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Lepton colliders
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Colliders at SLAC – SPEAR, PEP/PEP-II, SLC



SPEAR/SPEAR II

• 2-4 GeV e-e+ collider

• J/ & Charm- physics

• Lpeak = 1E31/cm2/s

• A lot of machine study on beam 
dynamics (beam-beam effect, wake 
field & impedance, resonance, etc)



A series of papers led the research avenue of coherent beam-
beam effects. This view of the beam-beam effect (that limits 
the performance of storage ring colliders) was revolutionary at 
the time but has now become a standard vocabulary.

• A. Chao, Accelerator considerations of large circular 
colliders, Mod. Phys Lett. A 31(24), 1630022 (2016)

• Y.H. Chin, A.W. Chao, and M.M. Blaskiewicz, Two 
particle model for studying the effects of space-charge 
force on strong head-tail instabilities, Phys. Rev. Accel. 
Beams 19(1), 014201 (2016) 

• J. Wu, T.O. Raubenheimer, A.W. Chao, et al., Luminosity 
loss due to beam distortion and the beam-beam 
instability, Proc. PAC05, pp. 318 (2005)

• K. Ohmi and A.W. Chao, Combined phenomena of 
beam-beam and beam-electron cloud interactions in 
circular e(+)e(-) colliders, Phys. Rev. ST Accel. Beams 
5(10), 101001 (2002)

• Y. Cai, A.W. Chao, S.I. Tzenov, et al., Simulation of the 
beam-beam effects in e+e- storage rings with a method 
of reduced region of mesh, Phys. Rev. ST Accel. Beams 
4(1), 01101 (2001)

• A.W. Chao, Beam-Beam Instability, AIP Conf. Proc. 127, 
201 (1985)

• A.W. Chao, R.D. Ruth, Coherent beam-beam instability 
in colliding-beam storage rings, Part. Accel. 16(4), 201 
(1985)



• SPEAR Scaling law
p. 330, A.W. Chao, Physics of Collective Beam Instabilities in 

High Energy Accelerators, Wiley, (1993).

• The Chao-Gareyte Scaling clarified the physical process of the anomalous 
bunch lengthening effect observed in electron storage rings. 

• 1st impedance model



PEP technology developed from SPEAR upgrade

• SPEAR-NOTE-181. Chao, Lee. SPEAR II 
Touschek Lifetime. October 1974.

• SPEAR-NOTE-182 and PEP-105. Chao, 
Morton. Physical Picture of the 
Electromagnetic fields Between Two Infinite 
Conducting Plates Produced by a Point 
Charge Moving at the Speed of Light. 
February 1975.

• SPEAR-NOTE-183. Chao. Calculation of Single 
Resonance Effects. February 1975. 

• SPEAR-NOTE-187. Chao, Keil, King, Morton, 
Lee, Paterson. Betatron-Synchrotron 
Resonances in SPEARII and a Possible 
Explanation. August 1975.



PEP/PEP-II

• PEP: 15x15 GeV

• L = 1E32/cm2/s



• Celebrating first beam 
stored in PEP





PEP-II

• A B-factory with asymmetric beam energy



SLAC Linear Collider

• Study the Z0 (E=92GeV)

• Demon of a linear 
collider and show its 
feasibility

• e- & e+ share the same 
linac

• More than a 10% 
prototype, L = 3E30



Courtesy T. Raubenheimer





DANE

Energy per beam 510 [MeV]

Machine length 97 [m]

Max. beam current

(KLOE run)
2.5(e-) 1.4(e+) [A]

N of colliding bunches 100-111

RF frequency 368.67 [MHz]

RF voltage 100-250 [kV]

Harmonic number 120

Bunch spacing 2.7 [ns]

Max ach. Luminosity

(SIDDHARTA run)
4.5 1032 [cm-2s-1]

BTF



• Crab waist to suppress the x-y resonances 

Performing horizontal oscillations:

1. Particles see the same density and the same (minimum) vertical beta 
function

2. The vertical phase advance between the sextupole and the collision 
point remains the same (p/2)
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DAFNE Peak Luminosity

Crab-waist scheme
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BEPC

• BEPC   (1988 – 2005) --- China’s first large science facility (collider & 1st

generation synchrotron radiation light source



Visited IHEP in 1981                                                Joined commissioning in 1989



BEPCII

• BEPC   (1988 – 2005) ➔ upgrade to BEPCII

BEPCII (2006 – now) A double-ring factory-like machine
Deliver beams to both HEP & SR



Collider                                                                               SR Facility

III

III IV

e

RFRF SR

e

IP

North

❑ Collision Mode
▪ Beam energy range 1-2.1 GeV 
▪ Optimized beam energy 1.89 GeV 
▪ Luminosity 1×1033 cm-2s-1

▪ Full energy injection 1-1.89 GeV

❑ SR Mode
▪ Beam energy 2.5 GeV 
▪ Beam current 250 mA 



• BEPCII design

BEPCII Review@SLAC, May 13-15, 2002

Mini-workshop on BEPC-II Optics
November 4-8, 2002



Milestones of BEPCII construction & operation

May 2004 Sep. 2004 July 2005 Oct. 2005

Oct. 2006 Nov. 2006

May 2008

Oct. 2007July 2007

July 2008
0.00E+00

5.00E+31

1.00E+32

1.50E+32

2.00E+32

2.50E+32

3.00E+32

3.50E+32

7-
1
5
-
0
8

8-
1
4
-
0
8

9-
1
3
-
0
8

1
0
-
1
3
-
0
8

1
1
-
1
2
-
0
8

1
2
-
1
2
-
0
8

1-
1
1
-
0
9

2-
1
0
-
0
9

3-
1
2
-
0
9

4-
1
1
-
0
9

5-
1
1
-
0
9

Peak Lum history

lum

May 2009

May 2010

Jan. 2004 Construction started

May. 4, 2004 Dismount of 8 linac sections

Dec. 1, 2004 Linac delivered e- beams to BEPC

July 4, 2005 BEPC ring dismount started

Mar. 2, 2006 BEPCII ring installation started

Aug. 3, 2007 Shutdown for IR-SCQ installation

Mar. 28, 2008 Shutdown for BESIII installation

July 19, 2008 First hadron event observed

May 19, 2009 Luminosity reached 3.3×1032cm-2s-1

July 17, 2009 Pass the National test & check

April 8, 2011 Luminosity reached 6.5×1032cm-2s-1

April 2013 Zc(3900) found & confirmed

Nov. 20, 2014 Luminosity reached 8.53×1032cm-2s-1

April 5, 2016 Luminosity reached 10.0×1032cm-2s-1
July 2009

Significance 
>8

~500pb-1 @ 4.26, 4.36

~300pb-1 @4.26

>1fb-1 @ 4.23

2012 – 13 2013

Top-up

Nov. 2015
2010 2011 2013 2014 2016





Main design parameters of three rings of BEPCII

Parameters BER/BPR BSR
Beam energy (GeV) 1.89 2.5
Circumference (m) 237.53 241.13
Beam current (A) 0.91 0.25
Bunch current (mA) / No. 9.8 / 93 ~1 / 160 - 300

Natural bunch length (mm) 13.6 12.0

RF frequency (MHz) 499.8 499.8
Harmonic number 396 402
Emittance (x/y) (nm·rad) 144/2.2 140
β function at IP (x/y) (m) 1.0/0.015 10.0/10.0
Crossing angle (mrad) ±11 0
Tune (x/y/s) 6.54/5.59/0.034 7.28/5.18/0.036
Momentum compaction 0.024 0.016
Energy spread 5.16×10-4 6.67×10-4

Natural chromaticity (x/y) -10.8/-20.8 -9.0/-8.9
Luminosity (cm-2s-1) 1×1033 —



Beam & luminosity performances

	



Future upgrade of BEPCII

• High luminosity & high beam energy

• 125kW -> 250kW，
• Beam Current：1100mA. BEPCII ~ 600mA。（Feedback+RF）

• Bunch Number： 120. BEPCII ~ 80。 （Feedback+RF）
• Bunch Current：9mA. BEPCII ~ 7mA。 （Feedback+RF）
• Beam-Beam ：0.04。BEPCII ~ 0.036。(RF，hourglass effect)
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Beam current,
Limited by multi-bunch 
instability and power

⚫ RF Voltage ~2.5MV，Power ~ 250kW



KEKB & SuperKEKB

Superconducting 

cavities (HER)

e-

e+

ARES copper 

cavities (LER)

8 GeV e- 3.5 

GeV e+ Linac

e+ target

ARES copper 

cavities (HER)

Belle detector

KEKB B-Factory

TRISTAN tunnel



• Upgrade project from KEKB

• e- - e+ 2-ring collider with
– Linac: L ~600m

– Damping ring: C ~100m

– Main ring: C ~3016m

HER: 7GeV, Ie- = 2.6A

LER: 4GeV, Ie+ = 3.6A

– Belle-II detector

• Design Luminosity
– 80 x 1034 cm−2s−1

(~40 times of KEKB)

Super KEKB

Courtesy K. Akai



Schedule and main parameters of SuperKEKB

Courtesy K. Akai



Commissioning

Courtesy K. Akai & Y. Suetsugu



• The collision tuning in MR proceeded squeezing βy/βx @IP gradually

• The first physics event observed on April 26, 2018

Courtesy Y. Suetsugu



Commissioning in Phase-3, 2019 spring

• βx*/βy* were squeezed to 80/2mm on June 21, 2019

• The max. lum. of 1.23x1034cm-2s-1 reached at 820/830mA, although the Belle-II HV 
was off due to high background

• Specified lum. increased in proportional to 1/ βy*, satisfied even at βy* = 2mm.

Courtesy Y. Suetsugu



Key challenges for high luminosity

• Decrease in Lsp with bunch current product
– caused by the beam-size blowup due to beam-beam effect, although the mechanism has not 

been well understood yet.

Courtesy K. Ohmi & Y. Ohnishi



• High background (BG) 
– Main BG source in LER was found to be the beam-gas Coulomb scattering

– Bursts from stored beam, possible induced CDC trips and/or beam abort. Dust? 

– Bursts from injection beams. Changes in energy or orbit at the Linac?

– Slow change in injection condition. BG degraded gradually, as well as injection efficiency, even 
in one shift (8 hours) and difficult to keep good injection condition. Temperature dependence?

• QCS quench and beam aborts
– Frequency of QCS quenches in Phase-3 decreased, compared to that in Phase-2

– 7 quenches (two types) happened.



Commissioning plan

• Autumn run (2019/10/15 – 2019/12/12) – continue physics run and machine tuning

• Winter shutdown ( - 2020/01/16) – 150kV power line work, collimator installed in LER

• 2020 Spring run ( - 2020/06/30) – under discussion, but continue physics run. 



Commissioning plan



Large Electron Positron Collider (LEP)

• Largest e- -e+ collider, Z & W

• Ecm=91 – 209 GeV

• Realized pretzel orbit

• Nb=4, Ibeam, max=6.2mA

• Max. ξy=0.083

• Lpeak = 2×1032cm-2s-1

• 4 detectors

• Physics running started

at 1989, and stopped

at 2000.

LEP/



LEP technology worked well

• Future lepton collider

– LEP3? 

– TLEP?

PSBPS (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.)



Higgs discovery



HF2012



Discussion on large circular collider



CEPC – The Physics Case

CEPC directly / indirectly: probes new physics ~10s TeV scale

Pre-CDR

BSM new physics searchesThe discovery of H(126)  golden opportunity

Higgs: it interacts with all fermions and W/Z
Is it connected to DM, DE?
Experiment with the H: portal to the new world?



CEPC timeline

R&D
Engineering Design

(2016-2022)

Construction
(2022-2030)

Data taking
(2030-2040)

Pre-studies
(2013-2015)

1st Milestone:  Pre-CDR (by the end of 2014) ;
2nd Milestone: R&D funding from MOST (in Mid 2016); 

3rd Milestone: CEPC CDR progress Report (by the end of 2016); 

4th Milestone: CEPC CDR Report (by the end of Aug 2018);

5th Milestone: CEPC TDR Report and Proto R&D  (by the end of 2022);

6th Milestone: CEPC construction start (2022); 

CEPC current	time

Public release of printed 
CDR volumes in IHEP on 
14th Nov., 2018



Luminosity vs. CM energy

Circular:

offers higher lumi. @ LE

unprecedented Z,W,+H program

mature technology

very long term: pp upgrade path

Linear: 

very impressive Higgs precision

best Lumi. at higher energies, or only option for VHE

circular & linear colliders are ideally 

complementary to each other

H

Z

W

F. Bedeschi, INFN-Pisa



Lumi. Higgs W Z Z(2T)

1034 2.93 11.5 16.6 32.1

• Double ring baseline design (30MW/beam
• Switchable between H and Z/W w/o hardware change            
(magnet switch)
• Use half SRF for Z and W
• Could be optimized for Z with 2T detector

• Double ring collider with 2 IPs

• Compatible with the geometry of SPPC



International FCC collaboration with CERN 

as host laboratory to study: 

• ~100 km tunnel infrastructure  in Geneva area, 

linked to CERN

• e+e- collider (FCC-ee),                → potential first step

• pp-collider (FCC-hh)                  → long-term goal, 

defining infrastructure requirements 
•

• HE-LHC with FCC-hh technology

• Ions and lepton-hadron options with hadron colliders

~16 T  100 TeV pp in 100 km

HE-LHC

FCC

Future Circular Collider Study - Scope



FCC Conceptual Design Report
https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3

https://link.springer.com/article/10.1140/epjst/e2019-900045-4

https://link.springer.com/article/10.1140/epjst/e2019-900087-0

https://link.springer.com/article/10.1140/epjst/e2019-900088-6

4 CDR volumes 

published in 

EPJ C and EPJ ST: 
– FCC Physics Opportunities, FCC-ee, FCC-hh,HE-LHC

preprints available since 15 January 2019 
http://fcc-cdr.web.cern.ch/

https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3
https://link.springer.com/article/10.1140/epjst/e2019-900045-4
https://link.springer.com/article/10.1140/epjst/e2019-900087-0
https://link.springer.com/article/10.1140/epjst/e2019-900088-6
http://fcc-cdr.web.cern.ch/


• FCC-ee reaches highest luminosities & energies by combining 
ingredients and well-proven concepts of several recent colliders

Marica Biagini

L/IP
B-factories: KEKB & PEP-II:
double-ring lepton colliders, 
high beam currents,
top-up injection

DAFNE: crab waist, double ring

Super B-fact., S-KEKB: low y* 

LEP  high energy, SR effects

VEPP-4M, LEP:                                       precision 
E calibration 

KEKB: e+ source 

HERA, LEP, RHIC: spin gymnastics 



• Two main IPs in A, G for both machines. 

• Common footprint except around IPs.

• FCC-ee asymmetric IR layout to limit synchrotron radiation



• FCC integrated project plan is fully integrated with HL-LHC exploitation 

provides for seamless further continuation of HEP in Europe.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 34 35 36 37 38 39 40 41 42 43

15 years operation

Project preparation &

administrative processes

Funding & governance strategy

Geological investigations, 

infrastructure detailed design and 

tendering preparation

Tunnel, site and technical infrastructure 

construction

FCC-ee accelerator R&D and technical design

FCC-ee detector

construction, installation, commissioning

FCC-ee detector 

technical design,

collaborations

Permis-

sions

Detector R&D and

concept development

FCC-ee accelerator construction, 

installation, commissioning

FCC-hh detector

construction, installation, 

commissioning

FCC-hh detector 

R&D,

technical design

Update

Permission,

Funding

FCC-hh accelerator construction, 

installation, commissioning

FCC-ee dismantling, CE 

& infrastructure 

adaptations FCC-hh

~ 25 years operation

FCC-hh accelerator 

R&D and technical 

design

SC wire and HFM magnet R&D, model magnets, 

prototypes, preseries

HFM dipole magnet

series production
Superconducting wire and high-field magnet R&D 

70

LS4LHC run 3 LS 3 LHC run 4 LS5LHC run 5 LHC run 6



2019-2020:

• Layout optimisation and work on implementation with host states.

• Near-term focus on FCC-ee as potential first step (awaiting strategy 
recommendation).

• Preparation of EU H2020 DS project (INFRADEV call November 2019),  
focused on infrastructure implementation.

2020/21 – 2025/26: project preparation phase (if supported by EPPSU 
and CERN Council)

FCC - Next steps



Benno List, Daniel Schulte, Dmitry Shatilov, Cheng Hui Yu, Vladimir Litvinenko, Thomas Roser

ZHH
500 GeV

FCC-ee 2 IPs
FCC-ee 4 IPs

FCC-ee ERL 

CEPC 2 IPs

CLIC
ILC

ILC UG
CLIC UG



Thanks for your attentions!


