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Engine of Discovery

Particle Colliders have been instrumental in unraveling the building blocks of Standard M odel

Simone Pagan Griso, The Physics case for Energy Frontier Discovery 
Machines, Snowmass Community Study Workshop, July 2022.
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Snowmass Energy Front ier Vision

• The immediate future is the HL-LHC

• The intermediate future is an e+ e - Higgs factory, either based on a 

linear (ILC, C3 , CLIC) or circular collider (FCC-ee, CepC).
• It is important to realize at least one somewhere in the world. 

• A timely implementation and strong US support are important

• In the long term EF envision a collider that  probes the mult i-TeV scale, 

up or above 10 TeV parton center-of-mass energy (FCC-hh, SppC, Muon Coll.) 
• A 10-TeV  muon collider and 100-TeV  pp collider (FCC-hh, SppC) directly probe the ~10 TeV energy scale with 

different strengths that are unparalleled in terms of mass reach, precision, and sensitivity and frameworks

• The main limitation is technology readiness. A vigorous R &D program into accelerator and detector 
technologies will be crucial.

3Energy Frontier Snowmass Report: https://snowmass21.org/energy/start#final_reports



Lepton collider
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Future colliders for discovery

L. Wang, Physics limit of ultimate beams workshop series
https://indico.fnal.gov/event/46742/



Lepton collider

• R atio of reaching new physics particles scales more with energy 
than luminosity

• Also accommodates precision studies after the initial discovery

Hadron collider
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Future colliders for discovery

L. Wang, Physics limit of ultimate beams workshop series
https://indico.fnal.gov/event/46742/



Collider Landscape
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• C olliders have been the tool for 
probing the subatomic structures 
and discovery of new particles

• C urrently, 5 electron-positron 
colliders, 2  hadron colliders are in 
operation

• W ithin the coming decade, at least 
two new colliders may come 
into operation, i.e. Nuclotron-based 
Ion C ollider fAcility at JINR(Russia) 
and the Electron Ion C ollider at 
BNL (USA)

First collider in 1961. Seven are currently in operation. Two, NICA and EIC, are under construction.
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Limiting factors of current collider: Luminosity

In general, luminosity is given by

where, 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟 is the repetition/revolution rate, 𝑛𝑛𝑏𝑏 is the number of bunches, 𝑁𝑁𝑏𝑏 is the number of particles per 

bunch, 𝜎𝜎𝑥𝑥
∗ and 𝜎𝜎𝑦𝑦

∗ are the rms beam size at IP, 𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 is the wall plug power and beam power 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝜂𝜂 = 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑛𝑛𝑏𝑏𝑁𝑁𝑏𝑏 𝛾𝛾𝛾𝛾𝐶𝐶2. 𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 is the scaling factor due to hourglass effect, etc.

for lepton colliders, scales the beam brightness accordingly

• Beam instability, beam-beam effect, beamstrahlung effect, O ide effect, etc

• Crab-crossing, crab-waist, resonance correction, nano beam, flat beam, etc

In the case of 𝜎𝜎𝑧𝑧 ≃ 𝛽𝛽𝑦𝑦
∗ , 𝑳𝑳 ∝ 𝑷𝑷𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝜼𝜼

𝑬𝑬𝒄𝒄𝒄𝒄

𝜹𝜹𝑩𝑩𝑩𝑩
𝝐𝝐𝒚𝒚

𝑭𝑭𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈, where 𝛿𝛿𝐵𝐵𝐵𝐵 is the energy loss due to beamstrahlung.

• For muon, neutrino radiation dose w.r.t safety regulations



Circular collider

Limiting factors of current collider: Energy

𝐸𝐸𝑐𝑐𝑐𝑐 ∼ 𝐵𝐵𝐵𝐵

3.5T

5.3T

4.5T
FCC-hh
100 TeV

V-LHC
300 TeV

Globatron
4.6PeV, B=2Tesla



Circular collider
Energy loss due to synchrotron radiation

O ther limiting factors
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Energy limit

• For electron/positron: 𝐸𝐸𝑐𝑐𝑐𝑐 ≤ 500 𝐺𝐺𝐺𝐺𝐺𝐺 𝜌𝜌
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1
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• For muon: 𝐸𝐸𝑐𝑐𝑐𝑐 ≤ 600 𝑇𝑇𝑒𝑒𝑒𝑒 𝜌𝜌
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1
3

• For proton: 𝐸𝐸𝑐𝑐𝑐𝑐 ≤ 10 𝑃𝑃𝑒𝑒𝑒𝑒 𝜌𝜌
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Production and survival: unstable particles such as muon

Energy limit

• For electron/positron: 𝐸𝐸𝑐𝑐𝑐𝑐 ≤ 500 𝐺𝐺𝐺𝐺𝐺𝐺 𝜌𝜌
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= − N
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; 𝛾𝛾 = 𝛾𝛾𝑖𝑖 + 𝑧𝑧 𝑑𝑑𝑑𝑑
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is the lifetime, 𝜏𝜏0 ∼ 2.2𝜇𝜇𝜇𝜇 for muons.



Horizontal scale is approximately logarithmic for the project total cost in 2021 B$ without cont ingency and escalat ion. Black horizontal bars with smeared ends indicate the cost estimate 
range for each machine.

M ulti-TeV lepton collider proposals
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Societal sustainability: cost
Snowmass Implementation Task Force report: 
https://indico.fnal.gov/event/22303/contributions/245261/attachments/157255/205819/2022%2007%2018%20ITF%20Snowmass%20talk.pdf

M ulti-TeV hadron and lepton-hadron collider proposals



Power consumption
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Societal sustainability: power consumption
Snowmass Implementation Task Force report

P. Lebrun, 4th Workshop Energy for Sustainable Science at Research 
Infrastructures, 23-24 November 2017, Magurele, Romania

LHC Run2 power consumption is 
750GWh per year, about 25% of 
energy production in Geneva canton



• Accelerat ion gradient: 
• Laser Wake Field Accelerat ion (LWFA)

• 8GeV energy gain in 20cm plasma with 3x1017 cm-3 was achieved at 
BELLA, LBL

• Beam driven plasma wakefield(PWFA)

• 9GeV energy gain in 1.3m was achieved at FACET SLAC

• Staging:

• Proof-of-principle staging of LWFAs (~100 MeV energy gain) using 
high gradient plasma-lenses

• Beam quality: ~10−3 energy spread was achieved

• Plasma recovery at high repetition rate was recent observed at FLASH 
Forward, R . D’Arcy et al., Nature (2022)

Advanced Acceleration Concept based collider

10

Plasma based accelerator

A. J. Gonsalves et al. PRL (2019)

M. Litos et al. PPCF (2015)

S. Steinke et al. Nature (2016)
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• Beam quality

• Bunch intensity, momentum spread, emittance

C hallenges towards colliderPlasma based accelerator

A. J. Gonsalves et al. PRL (2019)

M. Litos et al. PPCF (2015)

S. Steinke et al. Nature (2016)
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• Beam quality

• Bunch intensity, momentum spread, emittance

• High average power laser at high repetition rate

• Promising new technology: fiber laser

C hallenges towards colliderPlasma based accelerator

A. J. Gonsalves et al. PRL (2019)

M. Litos et al. PPCF (2015)

S. Steinke et al. Nature (2016)
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A laser pulse with >10J at a 
repetition rate of ~10kHz 

G. Mourou, et al, Nature 
Photonics, vol 7, April 2013



• Accelerat ion gradient: 
• Laser Wake Field Accelerat ion (LWFA)

• 8GeV energy gain in 20cm plasma with 3x1017 cm-3 was achieved at 
BELLA, LBL

• Beam driven plasma wakefield(PWFA)

• 9GeV energy gain in 1.3m was achieved at FACET SLAC

• Staging:

• Proof-of-principle staging of LWFAs (~100 MeV energy gain) using 
high gradient plasma-lenses

• Beam quality: ~10−3 energy spread was achieved

• Plasma recovery at high repetition rate was recent observed at FLASH 
Forward, R . D’Arcy et al., Nature (2022)

Advanced Acceleration Concept based collider

10

• Beam quality

• Bunch intensity, momentum spread, emittance

• High average power laser at high repetition rate

• Promising new technology: fiber laser

• M ultiple staging

C hallenges towards colliderPlasma based accelerator

A. J. Gonsalves et al. PRL (2019)

M. Litos et al. PPCF (2015)

S. Steinke et al. Nature (2016)

A laser pulse with >10J at a 
repetition rate of ~10kHz 

G. Mourou, et al, Nature 
Photonics, vol 7, April 2013



• Accelerat ion gradient: 
• Laser Wake Field Accelerat ion (LWFA)

• 8GeV energy gain in 20cm plasma with 3x1017 cm-3 was achieved at 
BELLA, LBL

• Beam driven plasma wakefield(PWFA)

• 9GeV energy gain in 1.3m was achieved at FACET SLAC

• Staging:

• Proof-of-principle staging of LWFAs (~100 MeV energy gain) using 
high gradient plasma-lenses

• Beam quality: ~10−3 energy spread was achieved

• Plasma recovery at high repetition rate was recent observed at FLASH 
Forward, R . D’Arcy et al., Nature (2022)

Advanced Acceleration Concept based collider

10

• Beam quality

• Bunch intensity, momentum spread, emittance

• High average power laser at high repetition rate

• Promising new technology: fiber laser

• M ultiple staging

• Positron beam for e+e- collider

C hallenges towards colliderPlasma based accelerator

A. J. Gonsalves et al. PRL (2019)

M. Litos et al. PPCF (2015)

S. Steinke et al. Nature (2016)

A laser pulse with >10J at a 
repetition rate of ~10kHz 

G. Mourou, et al, Nature 
Photonics, vol 7, April 2013



• Accelerat ion gradient: 
• Laser Wake Field Accelerat ion (LWFA)

• 8GeV energy gain in 20cm plasma with 3x1017 cm-3 was achieved at 
BELLA, LBL

• Beam driven plasma wakefield(PWFA)

• 9GeV energy gain in 1.3m was achieved at FACET SLAC

• Staging:

• Proof-of-principle staging of LWFAs (~100 MeV energy gain) using 
high gradient plasma-lenses

• Beam quality: ~10−3 energy spread was achieved

• Plasma recovery at high repetition rate was recent observed at FLASH 
Forward, R . D’Arcy et al., Nature (2022)

Advanced Acceleration Concept based collider

10

• Beam quality

• Bunch intensity, momentum spread, emittance

• High average power laser at high repetition rate

• Promising new technology: fiber laser

• M ultiple staging

• Positron beam for e+e- collider

• Beamstrahlung

C hallenges towards colliderPlasma based accelerator

A. J. Gonsalves et al. PRL (2019)

M. Litos et al. PPCF (2015)

S. Steinke et al. Nature (2016)

A laser pulse with >10J at a 
repetition rate of ~10kHz 

G. Mourou, et al, Nature 
Photonics, vol 7, April 2013



𝛾𝛾𝜖𝜖𝑥𝑥,𝑦𝑦,𝑧𝑧
𝑄𝑄𝑄𝑄 = 3 𝑁𝑁𝑏𝑏

�𝜆𝜆𝑝𝑝

4
; 

11

Ultimate Collider: at the quantum limit

Emittance of a bunch of 𝑁𝑁𝑏𝑏 fermion particles at 
quantum limit is

W here 𝑁𝑁𝑏𝑏 is the number of particles, 𝜆̅𝜆𝑝𝑝 is the particle’s de 

Broglie wavelength. For electron/positron, 𝜆̅𝜆𝑝𝑝 ∼ 0.4 pm. 
W ith such emittance, the corresponding luminosity for 1 
TeV center-of-mass collision is on the order of 
1051𝑐𝑐𝑚𝑚−2𝑠𝑠−1, orders of beyond what is desired for the next 
energy frontier colliders.
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Ultimate Collider: at the quantum limit

Emittance of a bunch of 𝑁௕ fermion particles at 

quantum limit is

Where 𝑁௕ is the number of particles, 𝜆௣ is the particle’s de 

Broglie wavelength. For electron/positron, 𝜆௣ ∼ 0.4 pm. 

With such emittance, the corresponding luminosity for 1 

TeV center-of-mass collision is on the order of 10ହଵ𝑐𝑚ିଶ𝑠ିଵ, orders of beyond what is desired for the next 

energy frontier colliders.

Grand challenge:

In addition to generating such beam and preserving through 

acceleration and transport, the required technique for beam 

diagnostics and steering is not yet within the reach of current 

accelerator and beam technology.
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Ultimate Collider: at the quantum limit

Emittance of a bunch of 𝑁௕ fermion particles at 

quantum limit is

Where 𝑁௕ is the number of particles, 𝜆௣ is the particle’s de 

Broglie wavelength. For electron/positron, 𝜆௣ ∼ 0.4 pm. 

With such emittance, the corresponding luminosity for 1 

TeV center-of-mass collision is on the order of 10ହଵ𝑐𝑚ିଶ𝑠ିଵ, orders of beyond what is desired for the next 

energy frontier colliders.

Grand challenge:

In addition to generating such beam and preserving through 

acceleration and transport, the required technique for beam 

diagnostics and steering is not yet within the reach of current 

accelerator and beam technology.

Ultimate energy is the Planck energy:𝐸௣௟ ൌ  ℏ𝐶ହ/𝐺 ≃ 1.2 ൈ 10ଵଽGeV

where 𝐺 is the gravitational constant. 

The acceleration gradient at the Sauter-Schwinger 

limit is 𝐸௠௔௫ ൌ ௠೐మ஼య௤೐ℏ ≃ 1.3 ൈ 10ଽ GV/m, 

which means one needs about 10ଵ଴ m long linac or 

globatron with ൐ 10ଵଶT magnets, which is beyond 

the Sauter-Schwinger limit!

Hawking’s solartron!

“The Universe in a Nutshell”, 
by Stephen William Hawking, 
Bantam, 2001
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Ultimate Limit Great leap in current technologies
• High temperature high field magnets
• High power, high efficient RF source
• Can we compensate Oide effect?

S. Brook, IPAC2018

Disruptive  approaches
• Crystal channeling/nano tube for accelerating and/or 

focusing positively charged particles, such as muons
• ~0.1– 10s TeV/m acceleration gradient
• Quantum luminosity𝐿ொெ ൌ 𝑓௥௘௣ 𝑛௖௛𝑁௖ଶ 𝐾𝐸2𝜋ℏ𝑐

• Crystalline-beam collider
J. Wei, A. Sessler, 6th EPAC, 1998, p862

• Blackhole factory to approach Planck energy
• M𝑜ሷssbauer acceleration

S. Brook, IPAC2018

Chen, Physics Limit of Ultimate Beams Workshop series, Feb. 2021, 
Chen, Noble, “Crystal channel collider: Ultra-high energy and luminosity in the next 
century”, (1998)
Shiltsev, Phys. Uspekhy 55 (2012), 965
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