', 2 IPs) 60 3.6 12

Event yield (30 MW) 25x10'7 1.0x10° 2.5 x 10° " ILG/C3-250 + HL-LHC

¥ ILC/C3-500 + HL-LHC

W ILC/C3-1000 + HL-LHC

B CEPC240 + HL-LHC

W CEPC360 + HL-LHC

¥ CLIC 380 + HL-LHC

W CLIC 3TeV + HL-LHC

% FCC-ee + HL-LHC

B FCC-hh + FCC-ee/FCC-eh
® u(125) + HL-LHC

® u(10TeV) + HL-LHC

10 -
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Collider Physics:
The Higgs Factory & Beyond

(3). The Energy frontier drives!

10 TeV pCM Energy @ SppC, FCC,,, MuC.
And the raceis on ...
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Toward 10 TeV partonic C.M. Energy (pCM)
fully explore the Higgs sector/mechanism & beyond

proton+proton @ 100 TeV
FCC-hh @ CERN SppC in China

LTB: Linac to Booster
BTC: Booster to Collider Ring

Y - .\ -\
< _ ~ e IP1 IE>.
~Future LS KRN
R - o Super Synchrotron, SS . to=1 BTC
g oo GirCUIa_r Y g ' / Medium-Stage Synchrotron, MSS o/ &F mac
Damid t fing Cunshrmtran 1D IP3

. : . “cou'der ';"“'.‘. {ad ; P4 Rapid Cvcline Svnchrotron. p-RSC Proton Linac
3 .-'"T‘;';."f‘ A e e ¢

» ~
P :

BOOSZ‘er

Cepo po
S C Colliger Ring  IP2
PpC Collier Ring

Main parameters

Circumference 100 km
Beam energy 62.5 TeV
Lorentz gamma 66631

Dipole field 20.00 T
Physics performance and beam parameters

Initial luminosity per IP 4.3E+34 em’s”
Beta function at initial collision 0.5 m
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CEPC Planning and Schedule

TDR (2023), EDR(2027), start of construction (~2027)

CEPC Project Timeline 2012-2015 2016-2020 2021-2025 2026-2030 2031-20356 2036-2040 2041-2045 2048-2050 2051-2055
Conceptual and Technical Design Reports ] )
(COR & TOR) cokRill Rl 152 FY
Key technology R&D

th
Accelerator EDR g 16°FY

Civil engineering, campus construction i

Accelerator

Construction and installation and upgrade of
accelerator '. ] g

Conceptual Design Report (COR)

Detector TDR <

Construction, installation, upgrade and
commissioning

Detector

Experiments operation Higgs Z W it

International cooperation —
Physics, detector and collider design

International Collaborations ]

International experiment collaborations

International
Cooperation

» CEPC plans to submit the
proposal to the central
government(NDRC) within the
“15t five year plan”

» For this purpose, CAS organized
studies and reviews

» CEPC was ranked by CAS as the
No. 1 for HEP & NP, and No.2
for Basic Science

» We are waiting for the 2@
review by CAS later this year

» Waiting for the “call for
proposals” by NDRC by the end
of this year

NDRC: National Development and Reform commission
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FCC integrated program — scope

- stage 1: FCC-ee (Z, W, H, tt) 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

« common civil engineering and technical infrastructures, building on and reusing CERN'’s existing
infrastructure

 FCC integrated project allows the start of a new, major facility at CERN within few years of the end
of HL-LHC exploitation
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Muon Collider Concept

D. Schulte, Muon Collider, ESPPU Open Symposium, Venice, June 2025 /\1'1'
s . . Co

UON Collider
Ilaboration
The main challenge is the short muon lifetime t=v x 2.2 us
Proton Driver Target & Front End Coolin& Acceleration Collider
H™ LINAC Accumulator Compressor | Pion Cﬂicane& Muon Phase | Charge Bunch Final  Buncher Pre- SC LINAC RLA 1,2 RCS1,2,3 &4 3 TeV Collider
Ring ing Target rber  Buncher Rotator Separation 5 Merge Cooling accelerator 10 TeV Collider
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10 Year R&D Plan
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1
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uC Sites at Fermilab and CERN

High-energy
s [ r « rapid cycling
/ synchotron
:/:r r
/ Collider ring
!
- / \\\j. ' 3 /
= 8-
] \ Particie detector
f
Low-energy rapid cycling A
synchotron SC LINAC
20025 m
arget| Coolin
1000x25 m

xroton
JAccumulator
' 2200 m

FarmsiPar ‘
T \ |Muon Collider
TR, Rlng Length 10 km

-

> Injection Tunnel 1.
Summerlakes:+ Length 2006m.__ -
Park+ 5,

'Ei’biﬁiﬁéﬁiii'cé%}ﬁ;;

e

CERN land
RLA1

Length 200m.

|EEK2_
Length 1000m |
o RS to SPS

Length 1010 m
Prevessin Site
Experimental cavern

TI18
_lfngth 257 m

TI12
Length 533 m

Meyrin Site o R .
SPL WIS . Injection Tunnel 2 soioime
LINAC 4 "'-9:5_,:, Length 2006 m - vas

20



Higgs pair production & triple couplmg

SM Higgs boson pair production at the LHC

SM Higgs boson pair production (gluon-gluon fusion - ggF):

---h - -h

h
A -— e
\
-=--h S ‘h
Higgs-fermion Yukawa coupling Higgs boson self-coupling
LHC 100 TeV pp

- H H

HL+LHeC
HL+LCF2s
HL+LCFss
HL+LCF;
HL+CLICas0

HL+CLIC1s00

HL+FCC-hh
HL+MuC1o

" »
3 [
* 'S

5 10 15 20 25 30
EGyaum (%)

- hhh dictate EW phase transition & impact on early universe cosmology!

Conclusive test for SM EWPT!

Open a new energy threshold: ~ 10 TeV pCM energies

 Direct new heavy state production:

Higgs HOA®, H*H-; SUSY particles; quarks / leptons

reaching M >E__/2.

* |ndirect probe of contact interaction / composite scale.



Search Method

(Strongest) Motivation for Future Colliders
~ 10 TeV pCM energies

Pushing the “Naturalness” limit:
The searches for top quark partners
& gluinos, gauginos, & heavy Higgses ...

Snowmass 2021: Energy Frontier Collider Sensitivities

HAHc 15
onl” /V _
Swong podulont LN/ S S L LSS LSS5 | F=30TeV
OO POUOUOUOUOUOUUUOUO0UUVUUOUU OV — 1 T V
oooojoooooooooo0o0o( muC 10 TeV Stop % . OTe
C0OO0OO0OPOOOOOOOOOOOO i |
0 L el i B e I e e ] 8] |
weak production HL = gauglnos = LHC Limits - 5
small mass splitting / FCC-hh ~ Range of estimates |
Higgsino CLIC 3 TeV | ‘ .
AMszeV 00000000 O0OO0ODOOO0OO0OO
°9°.°°.°?°.°°.°9°.°°.° mPCI1QT?V ............. (== : : .
0 2 4 6 8 10 12 14 T t X1 T q

Mass Reach [TeV]

—> Higgs mass fine-tune: 6m,/m_ ~ 1% (1 TeV/A\)?
Thus, m__. > 8 TeV =2 10 fine-tune!
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Complementarity of DM Direct detection & Colliders

SuperCOMS Soudan Low Threshold

uperCOMS Soudan CDMS-lite
XENON 10 S2 (2013)

10_39 A W S COMS-Il Ge Low Threshold (2011} e — — --10“3
WY | CoGenT "
1040 \ \\\ R LUX collaboratigp:
YR @013 12)
1074 \\‘\5\3‘: T SIMPLE @0 o 2012 1072
1\‘ o

1074 \

1045 3
N

1674

N
N
Y
(Green ovals) Asymmetric DM \ o
(Violet oval) Magnetic DM y
(Biue oval) Extra dimensions
(Red circle) SUSY MSSM
A MSSM: Pure Higgsino

WIMP-nucleon cross section [cm?]
WIMP-nucleon cross section [pb]

[— [—
S g
£ A

10~4° @ MssM: A funnel
@ MSSM: Bino-stop coannihilation
10—50_*MSS,M: Bino:squalrkc‘oa‘nr}ih‘illa%'iqn 3 i o ‘ R ‘ o !10_14
10 100 1000 10

1
GeV low mass:
DD difficult;

Collider complementary

WIMP Mass [GeV/c*] 100 GeV or higher mass:
DD + ID + HE Collider
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WIMP Dark Matter coverage
Covering the thermal target

Higgsino 2 o Reach

: 2
dvect Mpy; < 1.8 TeV (2t
SPPC 125 TeV ' 0.3
3  SPPC 75 TeV :

FCChh 100 TeV
FCCeh

. B X+MET inclusive
B HL-LHC

MuonC 14 TeV

e  MuonC 10 TeV

Disappearing track
MuonC 3 TeV

CLIC 3 TeV Kinematic limit, 0.5 X Ecy
CLIC 15 TeV

CLIC 0.38 TeV J | Precision measurement
ILC 1 TeV _

ILC 0.5 TeV
FCC—ee
CEPC |

01 02 05 1 2
m,(TeV)

wino 2 o Reach

Direct |
Indirect |

SPPC 125 TeV
SPPC 75 TeV
Fcchh 100 Tev - :
e B X+MET inclusive

HL-LHC I

MuonC 14 TeV Disappearing track
MuonC 10 TeV
MuonC 3 TeV

" — Kinematic limit, 0.5 X Eqy
CLIC 3TeV |
CLIC 15 TeV
CLIC 038 TeV |

ILC 1 TeV |
ILC 05 TeV |

FCC—ee
CEPC |

Precision measurement

Thermal target

01 05 1 5 10
m, (TeV )

TH, Z. Liu, L.T. Wang, X. Wang: arXiv:2009.11287; arXiv:2203.07351
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Physics example 2: Heavy Neutral Lepton

(HNL, Ng, sterile neutrino)

I
i
\ i -
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10 N o < o LHE DV
\ N D e S
S \’r < Ni /7 \\\ =
S71 ~
h \
| - N
10-10 4 - SHIP
10—]? "
T —rrrT - —r—r—rrrry r—r—rr —rrrT
1071 10° 10! 102 103 104

M [GeV]

Complementary among a variety of searches.
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Questions
that we must find answers

e The nature of the neutrino mass
e The nature of the Dark Matter

* The origin of matter — anti-matter
imbalance

e BSM CP violation



Puzzles
that we may or may not find a solution

e Nature of the EWSR?
e Flavors: “minimal flavor violation”?

 Mass hierarchy: “Naturalness”?
* New EW dynamics: “Composite”?
 Extended symmetry: SUSY?

e Unified forces: GUTs?

e Quantum gravity? ... ...

The future of HEP is bright!
A future collider will lead!



Thank You!
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A Grand Picture:

Particle mass generation v
Underlying mechanism?

\ Electroweak phase transition? D -
Cosmlc inflation? - o p .
. / LG
\M /. T e Oa'k Energy
\ LA = : a 73%
8ig Bang T ol ' y [0)
- B 4 : 00\3: nm
4 Superstrings ? | N | » e G | ﬂa “6‘ ‘90\0
AN 2 T @ =
N : fe e
Next scale at : ")

Today’s puzzles:
, V's, baryogenesis...

Stars
Are Born

Inflationary
the energy frontler?

Forces
Separate

Nucleons
Created

Today

-5

10 s 300 000 Years 1 09 Years 15-1 09 Years

10" TeV 10" TeV 150 MeV 0,7 MeV

The future of HEP is bright!

Exciting journey ahead!
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