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The situation today
(P. Janot, HF2012)
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Situation today (cont)
theor. prediction

(P. Janot, HF2012)
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Situation in 2022
(P. Janot, HF2012)



Nov. 21, 2012, LHC on March, Protvino Valery Telnov
6

Measurement needed after LHC
(P. Janot, HF2012)
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Precision needed after LHC

(P. Janot, HF2012)
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Low energy precision Higgs factory concepts
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Higgs studies in e+e- collisions
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e+e-: Higgs measurement at 2E0=240 GeV
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e+e-: Higgs measurement at 2E0=240 GeV (cont) 
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e+e-: Higgs measurement at 2E0=240 GeV (cont) 
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e+e-: Higgs measurement at 2E0=240 GeV (cont) 
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e+e-: Linear vs Circular at 2E= 240 GeV

????

???

(P. Janot, HF2012)(P. Janot, HF2012)
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e+e-: Linear vs Circular at 2E= 240 GeV
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e+e-: Higgs measurement at 2E0=350 GeV
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Low-energy e+e- Higgs factories: Summary
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Muon colliders vs e+e- colliders
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Muon colliders vs e+e- colliders (cont.1)
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Muon colliders vs e+e- colliders (cont.2)
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Muon colliders vs e+e- colliders (cont.3)
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Higgs physics at a γγ collider
Usually photon collider is considered as a natural low cost addition to e+e-

linear colliders ILC, CLIC (the second IP or the second stage), but there are 
suggestions of γγ colliders without e+e-:
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Higgs physics at a γγ collider (cont.2)

Resume: γγ Higgs factory can’t measure H→cc,ττ,μμ,gg and invisible decays, 
therefore can be considered only as a good add-on to e+e- linear colliders.

γγ→H→γγ
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Higgs factory colliders
• Linear e+e‐ collider: 

ILC
CLIC
X‐band klystron based

• Circular e+e‐ collider:
LEP3
TLEP
SuperTRISTAN
Fermilab site‐filler
China Higgs Factory (CHF)
SLAC/LBNL big ring

• Muon collider
Low luminosity
High luminosity

• γγ collider:
ILC‐based
CLIC‐based
Recirculating linac‐based SAPPHiRE)
SLC‐type
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Linear e+e− Collider as a Higgs Factory

• Advantages: 
Extensive design and prototyping work have been done
Big investment have been made. Key technologies are in hand.
There exist well‐organized international collaborations led respectively by the ILC GDE and CLIC
Collaboration (to be combined under the Linear Collider Director appointed by ICFA)
Important step towards high energy e+e‐ collisions
Polarized beams (e‐ 80%, e+ 30%)
A front runner (in terms of readiness)

• Challenges: 
High cost

• Specific issues: 
ILC

FFS
Positron source
Industrialization of SRF
For Higgs factory: Need 10 Hz for e+ production, or use unpolarized e+ beam as a backup scheme

CLIC
Accelerating structure
Industrialization of major components
From CDR to TDR

26
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ILC as a Higgs Factory

27
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Two Candidate Sites in 
Japanese mountainous locations

SEFURI

‐ GDE‐CFS group visited two candidates sites, 
Oct. 14 and 15, 2011

5 
m
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TDR Technical Volumes

Reference Design 
Report

ILC Technical 
Progress Report 
(“interim report”)

TDR Part I:
R&D

TDR Part II:
Baseline
Reference
Report

Technical Design 
Report

~250 pages
Deliverable 2

~300 pages
Deliverables 
1,3 and 4

* end of 2012 – formal 
publication early 2013

AD&I

Global Design Effort 2922-Oct-12                                   
LCWS12 - Arlington, TX
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TDR 500 GeV Baseline
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250 GeV staged (scenario 1)
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250 GeV staged (scenario 2)
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125 GeV transport

Half the linac
Full-length BDS tunnel & vacuum (TeV)
½ BDS magnets (instrumentation, CF etc)
1 RTML LTL
5km 125 GeV transport line

Extended tunnel/CFS already 500 GeV stage

10Hz mode e- linac

quasi-adiabatic energy 
upgrade?
quasi-adiabatic energy 
upgrade?
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Summary (N. Walker)

• ILC (500 GeV) machine already “contains” a light 
Higgs factory
– Luminosity: 7.5×1033 cm-2 s-1

– (Possible to upgrade by factor 2)
• Standalone machine for LHF

– reduced cost by ~35% (PAC ~ 100 MW)
– reduces schedule by 12-18 months

(perhaps a little more)
• Only really makes sense as part of a first-stage 

machine
– scope of complete project still ~500 GeV
– TeV upgrade remains optional

ILC as a Higgs Factory
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CLIC Layout at 3 TeV
Drive Beam 
Generation 
Complex

Drive Beam 
Generation 
Complex

Main Beam 
Generation 
Complex

Main Beam 
Generation 
Complex

D. Schulte, CLIC, HF 2012, November 2012
Goal: Lepton energy frontier
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31 km, ~100 m 
deep

14 km, ~100 m deep

12/09/12 Krakow – ESG C.Biscari - "High Energy Accelerators" 

Layout
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TBTS: Two Beam Acceleration
Measured accelerating gradient

Consistency between
• produced power
• drive beam current
• test beam acceleration

Maximum gradient 145 MV/m
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The CLIC CDR documents

In addition a shorter 
overview document 
was submitted as 
input to the 
European Strategy 
update, available at:
http://arxiv.org/pdf
/1208.1402v1

D. Schulte, CLIC, HF 2012, November 2012
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Timeline
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Note on Klystron-based First Stage

NLC RF unit
Chr. Adolphsen et al.

Klystrons‐based design have been
Developed in the past: NLC and JLC‐X

They aimed at
75MW power, 1.6μs pulse length 
and 55% efficiency
‐> reasonable limit of feasibility

Would need about 30,000 klystrons 
for CLIC at 3TeV
‐> much more expensive than drive 
beam
But could be interesting at low 
energies
‐> is being explored for first stage
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“Happy families are all alike; every unhappy family is unhappy in its own way.”

‐ Leo Tolstoy, Anna Karenina, Chapter 1, first line

Circular e+e‐ colliders are all alike. 

Circular e+e− Collider as a Higgs Factory

The only difference is their size:
• 16 km (Fermilab site‐filler)
• 27 km (LEP3)
• 40 km (SuperTRISTAN‐40)
• 50 km (CHF‐1)
• 70 km (CHF‐2)
• 80 km (TLEP, SuperTRISTAN‐80)
• 233 km (VLLC)

W. Chou, HF2012
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Circular e+e− Collider as a Higgs Factory

• Advantages: 
At 240 GeV, potentially a higher L to cost ratio than a linear one
Based on mature technology and rich experience 
Some designs can use existing tunnel and site
More than one IP
Tunnel of a large ring can be reused as a pp collider in the future

• Challenges: 
Beamstrahlung limiting beam life time  requires  lattice with large 
momentum acceptance 
RF and vacuum problem from synchrotron radiation 
A lattice with low emittance
Efficiency of converting wall power to synchrotron radiation power
Limited energy reach
No comprehensive study; design study report needed.

41

W. Chou, HF2012
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T. Sen, e+e- ring at Fermilab

e+e‐ ring at Fermilab

Higgs factory

• Beam Energy = 120 GeV

• SR power, both beams=100MW

• Initial luminosity=5x1033 cm‐2 s‐1

• βx*, βy* = (20, 0.2) cm

• Beam‐beam tune shifts =(0.067, 0.095)

• Beam current = 5 mA

Z Factory

• Beam Energy = 46 GeV

• SR power, both beams= 60 MW

• Initial luminosity=3x1034 cm‐2 s‐1

• Beam‐beam tune shifts= (0.032, 0,045)

• Beam current = 134 mAFermilab Site Filler rings
Circumference = 16 km

Fermilab Site-Filler
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105 km tunnel near FNAL
H. Piekarz, “… and … path to the future of high energy particle physics,” JINST 4, P08007 (2009)

(+ FNAL plan B
from
R. Talman)
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Beyond HE‐LHC : new tunnels in Geneve area
47 km – 80 km

1) 42 TeV c.o.m. with 8.3 T (present LHC dipoles)
2) 80 TeV c.o.m. with 16 T (high field based on Nb3Sn)
3) 100 TeV c.o.m with 20 T (very high field based on HTS)

12/09/12 Krakow – ESG
C.Biscari ‐ "High Energy Accelerators" 

LEP3 & TLEP
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PSB PS (0.6 km)
SPS (6.9 km) LHC (26.7 km)

TLEP (80 km,
e+e‐, up to
~350 GeV c.m.)

VHE‐LHC
(pp, up to 
100 TeV c.m.)

also: e± (200 GeV) – p (7 & 50 TeV) collisions 

LEP3
(e+e‐, 240 GeV c.m.)

circular Higgs factories at CERN & beyond
(F. Zimmermann)
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• installation in the LHC tunnel “LEP3”
+ inexpensive (<0.1xLC)
+ tunnel exists
+ reusing ATLAS and CMS detectors
+ reusing LHC cryoplants
- interference with LHC and HL-LHC

• new larger tunnel “TLEP”
+ higher energy reach, 5-10x higher luminosity
+ decoupled from LHC/HL-LHC operation & construction
+ tunnel can later serve for HE-LHC (factor 3 in energy from 
tunnel alone) with LHC remaining as injector
- 4-5x more expensive (new tunnel, cryoplants, detectors)

two options
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key parameters
LEP3 TLEP

circumference 26.7 km 80 km
max beam energy 120 GeV 175 GeV
max no. of IPs 4 4 
luminosity at 350 GeV c.m. - 0.7x1034 cm-2s-1

luminosity at 240 GeV c.m. 1034 cm-2s-1 5x1034 cm-2s-1

luminosity at 160 GeV c.m. 5x1034 cm-2s-1 2.5x1035 cm-2s-1

luminosity at 90 GeV c.m. 2x1035 cm-2s-1 1036 cm-2s-1

at the  Z pole repeating LEP physics programme in a few minutes…
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LHC tunnel cross section with space reserved for a future lepton machine like LEP3 [blue box 
above the LHC magnet] and with the presently proposed location of the LHeC ring [red]

LHC community is against LEP‐3 in LHC tunnel, until LHC is there

putting LEP3 into the LHC tunnel?
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~ 2 B CHF
(only the tunnel)

13 Feb. 2012  K. Oide (KEK)

SuperTRISTAN
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KEK

12.7 km

80 km ring in KEK area
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K.Oide, HF2012
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What is a (CHF + SppC)
• Circular Higgs factory (phase I) + super pp collider (phase II) in the 

same tunnel

e−e+  Higgs Factory

pp collider 

52

China Higgs Factory (CHF)

• A CHF + SppC was proposed in IHEP for high precise probe of Higgs, and 
new discovery of physics as well.

• Main parameters and basic lattices are studied and further iterations are 
required.

• Budget and time schedule are not yet estimated.
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Requirement of the beam lifetime>30 min leads  tothe restriction on the 
beam parameters:

This formula is the basis for the following discussions.

Beamstrahlung (V. Telnov)

With account  of

and SR power in rings

The maximum luminosity of storage rings with account of beamstrahlung

In practical units

η is the ring energy acceptance
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K.Yokoya, using V.Telnov’s formula
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How can one increase over LEP 2 (average) luminosity by a factor 500 
without exploding the power bill?

Answer is in the B-factory design: a very low vertical emittance ring with 
higher intrinsic luminosity 

electrons and positrons have a much higher chance of interacting
much shorter lifetime (few minutes) 

feed beam consituously with a ancillary accelerator



Nov. 21, 2012, LHC on March, Protvino Valery Telnov
5610 s

energy of accelerator ring
120 GeV

20 GeV

injection into collider

injection into 
accelerator

beam current in collider (15 min. beam lifetime)
100%

99%

almost constant current 

Top-up Injection: Schematic Cycle
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Muon Collider as a Higgs Factory
• Advantages: 

Large cross section σ (μ+μ-→ h) = 41 pb in s‐channel resonance will compensate 
low luminosity (to compare to e+e‐→ ZH at 0.2 pb)
Small size footprint 
No synchrotron radiation problem
No beamstrahlung problem
Unique way for direct measurement of the Higgs line shape and total decay width Γ
Exquisite energy calibration
A path to very high energy lepton‐lepton collisions

• Challenges: 
Muon 4D and 6D cooling  needs to be demonstrated
Need small c.o.m energy spread (0.003%) 
RF in a strong magnetic field
Background from constant muon decay
Significant R&D required towards end‐to‐end design and firming up luminosity 
figures
Cost unknown (not much cheaper than a TeV muon collider)

57
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Muon Collider as a Higgs Factory

58

s‐channel production of Higgs boson (Han and Liu)

• s‐channel Higgs production cross section in a muon collider is 40,000 
times larger than in an e+e− collider

• Muon collider can measure the decay width Γ directly without any 
theoretical assumption (a unique advantage) – if the muon beam energy 
resolution is sufficiently high

• But the required energy resolution is very demanding
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Scale of facilityScale of facility

59

RLA

Collider Ring

Cooling line

Proton Ring

Linac

Target +π→μ
Capture
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126 126 GeVGeV μμ++--μμ-- Collider Collider 

• 8 GeV, 4MW Proton Source
– 15 Hz, 4 bunches 5×1013/bunch

• π μ collection,  bunching, cooling
ε⊥,N =400 π mm-mrad, εǁ,N= 2 π mm

• 1012 μ/ bunch
• Accelerate, Collider ring

– δE = 4 MeV, C=300m
– Detector
– monitor polarization precession 
– for energy measurement

• δEerror 0.1 MeV
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Upgrade path (E and L)Upgrade path (E and L)
• More cooling

– εt,N→ 0.0002, β*→1cm
• Bunch recombination

– 60Hz 15 ?
– L →1032

• More cooling
– low emittance
– εt,N→ 0.00003, β*→0.3cm
– L→1033

• More Protons
– 4MW 8 ?
– 15Hz
– L→1034

• More Acceleration
– 4 TeV or more …
– L→1035
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Polarization & Energy measurementPolarization & Energy measurement
Raja and Raja and TollestrupTollestrup (1998) Phys. Rev. D 58 013005 (1998) Phys. Rev. D 58 013005 

• Electron energy (from decay) depends on 
polarization
– polarization is ~25% 10%

– Measure ω from fluctuations in 
electron decay energies

• 106 decays/m
<Eμ> depends on Frequency
– Frequencies can be measured very 

precisely
– E, δE to 0.1 MeV or better (?)
– need only > ~5% polarization ?

62
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PolarizationPolarization
• Because the absolute value of 

the polarization is not relevant, 
and only frequencies are 
involved, the systematic errors 
are very small (~5-100 keV) on 
both the beam  energy and 
energy spread.
– A. Blondel

63
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γγ Collider as a Higgs Factory

• Advantages: 
Allow access to CP property of the Higgs
Lower beam energy (80 GeV per e‐ beam to generate 63 GeV γ beam)
High polarization in the colliding γ beams
No need for e+ beam
160 GeV e‐ linac has a lower cost w.r.t. a 240 GeV linear e+e‐ collider
Can be added on a linear e+e‐ collider

• Challenges: 
Physics not as comprehensive as a 240 GeV e+e‐ collider would be. 
Background problem
IR design
No comprehensive study.; design study report needed.

• Specific issues: 
ILC‐based

Optical cavity 

CLIC‐based
Laser can piggy‐back on the Livermore LIFE fusion project. (But the project schedule is unknown.)

Recirculating linac‐based:
Polarized low emittance e‐ gun

64
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Original Paper on γγ Collider
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γγ Collider as a Higgs Factory

66

γγ → h cross section

CLIC-based

~ 1mm
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Issues for γ γ colliders

• IR related
– Beam crossing angle
– Optics in the IR region
– extraction line(e) and beam dump (γ)

• Lasers
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980 μs (2640 pulses in a train)

1 ps

370 ns

200 ms (5 Hz)

Pulse 
width

Pulse 
energy

Pulse 
spacing

No. pulses in a 
train

Laser power in a 
train

Laser 
average 
power

Rep 
rate

Wavelength Spot size Crossing 
angle

1 ps 10 J /Q 370 ns 2640 25 MW /Q 150 kW /Q 5 Hz 1 μm 120 nm x 2.3 
nm

25 mrad

ILC-based γγ Collider

Laser Requirements

Need an optical cavity with Q ~ 300
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Pulse Stacking Cavity for ILC

K. Moeing

•total length ~100m
•power enhancement ~100

•L =nλ
•ｄL<< λ/enhancement

•mode locked pulsed laser
100MHz 0.1J/pulse
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177 ns (354 pulses in a train)

1 ps

0.5 ns

20 ms (50 Hz)

Pulse 
width

Pulse 
energy

Pulse 
spacing

No. pulses in a 
train

Laser power in 
a train

Laser 
average 
power

Rep 
rate

Wavelength Spot size Crossin
g angle

1 ps 5 J 0.5 ns 354
(5 x 354 = 1770 J 
per train)

10 GW 88.5 kW 50 Hz 1 μm 120 nm x 
2.3 nm

25 mrad

Laser Requirements

CLIC-based γγ Collider

Livermore LIFE fusion project laser beam: 130 kW average power, 8100 J /pulse, 16 Hz
(LIFE would have 384 such beams)
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LIFE Laser for a CLIC-based γγ Collider (A. Bayramain)
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SAPPHiRE: a Small γγ Higgs Factory

SAPPHiRE: Small Accelerator for Photon‐Photon Higgs 
production using  Recirculating Electrons

Problems: 
•Photon collider needs polarized electron beams with low emittances, such RF
photoguns do not exist yet (so, one needs damping rings). 
•Gamma-gamma collider can not measure all Higgs properties, e+e- collisions are 
needed.
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73

SLC-ILC-Style (SILC) Higgs Factor
(T. Raubenheimer)

•Some challenges with 2-pass design!

1 km radius

45 GeV, 1.5 km

or 85 GeV, 3 km

Final focii ~ 300 meters in length
Laser beam from fiber laser or FEL
2 x 85 GeV is sufficient for γγ collider
Upgrade with plasma afterburners to reach 2 x 120 GeV. Then final ring 
should have R=3.5 km (to preserve emittance).

250 m
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What’s Next? (after HF2012)
• The Organizing Committee will write a workshop report:

Higgs physics: What the LHC can do? What a Higgs factory can do for given energy and luminosity 
(e+e‐, μ+μ‐, γγ)?
Performance, technology maturity and readiness, upgrade potential, and technical challenges 
requiring further R&D for each type of Higgs factory
Comparison tables
An Executive Summary

• Target readers:
Joint ICFA – Lab Directors meeting (February 21‐22, 2013 at TRIUMF)
US Snowmass 2013 conference (July 29 – August 6, 2013 at Univ. of Minnesota)
European Strategy Updates meeting (January 21‐22, 2013)
HEP roadmap study in Asia (Japan and China)
World HEP and accelerator communities (report to be published in the ICFA Beam Dynamics 
Newsletter no. 60, April 2013)

• Target date for completing the report:
January 15, 2013

• The organizing committee recommends these studies should continue. It also 
believes this workshop provides a good platform for the international 
community to get together for discussions of a future Higgs factory and should 
also continue. The next workshop will be about one year from now. The place 
and dates are yet to be decided. Stay tuned!
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Conclusion
A Higgs factory is needed for precision measurement of the Higgs

properties. Most probable candidates: 

Linear e+e- Collider (2E=240-350 GeV)
Ring e+e- Collider    (2E=240-350 GeV, depending on R)
Muon collider (2E=126 GeV)
γγ collider, only as add-on to e+e-.

The choice depends on LHC discoveries: 

If new physics (like SUSY, etc) exists in 200-1000 GeV region, then ILC or 
CLIC. 

If new physics exist in 1000-3000 GeV region, then CLIC.

If nothing, except H, is found, then a low energy e+e- Higgs factory, ring or 
LC. Ring Higgs factory with large R looks very attractive. 

Muon collider is always welcome (as potentially a highest energy collider)


