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■ Elementary particles

• Key element of the Universe
– Fermions compose matters

– Gauge bosons mediate forces

– Higgs boson  special particle connected to the vacuum

• Standard model (SM) of the elementary particle can describe evolution of the 
Universe only 10-11 secs. after the Big Bang
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https://map.gsfc.nasa.gov/media/060915/index.html


■ Special role of Higgs field

• Origin of the mass through the Higgs mechanism
– After the symmetry breaking, the vacuum acquired the 

expectation value (i.e. energy)
→ Seed of the mass to weak bosons and fermions

• Special interaction that only the Higgs field can have
– If there is a fermion-type family of the BSM particles, the 

Higgs boson is only an SM particle that can have a coupling 
to them

• Interaction with 'vacuum'
– Higgs field may govern the vacuum stability at high energy

• The Higgs terms in the Lagrangian are all artificially 
introduced with no guiding principle

𝑦 ത𝜓𝐿𝜙𝜓𝑅

Is this just a convenient theory, or a real mechanism? 

↑VEV

𝑉 Stable?
Meta-stable?

↑We understood 
only around here
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■ LHC@CERN

• World largest proton-proton collider with 27-km circumference
– Centre-of-mass energy = 13.6 TeV at Run 3

– Four main experiments: ATLAS, CMS, LHCb, ALICE

• ATLAS & CMS: detect final-state objects from heavy particle decays efficiently
– ATLAS (diameter = 25 m): longer lever-arm

– CMS (diameter = 15 m): 3.8 T solenoidal field: twice stronger than that of ATLAS
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■ Discovery of the Higgs boson in 2012
ATLAS, Phys. Lett. B 716 (2012) 1

𝐻 → 𝑍𝑍 → 4ℓ 𝐻 → 𝛾𝛾 𝐻 → 𝑊𝑊 → ℓ𝜈ℓ𝜈

F. Gianotti, CERN 
Seminar 4 Jul 2012 

Signal

• Discovery of 'a new boson' was reported by ATLAS and CMS on 4th July 2012
– ATLAS: 5.0σ @ 126.5 GeV

– CMS: 4.9σ @ 125.3 GeV

Signal

Signal
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/
https://indico.cern.ch/event/197461/contributions/1478916/attachments/290953/406671/ATLAS_Higgs-CERN-seminar-2012.pdf
https://indico.cern.ch/event/197461/contributions/1478916/attachments/290953/406671/ATLAS_Higgs-CERN-seminar-2012.pdf


■ Data-taking (ATLAS experiment)

• LHC continues to provide more data with increasing energy and luminosity
– Peak lumi. reached 2x higher than its original design!

2011   2012   2013 2014   2015   2016 2017   2018   2019 2020   2021   2022 2023   2024   2025

Discovery of 
Higgs boson!

Run 2 Run 3

24.8 fb-1

165 fb-1

400 fb-1

LHC is being a high energy & high luminosity machine!

7 TeV → 8 TeV 13 TeV 13.6 TeV

0.7×1015/cm2/s 1-2×1034 /cm2/s 2×1034 /cm2/s

CoM energy

Peak lumi.

2010

Run 1
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■ Higgs measurement: now

• High statistics analysis has become possible

Higgs peaks are very clear; no doubt that the Higgs boson exists

arXiv:2207.00338

𝐻 → 𝑍𝑍 → 4ℓ 𝐻 → 𝛾𝛾 𝐻 → 𝑊𝑊 → ℓ𝜈ℓ𝜈

ATLAS, JHEP 07 (2023) 088
ATLAS, Eur. Phys. J. C 80 (2020) 942

As of CERN seminar 2012
𝑁Higgs = 0.23M

Today
𝑁Higgs = 19M 

ATLAS, Phys. Rev. D 108 (2023) 032005

Signal

Signal Signal
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-20/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-20/


■ Higgs measurement: now

CMS, Nature 607, 60 (2022)ATLAS, Nature 607, 52 (2022)

𝐿Higgs = 𝐷𝜇Φ
†
𝐷𝜇Φ + ത𝜓𝐿𝑌Φ𝜓𝑅 − 𝑉 Φ

• Coupling to gauge bosons and 3-
gen fermions have been 
established

• Important next-steps

– Coupling to the 2nd-gen fermion (𝜅𝜇) 

→ Understanding of the 'generation' 
structure

– Search for the Higgs pair-production 
process
→ Direct probing on the Higgs 

potential

𝜅𝑝
2 = Γ𝑝/Γ𝑝

SM

• High stat. data allows us to probe the Higgs terms in the Lagrangian

𝐻 → 𝑉𝑉 𝐻 → 𝑓 ҧ𝑓, 𝑡 ҧ𝑡𝐻 Higgs pair production
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https://www.nature.com/articles/s41586-022-04892-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/


■ Higgs coupling to 2nd generation

• 𝐻 → 𝜇+𝜇− is the most promising channel for the second generation
– Clean, but very small BR (BR = 0.022%) → Overwhelmed by 𝑍 → 𝜇+𝜇−

• 𝑚𝜇𝜇 resolution is the key: 

advantage in CMS with high B-field
• ATLAS attempts to include FSR to 
𝑚𝜇𝜇 calculation

CMS: 𝜇 = 1.21+0.43
-0.41

(3σ)

ATLAS: 𝜇 = 1.2 ± 0.6
(2σ)

CMS, JHEP 01 (2021) 148 ATLAS, Phys. Lett B 812 (2021) 135980

Observation of 𝐻 → 𝜇+𝜇− may be possible in Run 3!
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/


■ Higgs pair production

• Process sensitive to the self-coupling constant 𝜆

𝜎𝐻𝐻
SM = 34.4 fb

Measuring the 𝑯𝑯 process at LHC is still challenging, but important

Large BR

Just between
𝑏𝑏𝑏𝑏 and 𝑏𝑏𝜏𝜏

𝐻 → 𝛾𝛾 is clean while small BR

0.26%   0.10%   0.03%

3.1%     1.1%    0.33%   0.07%

7.3%     2.7%    0.39%

4.6%

0.01% 0.001%

24%

34%

Three golden channels: 
𝑏𝑏𝑏𝑏, 𝑏𝑏𝜏𝜏, 𝑏𝑏𝛾𝛾Only ~10,000 events 

in the current dataset

𝑉

𝜙

Higgs potential
(SM; after phase transition)

𝑉 ℎ =
𝑚𝐻
2

2
ℎ2 + 𝜆𝑣ℎ3 +⋯

10/28



■ Status of Higgs pair-production searches

• Both ATLAS and CMS set the upper limits at ~3x 𝜎SM
– Signal significance is around 1𝜎→May reach 2𝜎 at Run 3 in comb. of ATLAS and CMS!?

• Our knowledge on the Higgs potential is still marginal...
– Important to improve analysis further + accumulate more statistics

ATLAS, Phys. Rev. Lett. 133 (2024) 101801

𝜎/𝜎SM < 2.9 
-1.2 < 𝜆/𝜆SM < 6.3

𝜎/𝜎SM < 3.4
-1.24 < 𝜆/𝜆SM < 6.4

CMS, Nature 607, 60 (2022)

Uncertainty on the potential shape
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
https://www.nature.com/articles/s41586-022-04892-x


■ Achievements at LHC

• Various achievements have been realised to date!

2011   2012   2013 2014   2015   2016 2017   2018   2019 2020   2021   2022 2023   2024   2025

Run 2 Run 3

24.8 fb-1

165 fb-1

400 fb-1

2010

Run 1

Discovery of 
the Higgs boson

Observation 
of 𝑯 → 𝝉𝝉

Observation 
of 𝑯 → 𝒃𝒃

and 𝒕𝒕𝑯

Mass precision of 0.14%

Exclusion of null 𝚪𝑯

Analysis on the dataset from Run 3 is now on the full throttle!
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■ Next step: High-Luminosity LHC

• HL-LHC starts in 2029

• Only an approved next-generation energy-frontier project today
– Thorough investigation up to TeV-scale using the abundant statistics

↑
Today

Run 3 (2022-2025) HL-LHC (2029-2041)

CM energy 13.6 TeV 14 TeV

Peak lumi. 2×1034 cm-2s-1 5×1034 cm-2s-1

Int. lumi. ~400 fb-1

(Incl. Run 1 and 2)

3000 fb-1
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■ Accelerator upgrade

• The accelerator complex will be thoroughly upgraded in 2026-2028
– Significant contributions from Japan

D1 magnet

• Separate beams around the IP 
with keeping low 𝛽∗

• 11.4 T is achieved by Nb3Sn
• 3 magnets out of 6 from Japan 

have been produced
→ 11.4 T is reached

• Suppress the hour-glass effect
• First introduced to KEKB!
• Production for 20 units of the 

RF system have been launched

Crab cavity

14/28



■ ATLAS detector upgrade

• Upgrade the detector to fully exploit the high luminosity

• ATLAS Japan strongly drive upgrades of the silicon tracker and endcap muon trigger
– Component R&D has been mostly completed → Started mass production

Trigger and DAQ
• Reformation to a completely new scheme to handle 10x 

higher data rate
• More efficient trigger-level object identification

Silicon tracker (Inner TracKer; ITk)
• Replace silicon + gas complex to all-silicon tracker
• Expand the acceptance from |𝜂| < 2.5 to |𝜂| < 4.0
→ Associate tracks from forward jets to vertices

High Granularity Timing Detector
• Timing silicon detector (low-gain avalanche diode) on the 

endcap
• Determine track timing with 𝜎𝑡~30 ps→ Precise mapping 

between forward tracks and vertices

Muon detector
• Place new RPCs to reduce inefficient region
→ Improve acceptance of muon trigger from 78% to 96%

• Introduce new muon-trigger system
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■ Inner Tracker (ITk)

• ITk is the extreme silicon tracker
– Surface area ~180 m2

 3x larger than the current detector

– Number of readout channels ~5G  50x more than the current detector

International project with ~1,000 people from 20 countries

• Japan plays a key role in this project
– For ITk Pixels: production of 2,800 modules (~25% to the total)

– For ITk Strips: QC for 6,350 sensors (~30% to the total)

Current silicon strip

Current silicon pixel

ITk Strip module

9.8 cm (75.5 μm pitch strips)

ITk Pixel module

4 cm (50x50 μm2 pixels)

U. Tsukuba group is also one of the key contributors!
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■ Status of upgrade: silicon tracker

• ITk Strips
– Production for the Japan's share has been completed in June 2024! (Took 3 years in total)

– Periodical irradiation campaign to evaluate performance of irradiated sensors in sampling basis

• ITk Pixels
– Pre-production last FY for 130 modules → Established the robust flow for assembly and QC

– The pre-production modules are to be used for the ITk Pixel system test at CERN

– Preparation of detector integration at CERN is underway

Pixel modules
(part of pre-produced modules)

ITk outermost cylinder @ CERN

Original 
schedule

Delivered

6,350
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■ Status of upgrade: muon trigger

• Japan team is fully responsible for the front-end electronics of the endcap part
– Mass production of the PS board: QC for 1,540 underway
→ Rad-hardness on ASIC/FPGA has been confirmed (𝛾: 180 Gy max.; 𝑛: 1.6×1012 𝑛eq/cm2 max.)

• Sector Logic is also at the final stage of R&D → Production will start soon
– Realise on-board fast tracking using UltraRAM

• System test with front-end + back-end electronics is ongoing at KEK
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System test @ KEK

Back-end
readout

JATHub

More details:
T. Nakagawa, 16aWB208-04
and various other talks
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■ Prospects for HL-LHC: Higgs coupling

• Extrapolate to expected statistics of HL-LHC based on Run 2 results
– 3,000 fb-1 is assumed

– Not a full simulation; better performance of upgraded detectors is not taken into account

• Main Higgs couplings (i.e. gauge bosons and 3-gen) will be measured at 2-3% precision

– 2nd-gen coupling (𝜅𝜇) reaches ~4%!

– Recent developments have not been included in many of the channels → Further improvements!

CERN Yellow Report (2018) 

ATLAS, Nature 607, 52 (2022)

NB: Run 2 results are ATLAS standalone 
while HL-LHC prospects are ATLAS+CMS 
combination

2021-2022のアップデート
ATLAS [1] CMS [2]

|𝜅𝑐| < 3.0 < 2

𝐻 → 𝑐𝑐 @ ATLAS, CMS
(First evaluation in 2022)

[1] ATLAS-PHYS-PUB-2021-039
[2] CMS-PAS-FTR-22-001

NB: 𝐻 → 𝑐𝑐 is being significantly improved!
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https://e-publishing.cern.ch/index.php/CYRM/issue/view/94
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-039/
https://cds.cern.ch/record/2806962


■ Prospects for HL-LHC: Higgs pair production

• Various improvements in the Run 2 analyses
– The latest estimate shows >10% improvements with respects to that in 2018

– Taking statistical combination from CMS improves sensitivity further by ~ 2

■ Latest estimates
● Estimates in 2018

Further improvement by 
including boosted 𝐻 → 𝑏ത𝑏?

0.5 < 𝜆/𝜆SM < 1.6
(68% C.I.)

CMS (2018)

• 2.6σ
• 0.35 < 𝜆/𝜆SM < 1.9

Private summary

[1] ATL-PHYS-PUB-2018-053
[2] ATL-PHYS-PUB-2022-053
[3] ATL-PHYS-PUB-2021-044
[4] ATL-PHYS-PUB-2022-001

Observation of the Higgs pair production is one of the most important subjects at HL-LHC

[1][2] [1][3] [1][4] [1][2]

CMS-FTR-18-019

No recent update

Current uncertainty

Prediction at the end 
of HL-LHC
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http://cds.cern.ch/record/2652727
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
https://cds.cern.ch/record/2798448
https://cds.cern.ch/record/2799146
https://cds.cern.ch/record/2652549


■ Higgs Factory

• 𝑒+𝑒− collider has an advantage of its clean environment
– Less background from QCD events

– Initial state is well defined

𝒑𝒑 collider

𝒆+𝒆− collider

𝜎Higgs = 55,000 fb ( 𝑠 = 14 TeV)

𝜎Higgs = 320 fb ( 𝑠 = 250 GeV)

𝐻 → 𝑏ത𝑏 signal

Calculated from 𝑝𝑒+𝑒− − 𝑝𝑍→𝜇+𝜇−

J. Yan et al., Phys. Rev. D 94 (2016) 113002A. Aryshev et al., ILC Report to Snowmass 2021
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https://arxiv.org/abs/1604.07524
https://arxiv.org/abs/2203.07622


■ Linear vs Circular

• Pros and cons of each type of collider

Linear collider Circular collider

ILC, CLIC (CERN), CCC (US) etc. FCC (CERN), CEPC (China) etc.

Linear collider Circular collider

Size for 250 GeV Relatively compact (~20 km) ~100 km is necessary

Luminosity Challenging because just one crossing 
possible for a bunch

High-L naturally possible as beam 
condition is adjustable in the MR

Energy extendibility Higher energy is easily achieved by 
extending the length

Limited by RF power to recover 
energy loss due to intensive radiation

Maturity Less precedents (only SLC) Well-established technology

Concerns High power 𝑒+ source needs to be 
developed

RF system
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■ Prospects of Higgs measurements at Higgs Factory

• Higgs coupling

– LHC has advantage on the small couplings (𝑔𝜇) and 𝑡 ҧ𝑡𝐻 (𝑔𝑡)

– Higgs Factory has advantage on the large couplings (𝑔𝑍) and 𝐻-𝑐 coupling (𝑔𝑐)

• Higgs self-coupling
– At 250 GeV: Only indirect constraint is possible via higher-order diagrams

– At 500 GeV: 22% measurement will be possible

𝜆

Current LHC

HL-LHC

Higgs Factory
(500 GeV)

J. de Blas et al., JHEP 01 (2020) 139
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https://arxiv.org/abs/1905.03764


■ Tera-Z at FCC-ee

• Low-energy run of the circular Higgs factory may achieve extreme
luminosity
– This is because synchrotron radiation power is highly suppressed

– 2×1036 /cm2/s may be possible at 𝑍-pole 

• Tera-Z: O(1012) 𝑍 bosons can be accumulated during 4-year 𝑍-pole
operation
– Can provide an excellent opportunity for high-stat. flavour studies

– 10x more statistics than full Belle II data

• Challenge: signal rate will be ~100 kHz
– DAQ system needs to handle such a huge data traffic

– Gaseous tracker may not be operable? But a fully-silicon tracker has more materials

H. Oide, JAHEP Town Hall Meeting 
21 Sep 2024

𝑍-pole

50x higher than Super-KEKB!

[x109] 𝑩𝟎 𝑩± 𝑩𝒔
𝟎 𝚲𝒃 𝑩𝒄

±

FCC at Tera-Z 310 310 75 65 1.5

Belle II 52 52 0.6 - -

S. Monteil et al., Eur. Phys. J. C 
136 (2021) 837
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https://kds.kek.jp/event/51636/contributions/274190/attachments/183120/245488/20240921_CFP_Townhall.pdf
https://kds.kek.jp/event/51636/contributions/274190/attachments/183120/245488/20240921_CFP_Townhall.pdf
https://arxiv.org/abs/2106.01259
https://arxiv.org/abs/2106.01259


■ After Higgs Factory: ~100 TeV collider

• Circular Higgs Factories (FCC-ee and CEPC) can be renovated to be hadron machines
– 𝑝 = 0.3𝐵𝑅 with 𝐵 = 16 T and 𝑅 = 16 km → ~100 TeV is possible

• At 100-TeV hadron collider, O(10 TeV) BSM particles can be searched
– E.g. 'natural SUSY' can be discovered or fully excluded

– Much more Higgs pair-production events; 5% measurement on 𝝀 may be possible

• Challenges
– 16 T Nb3Sn magnets need to be developed (not only base technology but also methods for mass production)

– Cost is estimated to be higher than the entire construction cost of FCC-ee (~10B CHF / 1.6T JPY)

FCC collaboration, Eur. Phys. J. C 
79 (2019) 474

FCC-hh

J. de Blas et al., JHEP 01 (2020) 139
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https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3
https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3
https://arxiv.org/abs/1905.03764


■ Ultimate dream: muon collider

• Muon is an elementary particle with 106 MeV
– 200x heavier than electrons → Less synchrotron radiation, so 10-TeV lepton collider may be possible

– Difficulties are:

• Lifetime = 2.2 μs

• Production by colliding protons

• First 𝜇+ beam is achieved at J-PARC (for the muon g-2 experiment)
– Smart idea by using 'muonium' = bound state of 𝑒−-𝜇+ in a material 
→ This cannot be used for 𝜇−

Muon collider is fantastic, but there are still many fundamental challenges: 𝝁− beam, high intensity 𝒑 beam, ...

Need to make low-emittance 𝝁 beams as quick as possible

𝑒−𝜇+ collider with asymmetric energy?
(𝜇TRISTAN concept)

Y. Hamada et al., Prog. Theor. Exp. 
Phys. 2022, 053B02 (2022)

G.A. Beer et al., Prog. Theor. Exp. 
Phys. 2014, 091C01 (2014)

M. Otani, Next-generation energy-
frontier discussion, 19 Aug 2022 30 GeV

1 TeV
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https://arxiv.org/abs/2201.06664
https://arxiv.org/abs/2201.06664
https://academic.oup.com/ptep/article/2014/9/091C01/1530603
https://academic.oup.com/ptep/article/2014/9/091C01/1530603
https://kds.kek.jp/event/42257/contributions/219640/attachments/158492/203021/220819_cfp.pdf
https://kds.kek.jp/event/42257/contributions/219640/attachments/158492/203021/220819_cfp.pdf


■ World-wide discussion for future projects

• P5 process has been concluded last year (link)
– The panel endorses an offshore Higgs factory

– The panel recommends R&D ... a 10 TeV parton center-of-momentum

• European strategy update process is going to start next year

– CERN is seeking realisation of the 91-km Future Circular Collider

– Feasibility study (incl. civil engineering, site selection etc.) is going to be concluded next year →
Input to ESPPU

• Japan is preparing for a community input to ESPPU
– Community-wide discussion is ongoing, focusing on Higgs Factory: not only ILC but also FCC-ee etc.

• China is proposing 100-km CEPC to the 15th five-year national plan
– If successful, start of operation in 2035 may be possible

(100 TeV 𝑝𝑝 collider / 10-TeV 𝜇 collider)

F. Zimmermann, JPS Fall 2024

More details in K. Jakobs, LCWS 2024

More details in Y. Nakahama, JPS Fall 2024

More details in J. Gao, LCWS 2024

All of the future project proposals are challenging, but some decisions are to be made in coming years
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https://www.usparticlephysics.org/2023-p5-report/executive-summary.html
https://kds.kek.jp/event/52312/contributions/275261/attachments/182953/245290/18pWB208-06.pdf
https://agenda.linearcollider.org/event/10134/contributions/54217/attachments/39786/62860/EU_Strategy_Update_LCWS2024_2024.07.11.pdf
https://kds.kek.jp/event/52312/contributions/275263/attachments/182917/245248/18pWB208-08.pdf
https://agenda.linearcollider.org/event/10134/contributions/54201/attachments/39567/62422/Status%20of%20the%20CEPC%20project-V4.pdf


■ Summary

• LHC has been leading the energy frontier for >15 years
– Various properties of the Higgs boson have been investigated; so far consistent with the SM

– Higgs pair-production is now being measured; important test for the vacuum in the Universe

• Next step: HL-LHC starting in 2029
– Target luminosity is 3000 fb-1; we have only 10% of data with respect to the final goal!

– Accelerator and detector upgrade activities are ongoing
→ ATLAS Japan is working on massive QC programme during the detector production

• Beyond LHC: discussions are being more serious
– Higgs Factory may be consensus in the HEP community

• US concluded the P5 process last year

• ESPPU is starting early next year: main focus will be FCC-ee (with prioritised backup plans)

• Japan is discussing next steps: not only ILC but also other options

• China is aiming for the next five-year national plan

Understand the Higgs field first, and then discover BSM behind the Higgs sector is an ultimate goal
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