
Physics Case  
for  

Lepton Colliders
Patrick Meade


C.N. Yang Institute for Theoretical Physics

Stony Brook University



A leptonic vision for the future

<latexit sha1_base64="mGL/HZKXan7OrWsQFoNMl1Slf4w=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4KkkNqb0VvXisaD+gDWWz3bRLd5OwuxFK6E/w4kERr/4ib/4bt20EFX0w8Hhvhpl5QcKZ0rb9Ya2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaCydXc79xTqVgc3elpQn2BRxELGcHaSLd9kQ5KZbtie+fVeh0ZsoAhda/mei5ycqUMOZqD0nt/GJNU0EgTjpXqOXai/QxLzQins2I/VTTBZIJHtGdohAVVfrY4dYZOjTJEYSxNRRot1O8TGRZKTUVgOgXWY/Xbm4t/eb1Uhxd+xqIk1TQiy0VhypGO0fxvNGSSEs2nhmAimbkVkTGWmGiTTtGE8PUp+p+0qxXHq7g3brlxmcdRgGM4gTNwoAYNuIYmtIDACB7gCZ4tbj1aL9brsnXFymeO4Aest0++E44g</latexit>µ<latexit sha1_base64="wgmkwxC7mNYtxWyaOueLZZdHrR0=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqSO2t6MVjC/YD2lA220m7drMJuxuhlP4CLx4U8epP8ua/cdtGUNEHA4/3ZpiZFyScKW3bH1ZubX1jcyu/XdjZ3ds/KB4etVWcSgotGvNYdgOigDMBLc00h24igUQBh04wuV74nXuQisXiVk8T8CMyEixklGgjNWFQLNll27uo1GrYkCUMqXlV13OxkykllKExKL73hzFNIxCacqJUz7ET7c+I1IxymBf6qYKE0AkZQc9QQSJQ/mx56ByfGWWIw1iaEhov1e8TMxIpNY0C0xkRPVa/vYX4l9dLdXjpz5hIUg2CrhaFKcc6xouv8ZBJoJpPDSFUMnMrpmMiCdUmm4IJ4etT/D9pV8qOV3abbql+lcWRRyfoFJ0jB1VRHd2gBmohigA9oCf0bN1Zj9aL9bpqzVnZzDH6AevtEyoxjTM=</latexit>e



A leptonic vision for the future

<latexit sha1_base64="mGL/HZKXan7OrWsQFoNMl1Slf4w=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4KkkNqb0VvXisaD+gDWWz3bRLd5OwuxFK6E/w4kERr/4ib/4bt20EFX0w8Hhvhpl5QcKZ0rb9Ya2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaCydXc79xTqVgc3elpQn2BRxELGcHaSLd9kQ5KZbtie+fVeh0ZsoAhda/mei5ycqUMOZqD0nt/GJNU0EgTjpXqOXai/QxLzQins2I/VTTBZIJHtGdohAVVfrY4dYZOjTJEYSxNRRot1O8TGRZKTUVgOgXWY/Xbm4t/eb1Uhxd+xqIk1TQiy0VhypGO0fxvNGSSEs2nhmAimbkVkTGWmGiTTtGE8PUp+p+0qxXHq7g3brlxmcdRgGM4gTNwoAYNuIYmtIDACB7gCZ4tbj1aL9brsnXFymeO4Aest0++E44g</latexit>µ<latexit sha1_base64="wgmkwxC7mNYtxWyaOueLZZdHrR0=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqSO2t6MVjC/YD2lA220m7drMJuxuhlP4CLx4U8epP8ua/cdtGUNEHA4/3ZpiZFyScKW3bH1ZubX1jcyu/XdjZ3ds/KB4etVWcSgotGvNYdgOigDMBLc00h24igUQBh04wuV74nXuQisXiVk8T8CMyEixklGgjNWFQLNll27uo1GrYkCUMqXlV13OxkykllKExKL73hzFNIxCacqJUz7ET7c+I1IxymBf6qYKE0AkZQc9QQSJQ/mx56ByfGWWIw1iaEhov1e8TMxIpNY0C0xkRPVa/vYX4l9dLdXjpz5hIUg2CrhaFKcc6xouv8ZBJoJpPDSFUMnMrpmMiCdUmm4IJ4etT/D9pV8qOV3abbql+lcWRRyfoFJ0jB1VRHd2gBmohigA9oCf0bN1Zj9aL9bpqzVnZzDH6AevtEyoxjTM=</latexit>e

Hopefully this talk does better than this little known movie reference…



All in 20 minutes, and hopefully at a 
level mostly appropriate to all 

frontiers!

For experts: please look for more details in the forum reports, 
other whitepapers and the Q&A, or bug a convener during CSS!



Lepton colliders have always been around, so why are 
we having this session on them now? And what’s new?
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1) Higgs discovery 
2)Results of LHC to now 

3)New ideas for e and μ

Higgs 
Discovery



Wait a minute the Higgs isn’t new is it? Didn’t we 
just have the 10th anniversary…



Wait a minute the Higgs isn’t new is it? Didn’t we 
just have the 10th anniversary…

That’s actually the point!



For the last several decades there has been an 
interplay/divergence of lepton and hadron colliders

Since then (1990s), the paths of different colliders have diverged: 
hadron colliders continued the quest for record high energies in 
particle reactions and the LHC was built at CERN, while in parallel 
highly productive e+e− colliders called particle factories focused on 
precise exploration of rare phenomena at much lower energies. 

(V. Shiltsev, F. Zimmermann 2021 Reviews of Modern Physics)

“The Higgs needs a factory!” (Tao Han, every year) 
of course there’s more motivation than this…

In EF: “Today’s signal is tomorrow’s background”

For AF: “Today’s high energy is tomorrow’s low energy”



There are many motivations for a Higgs/EW Factory 
AF, EF, and TF perspectives

• Hadron colliders collide composite particles - that generate large QCD 
backgrounds and you use a fraction of the energy of beam for physics


• Lepton colliders collide fundamental particles - that exploit the full 
energy and don’t have large QCD backgrounds

Most basic difference:



Visual event level difference -  
Lepton Colliders are “precision factories”

ILC - ILD 250 GeV e+e− → Zh → μ+μ−h
ATLAS VBF  candidate eventh → τ+τ−

This doesn’t reflect that the size of backgrounds are 
also orders of magnitude smaller as well for leptons



There are many proposals for Higgs/
EW factories, but are they the end of 

the road for EF lepton colliders?

Since then (1990s), the paths of different colliders have diverged: 
hadron colliders continued the quest for record high energies in 
particle reactions and the LHC was built at CERN, while in parallel 
highly productive e+e− colliders called particle factories focused on 
precise exploration of rare phenomena at much lower energies. 

(V. Shiltsev, F. Zimmermann 2021 Reviews of Modern Physics)



After all we do want to be ready to go to higher 
energies!

Just like telescopes 
take us to the 

largest distances 

Colliders are our 
microscopes to the 
shortest distances



After all we do want to be ready to go to higher 
energies! 1)Higgs discovery 

2)Results of LHC to now

Higgs looks 
SM-like so far

No clear signs 
of BSM

Wonderful SM 
agreement



There are beautiful visions that 
continues the lepton/hadron divergence 

and let us go higher in Energy

-SPPC



This is reflected in this updated plot
Budker in the Soviet Union, where an electron-electron
collider VEP-1 was under construction in 1958 (Budker,
Yerozolimsky, and Naumov, 1962); and (iii) an Italian group
at the Laboratori Nazionali di Frascati, led by Bruno
Touschek, which began the design of the first electron-
positron collider AdA (Bernardini et al., 1960). In the early
1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of

colliding beams. In storage-ring configurations [Figs. 1(a)
and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
future storage-ring colliders (LHC, DAΦNE, BEPC-II, FCC,
CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,

FIG. 1. Schematics of particle collider types.

FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.

TABLE I. Past and present particle colliders: their particle species,
maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].

Species Eb (GeV) C (m) Lmax
peak Years

AdA eþe− 0.25 4.1 1025 1964
VEP-1 e−e− 0.16 2.7 5 × 1027 1964–1968
CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
PEP-II eþe− 3.1þ 9 2200 1.2 × 1034 1999–2008
KEKB eþe− 3.5þ 8 3016 2.1 × 1034 1999–2010

VEPP-4M eþe− 6 366 2 × 1031 1979–present
BEPC-I/II eþe− 2.3 238 1033 1989–present
DAΦNE eþe− 0.51 98 4.5 × 1032 1997–present
RHIC p, i 255 3834 2.5 × 1032 2000–present
LHC p, i 6500 26 659 2.1 × 1034 2009–present
VEPP2000 eþe− 1.0 24 4 × 1031 2010–present
S-KEKB eþe− 7þ 4 3016 8 × 1035a 2018–present
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This is reflected in this updated plot
Budker in the Soviet Union, where an electron-electron
collider VEP-1 was under construction in 1958 (Budker,
Yerozolimsky, and Naumov, 1962); and (iii) an Italian group
at the Laboratori Nazionali di Frascati, led by Bruno
Touschek, which began the design of the first electron-
positron collider AdA (Bernardini et al., 1960). In the early
1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of
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and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
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beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,

FIG. 1. Schematics of particle collider types.

FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.

TABLE I. Past and present particle colliders: their particle species,
maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].

Species Eb (GeV) C (m) Lmax
peak Years

AdA eþe− 0.25 4.1 1025 1964
VEP-1 e−e− 0.16 2.7 5 × 1027 1964–1968
CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
PEP-II eþe− 3.1þ 9 2200 1.2 × 1034 1999–2008
KEKB eþe− 3.5þ 8 3016 2.1 × 1034 1999–2010

VEPP-4M eþe− 6 366 2 × 1031 1979–present
BEPC-I/II eþe− 2.3 238 1033 1989–present
DAΦNE eþe− 0.51 98 4.5 × 1032 1997–present
RHIC p, i 255 3834 2.5 × 1032 2000–present
LHC p, i 6500 26 659 2.1 × 1034 2009–present
VEPP2000 eþe− 1.0 24 4 × 1031 2010–present
S-KEKB eþe− 7þ 4 3016 8 × 1035a 2018–present
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Budker in the Soviet Union, where an electron-electron
collider VEP-1 was under construction in 1958 (Budker,
Yerozolimsky, and Naumov, 1962); and (iii) an Italian group
at the Laboratori Nazionali di Frascati, led by Bruno
Touschek, which began the design of the first electron-
positron collider AdA (Bernardini et al., 1960). In the early
1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of

colliding beams. In storage-ring configurations [Figs. 1(a)
and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
future storage-ring colliders (LHC, DAΦNE, BEPC-II, FCC,
CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,

FIG. 1. Schematics of particle collider types.

FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.

TABLE I. Past and present particle colliders: their particle species,
maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].

Species Eb (GeV) C (m) Lmax
peak Years

AdA eþe− 0.25 4.1 1025 1964
VEP-1 e−e− 0.16 2.7 5 × 1027 1964–1968
CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
PEP-II eþe− 3.1þ 9 2200 1.2 × 1034 1999–2008
KEKB eþe− 3.5þ 8 3016 2.1 × 1034 1999–2010

VEPP-4M eþe− 6 366 2 × 1031 1979–present
BEPC-I/II eþe− 2.3 238 1033 1989–present
DAΦNE eþe− 0.51 98 4.5 × 1032 1997–present
RHIC p, i 255 3834 2.5 × 1032 2000–present
LHC p, i 6500 26 659 2.1 × 1034 2009–present
VEPP2000 eþe− 1.0 24 4 × 1031 2010–present
S-KEKB eþe− 7þ 4 3016 8 × 1035a 2018–present
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Budker in the Soviet Union, where an electron-electron
collider VEP-1 was under construction in 1958 (Budker,
Yerozolimsky, and Naumov, 1962); and (iii) an Italian group
at the Laboratori Nazionali di Frascati, led by Bruno
Touschek, which began the design of the first electron-
positron collider AdA (Bernardini et al., 1960). In the early
1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of

colliding beams. In storage-ring configurations [Figs. 1(a)
and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
future storage-ring colliders (LHC, DAΦNE, BEPC-II, FCC,
CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,

FIG. 1. Schematics of particle collider types.

FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.

TABLE I. Past and present particle colliders: their particle species,
maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].
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peak Years

AdA eþe− 0.25 4.1 1025 1964
VEP-1 e−e− 0.16 2.7 5 × 1027 1964–1968
CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
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BEPC-I/II eþe− 2.3 238 1033 1989–present
DAΦNE eþe− 0.51 98 4.5 × 1032 1997–present
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Touschek, which began the design of the first electron-
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1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of
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and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
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CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,
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FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.

TABLE I. Past and present particle colliders: their particle species,
maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].

Species Eb (GeV) C (m) Lmax
peak Years

AdA eþe− 0.25 4.1 1025 1964
VEP-1 e−e− 0.16 2.7 5 × 1027 1964–1968
CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
PEP-II eþe− 3.1þ 9 2200 1.2 × 1034 1999–2008
KEKB eþe− 3.5þ 8 3016 2.1 × 1034 1999–2010

VEPP-4M eþe− 6 366 2 × 1031 1979–present
BEPC-I/II eþe− 2.3 238 1033 1989–present
DAΦNE eþe− 0.51 98 4.5 × 1032 1997–present
RHIC p, i 255 3834 2.5 × 1032 2000–present
LHC p, i 6500 26 659 2.1 × 1034 2009–present
VEPP2000 eþe− 1.0 24 4 × 1031 2010–present
S-KEKB eþe− 7þ 4 3016 8 × 1035a 2018–present
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Budker in the Soviet Union, where an electron-electron
collider VEP-1 was under construction in 1958 (Budker,
Yerozolimsky, and Naumov, 1962); and (iii) an Italian group
at the Laboratori Nazionali di Frascati, led by Bruno
Touschek, which began the design of the first electron-
positron collider AdA (Bernardini et al., 1960). In the early
1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of

colliding beams. In storage-ring configurations [Figs. 1(a)
and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
future storage-ring colliders (LHC, DAΦNE, BEPC-II, FCC,
CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,

FIG. 1. Schematics of particle collider types.

FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.

TABLE I. Past and present particle colliders: their particle species,
maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].

Species Eb (GeV) C (m) Lmax
peak Years

AdA eþe− 0.25 4.1 1025 1964
VEP-1 e−e− 0.16 2.7 5 × 1027 1964–1968
CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
PEP-II eþe− 3.1þ 9 2200 1.2 × 1034 1999–2008
KEKB eþe− 3.5þ 8 3016 2.1 × 1034 1999–2010

VEPP-4M eþe− 6 366 2 × 1031 1979–present
BEPC-I/II eþe− 2.3 238 1033 1989–present
DAΦNE eþe− 0.51 98 4.5 × 1032 1997–present
RHIC p, i 255 3834 2.5 × 1032 2000–present
LHC p, i 6500 26 659 2.1 × 1034 2009–present
VEPP2000 eþe− 1.0 24 4 × 1031 2010–present
S-KEKB eþe− 7þ 4 3016 8 × 1035a 2018–present
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Budker in the Soviet Union, where an electron-electron
collider VEP-1 was under construction in 1958 (Budker,
Yerozolimsky, and Naumov, 1962); and (iii) an Italian group
at the Laboratori Nazionali di Frascati, led by Bruno
Touschek, which began the design of the first electron-
positron collider AdA (Bernardini et al., 1960). In the early
1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of

colliding beams. In storage-ring configurations [Figs. 1(a)
and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
future storage-ring colliders (LHC, DAΦNE, BEPC-II, FCC,
CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,

FIG. 1. Schematics of particle collider types.

FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.

TABLE I. Past and present particle colliders: their particle species,
maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].

Species Eb (GeV) C (m) Lmax
peak Years

AdA eþe− 0.25 4.1 1025 1964
VEP-1 e−e− 0.16 2.7 5 × 1027 1964–1968
CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
PEP-II eþe− 3.1þ 9 2200 1.2 × 1034 1999–2008
KEKB eþe− 3.5þ 8 3016 2.1 × 1034 1999–2010

VEPP-4M eþe− 6 366 2 × 1031 1979–present
BEPC-I/II eþe− 2.3 238 1033 1989–present
DAΦNE eþe− 0.51 98 4.5 × 1032 1997–present
RHIC p, i 255 3834 2.5 × 1032 2000–present
LHC p, i 6500 26 659 2.1 × 1034 2009–present
VEPP2000 eþe− 1.0 24 4 × 1031 2010–present
S-KEKB eþe− 7þ 4 3016 8 × 1035a 2018–present
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This is reflected in this updated plot
Budker in the Soviet Union, where an electron-electron
collider VEP-1 was under construction in 1958 (Budker,
Yerozolimsky, and Naumov, 1962); and (iii) an Italian group
at the Laboratori Nazionali di Frascati, led by Bruno
Touschek, which began the design of the first electron-
positron collider AdA (Bernardini et al., 1960). In the early
1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of

colliding beams. In storage-ring configurations [Figs. 1(a)
and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
future storage-ring colliders (LHC, DAΦNE, BEPC-II, FCC,
CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,

FIG. 1. Schematics of particle collider types.

FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.

TABLE I. Past and present particle colliders: their particle species,
maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].

Species Eb (GeV) C (m) Lmax
peak Years

AdA eþe− 0.25 4.1 1025 1964
VEP-1 e−e− 0.16 2.7 5 × 1027 1964–1968
CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
PEP-II eþe− 3.1þ 9 2200 1.2 × 1034 1999–2008
KEKB eþe− 3.5þ 8 3016 2.1 × 1034 1999–2010

VEPP-4M eþe− 6 366 2 × 1031 1979–present
BEPC-I/II eþe− 2.3 238 1033 1989–present
DAΦNE eþe− 0.51 98 4.5 × 1032 1997–present
RHIC p, i 255 3834 2.5 × 1032 2000–present
LHC p, i 6500 26 659 2.1 × 1034 2009–present
VEPP2000 eþe− 1.0 24 4 × 1031 2010–present
S-KEKB eþe− 7þ 4 3016 8 × 1035a 2018–present

aDesign.

V. Shiltsev and F. Zimmermann: Modern and future colliders

Rev. Mod. Phys., Vol. 93, No. 1, January–March 2021 015006-3

2060 2070 2080

Budker in the Soviet Union, where an electron-electron
collider VEP-1 was under construction in 1958 (Budker,
Yerozolimsky, and Naumov, 1962); and (iii) an Italian group
at the Laboratori Nazionali di Frascati, led by Bruno
Touschek, which began the design of the first electron-
positron collider AdA (Bernardini et al., 1960). In the early
1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of

colliding beams. In storage-ring configurations [Figs. 1(a)
and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
future storage-ring colliders (LHC, DAΦNE, BEPC-II, FCC,
CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,

FIG. 1. Schematics of particle collider types.

FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.

TABLE I. Past and present particle colliders: their particle species,
maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].

Species Eb (GeV) C (m) Lmax
peak Years

AdA eþe− 0.25 4.1 1025 1964
VEP-1 e−e− 0.16 2.7 5 × 1027 1964–1968
CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
PEP-II eþe− 3.1þ 9 2200 1.2 × 1034 1999–2008
KEKB eþe− 3.5þ 8 3016 2.1 × 1034 1999–2010

VEPP-4M eþe− 6 366 2 × 1031 1979–present
BEPC-I/II eþe− 2.3 238 1033 1989–present
DAΦNE eþe− 0.51 98 4.5 × 1032 1997–present
RHIC p, i 255 3834 2.5 × 1032 2000–present
LHC p, i 6500 26 659 2.1 × 1034 2009–present
VEPP2000 eþe− 1.0 24 4 × 1031 2010–present
S-KEKB eþe− 7þ 4 3016 8 × 1035a 2018–present
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Budker in the Soviet Union, where an electron-electron
collider VEP-1 was under construction in 1958 (Budker,
Yerozolimsky, and Naumov, 1962); and (iii) an Italian group
at the Laboratori Nazionali di Frascati, led by Bruno
Touschek, which began the design of the first electron-
positron collider AdA (Bernardini et al., 1960). In the early
1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of

colliding beams. In storage-ring configurations [Figs. 1(a)
and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
future storage-ring colliders (LHC, DAΦNE, BEPC-II, FCC,
CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,

FIG. 1. Schematics of particle collider types.

FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.

TABLE I. Past and present particle colliders: their particle species,
maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].

Species Eb (GeV) C (m) Lmax
peak Years

AdA eþe− 0.25 4.1 1025 1964
VEP-1 e−e− 0.16 2.7 5 × 1027 1964–1968
CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
PEP-II eþe− 3.1þ 9 2200 1.2 × 1034 1999–2008
KEKB eþe− 3.5þ 8 3016 2.1 × 1034 1999–2010

VEPP-4M eþe− 6 366 2 × 1031 1979–present
BEPC-I/II eþe− 2.3 238 1033 1989–present
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Budker in the Soviet Union, where an electron-electron
collider VEP-1 was under construction in 1958 (Budker,
Yerozolimsky, and Naumov, 1962); and (iii) an Italian group
at the Laboratori Nazionali di Frascati, led by Bruno
Touschek, which began the design of the first electron-
positron collider AdA (Bernardini et al., 1960). In the early
1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of

colliding beams. In storage-ring configurations [Figs. 1(a)
and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
future storage-ring colliders (LHC, DAΦNE, BEPC-II, FCC,
CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,

FIG. 1. Schematics of particle collider types.

FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.

TABLE I. Past and present particle colliders: their particle species,
maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].

Species Eb (GeV) C (m) Lmax
peak Years

AdA eþe− 0.25 4.1 1025 1964
VEP-1 e−e− 0.16 2.7 5 × 1027 1964–1968
CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
PEP-II eþe− 3.1þ 9 2200 1.2 × 1034 1999–2008
KEKB eþe− 3.5þ 8 3016 2.1 × 1034 1999–2010

VEPP-4M eþe− 6 366 2 × 1031 1979–present
BEPC-I/II eþe− 2.3 238 1033 1989–present
DAΦNE eþe− 0.51 98 4.5 × 1032 1997–present
RHIC p, i 255 3834 2.5 × 1032 2000–present
LHC p, i 6500 26 659 2.1 × 1034 2009–present
VEPP2000 eþe− 1.0 24 4 × 1031 2010–present
S-KEKB eþe− 7þ 4 3016 8 × 1035a 2018–present
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Budker in the Soviet Union, where an electron-electron
collider VEP-1 was under construction in 1958 (Budker,
Yerozolimsky, and Naumov, 1962); and (iii) an Italian group
at the Laboratori Nazionali di Frascati, led by Bruno
Touschek, which began the design of the first electron-
positron collider AdA (Bernardini et al., 1960). In the early
1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of

colliding beams. In storage-ring configurations [Figs. 1(a)
and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
future storage-ring colliders (LHC, DAΦNE, BEPC-II, FCC,
CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,
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FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.
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luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].
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CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
PEP-II eþe− 3.1þ 9 2200 1.2 × 1034 1999–2008
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BEPC-I/II eþe− 2.3 238 1033 1989–present
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VEPP2000 eþe− 1.0 24 4 × 1031 2010–present
S-KEKB eþe− 7þ 4 3016 8 × 1035a 2018–present
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collider VEP-1 was under construction in 1958 (Budker,
Yerozolimsky, and Naumov, 1962); and (iii) an Italian group
at the Laboratori Nazionali di Frascati, led by Bruno
Touschek, which began the design of the first electron-
positron collider AdA (Bernardini et al., 1960). In the early
1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of

colliding beams. In storage-ring configurations [Figs. 1(a)
and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
future storage-ring colliders (LHC, DAΦNE, BEPC-II, FCC,
CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,

FIG. 1. Schematics of particle collider types.

FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
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TABLE I. Past and present particle colliders: their particle species,
maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].
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VEP-1 e−e− 0.16 2.7 5 × 1027 1964–1968
CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
PEP-II eþe− 3.1þ 9 2200 1.2 × 1034 1999–2008
KEKB eþe− 3.5þ 8 3016 2.1 × 1034 1999–2010

VEPP-4M eþe− 6 366 2 × 1031 1979–present
BEPC-I/II eþe− 2.3 238 1033 1989–present
DAΦNE eþe− 0.51 98 4.5 × 1032 1997–present
RHIC p, i 255 3834 2.5 × 1032 2000–present
LHC p, i 6500 26 659 2.1 × 1034 2009–present
VEPP2000 eþe− 1.0 24 4 × 1031 2010–present
S-KEKB eþe− 7þ 4 3016 8 × 1035a 2018–present
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Budker in the Soviet Union, where an electron-electron
collider VEP-1 was under construction in 1958 (Budker,
Yerozolimsky, and Naumov, 1962); and (iii) an Italian group
at the Laboratori Nazionali di Frascati, led by Bruno
Touschek, which began the design of the first electron-
positron collider AdA (Bernardini et al., 1960). In the early
1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of

colliding beams. In storage-ring configurations [Figs. 1(a)
and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
future storage-ring colliders (LHC, DAΦNE, BEPC-II, FCC,
CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,

FIG. 1. Schematics of particle collider types.

FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.

TABLE I. Past and present particle colliders: their particle species,
maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].

Species Eb (GeV) C (m) Lmax
peak Years

AdA eþe− 0.25 4.1 1025 1964
VEP-1 e−e− 0.16 2.7 5 × 1027 1964–1968
CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
PEP-II eþe− 3.1þ 9 2200 1.2 × 1034 1999–2008
KEKB eþe− 3.5þ 8 3016 2.1 × 1034 1999–2010

VEPP-4M eþe− 6 366 2 × 1031 1979–present
BEPC-I/II eþe− 2.3 238 1033 1989–present
DAΦNE eþe− 0.51 98 4.5 × 1032 1997–present
RHIC p, i 255 3834 2.5 × 1032 2000–present
LHC p, i 6500 26 659 2.1 × 1034 2009–present
VEPP2000 eþe− 1.0 24 4 × 1031 2010–present
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Touschek, which began the design of the first electron-
positron collider AdA (Bernardini et al., 1960). In the early
1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of

colliding beams. In storage-ring configurations [Figs. 1(a)
and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
future storage-ring colliders (LHC, DAΦNE, BEPC-II, FCC,
CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,
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start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
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maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].
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DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
CESR eþe− 6 768 1.3 × 1033 1979–2008
PEP eþe− 15 2200 6 × 1031 1980–1990
Spp̄S pp̄ 455 6911 6 × 1030 1981–1990
TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
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1960s, almost concurrently, these first colliders went into
operation in the Soviet Union (Budker, 1967; Levichev et al.,
2018), France (to where the AdA had been moved)
(Bernardini et al., 1964, 2004), and the United States
(Gittelman, 1965; Rees, 1986).
Figure 1 presents the most common arrangements of

colliding beams. In storage-ring configurations [Figs. 1(a)
and 1(b)] particles of each beam circulate and repeatedly
collide. Historically, a single ring was often used for colliding
particle and antiparticle beams of equal energy. Modern and
future storage-ring colliders (LHC, DAΦNE, BEPC-II, FCC,
CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,

FIG. 1. Schematics of particle collider types.

FIG. 2. Center-of-mass energy reach of particle colliders vs their
start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.

TABLE I. Past and present particle colliders: their particle species,
maximum beam energy Eb, circumference or length C, maximum
luminosity L, and years of luminosity operation [i indicates ions;
luminosity is in units of cm−2 s−1: it is defined in Eq. (3) and
discussed later].

Species Eb (GeV) C (m) Lmax
peak Years

AdA eþe− 0.25 4.1 1025 1964
VEP-1 e−e− 0.16 2.7 5 × 1027 1964–1968
CBX e−e− 0.5 11.8 2 × 1028 1965–1968
VEPP-2 eþe− 0.67 11.5 4 × 1028 1966–1970
ACO eþe− 0.54 22 1029 1967–1972
ADONE eþe− 1.5 105 6 × 1029 1969–1993
CEA eþe− 3.0 226 0.8 × 1028 1971–1973
ISR pp 31.4 943 1.4 × 1032 1971–1980
SPEAR eþe− 4.2 234 1.2 × 1031 1972–1990
DORIS eþe− 5.6 289 3.3 × 1031 1973–1993
VEPP-2M eþe− 0.7 18 5 × 1030 1974–2000
VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
DCI eþe− 1.8 94.6 2 × 1030 1977–1984
PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
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PEP eþe− 15 2200 6 × 1031 1980–1990
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TRISTAN eþe− 32 3018 4 × 1031 1987–1995
Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
SLC eþe− 50 2920 2.5 × 1030 1989–1998
LEP eþe− 104.6 26 659 1032 1989–2000
HERA ep 30þ 920 6336 7.5 × 1031 1992–2007
PEP-II eþe− 3.1þ 9 2200 1.2 × 1034 1999–2008
KEKB eþe− 3.5þ 8 3016 2.1 × 1034 1999–2010

VEPP-4M eþe− 6 366 2 × 1031 1979–present
BEPC-I/II eþe− 2.3 238 1033 1989–present
DAΦNE eþe− 0.51 98 4.5 × 1032 1997–present
RHIC p, i 255 3834 2.5 × 1032 2000–present
LHC p, i 6500 26 659 2.1 × 1034 2009–present
VEPP2000 eþe− 1.0 24 4 × 1031 2010–present
S-KEKB eþe− 7þ 4 3016 8 × 1035a 2018–present
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CEPC, SppC, etc.) utilize double rings to achieve extremely
high luminosity by colliding a large number of bunches while
avoiding spurious collisions at undesired locations. The two
rings may store particles of the same type or particles and their

antiparticles or two different particle types, like electrons and
hadrons. In linear colliders, first proposed by Tigner (1965)
and then further developed for higher energy by Amaldi
(1976) and Balakin and Skrinsky (1979), the two colliding
beams are accelerated in linear accelerators (linacs) and
transported to a collision point, either with use of the same
linac and two arcs shown in Fig. 1(c) or in the simple two-
linac configuration depicted in Fig. 1(d). Other configurations
are possible and have been considered, including the linac-
ring schemes depicted in Fig. 1(e) or a collision of beams
circulating in a ring and a few-pass energy recovery linac
(ERL) [Fig. 1(f)].
In contrast to other types of accelerators, which have many

diverse applications, colliders have exclusively served the
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increase in energy of colliders, as demonstrated in Fig. 2. In
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Two immediate questions

• First question: How on earth is this possible? 

• New technology and R&D is needed: Muon colliders or WFA based e+e-


• Second question: How high of scale do we need for a physics case since 
we are colliding fundamental particles not composite ones?


• We’ll see, but a good target is  TeV 10/ab𝒪(10)

1) Higgs discovery 
2)Results of LHC to now 

3)New ideas for e and μ
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 ideas here too!



This actually matches well with the EF vision 
(Section 2.8.7)

Resource needs and plan for the five year period starting 2025: 
1. Prioritize HL-LHC physics program, 

2. Establish a targeted e+e− Higgs Factory detector R&D program for US participation in a global collider, 
3. Develop an initial design for a first stage Tev-scale Muon Collider in the US, with pre-CDR document at the end of this period,
4. Support critical detector R&D towards EF multi-TeV Colliders. 
Resource needs and plan for the five year period starting 2030: 
1. Continue strong support for the HL-LHC physics program, 
2. Support construction of a e+e− Higgs Factory, 
3. Demonstrate principal risk mitigation and deliver CDR for a first stage TeV-scale muon collider. 
Resource needs and plan after 2035: 
1. Evaluate continuing HL-LHC physics program to the conclusion of archival measurements, 
2. Begin and support the physics program of the Higgs Factories, 
3. Demonstrate readiness to construct and deliver TDR for a first-stage TeV-scale muon collider, 4. Ramp up funding support for 
detector R&D for EF multi-TeV Colliders. 
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So what are the physics cases?
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Higgs Factories - Well known physics case 

Nima Arkani-Hamed Conclusions from Higgs 10th Anniversary CERN talk

Also see Sally 
Dawson’s 

colloquium this 
Saturday 

Afternoon!



We’ve all probably seen this figure with the Higgs being the last 
piece of the SM and now we’re done?



Thermal 
History of 
Universe

Higgs 
Physics

Origin of 
EWSB? Higgs Portal 

to Hidden Sectors?

Stability of Universe

CPV and 
Baryogenesis

Origin of masses?

Origin of Flavor?

Is it unique?

Fundamental 
or Composite?

Naturalness

Thermal History of 
Universe

Origin of EWSB?

In reality we’ve just started (even 10 years on) given how unique 
the Higgs truly is!



Higgs factories let us study it to death, but there’s 
still a lot to do!

Tree
Higgs 
Width

yu ys yc yb yt ye yμ yτ λ3 λ4

LHC/HL-LHC 

ILC/C^3 250 

CLIC 380 
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CEPC 240
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No study 
Beyond HL-LHC

Higgs Factories are also discovery machines! 
Especially considering they are also EW Factories as well (e.g. TeraZ or GigaZ etc)



Remember that any deviation implies new physics

Standard Model balances on arbitrary Higgs Sector

But what scale can it imply?



Size of Higgs 
Coupling deviations?

Tree level origin 
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This sets two possible scales 
1) What we’d need to test deviations 
2) What we’d want to push beyond

Higgs factories probe the few TeV scale



A leptonic vision for the future
Higgs Factories High Energy

ILC 
 

CLIC 
FCC-ee 
CEPC 

… 
More in  forum talk 
Possible  staging

C3

e+e−

μ+μ−

10+ TeV Collider 
More in  forum talk 

10+ TeV WFA  collider  

μ
μ+μ−

e+e−

So what are the physics cases?



High Energy Lepton Collider - Physics Case

Also see Simone 
Pagan Griso’s 

colloquium this 
Saturday Afternoon!

Higgs looks 
SM-like so far

No clear signs 
of BSM

Preparing to go to high 
energies is obvious, and 
there is just as strong of 
physics case here as e.g. 

FCC-hh, but what are 
the scales that are 

particular interesting?



High Energy Lepton Collider Physics Case
• Most all the work in the last 2 years for the physics case is based on a 

10+ TeV muon collider - there is an ongoing integrated design study and 
an ability to do full simulation.  Lots of excitement due to CERN LDG 
accelerator roadmap showing ~20 years to start given R&D supportCERN Yellow Reports: Monographs, CERN-2022-001
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Fig. 5.3: A technically limited timeline for the muon collider R&D programme.

5.4 Muon beam panel activities
The panel employed three main routes to develop the input for the Roadmap:

• closed, fortnightly meetings of the panel to organise the work and to use the expertise of the
members;

• meetings of the muon collider collaboration, which address the R&D planning;

• dedicated community meetings and workshops that draw on the world-wide expertise.

Four community meetings were held in 2021.

• A workshop held from 24–25 March to assess the testing opportunities for the muon collider,
helped to arrive at a first definition of the scope of the demonstrator.

• A community meeting held from 20–21 May with nine working groups. These working groups,
coordinated by an international group of conveners, identified the key R&D challenges across the
project.

• A community meeting held from 12–14 July completed the formulation of the list of R&D chal-
lenges and prepared a set of proposals to address the key challenges that must be addressed before
the next ESPPU.

• A community meeting in October discussed the proposed roadmap and provided feedback to the
panel during the preparation of the final report.

This approach combined the expertise of the panel members, the participants in the new MC collabora-
tion, and the participants in the earlier efforts. Contributions from the US community were extremely
valuable, but necessarily limited pending the outcome of the ongoing US strategy process.
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If an electron based WFA collider has: 
 

Same energy 
Same luminosity 

Same beam quality 
Then physics case should be  

approximately the same! 

Timelines/differences are in ITF/AF

e+e−



Benefit is that you get to use the full energy of the collider 
gg
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A 10 TeV lepton collider can 
easily go beyond  

100 TeV pp depending on the 
process (and vice versa)

10 TeV is not the limit - just the study point for 
what is thought to be doable on paper already

Part of R&D is finding how high it can be pushed

Rule of thumb in  

Discovery reach to 

2 → 2

M ∼
s

2



High Energy Lepton Colliders  
are more than just lepton collisions

Can think of this as VV to H fusion, with VV initial states (PDF like for hadron colliders)

Vector Boson really wants to be soft or collinear….

This allows for an enhanced Higgs and EW production at high E since σ ∼ log E2
CM



High energy leptons allows us to push forwards 
on understanding the Higgs
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High energy leptons allows us to push forwards 
on understanding the Higgs
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⇤ No input used for µ collider
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FCC-hh

Fig. 5: Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV muon
collider with 10 ab�1 [18], compared with HL-LHC. The effect of measurements from a 250 GeV e

+
e
�

Higgs factory is also reported. Right panel: sensitivity to �� for different Ecm. The luminosity is as in
eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of 1.8 ab�1) is assumed [18].

In the right panel of the figure we see that the performances of muon colliders in the measurement
of �� are similar or much superior to the one of the other future colliders where this measurement
could be performed. In particular, CLIC measures �� at the 10% level [24], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [25]. A determination of �� that is way more
accurate than the HL-LHC projections is possible already at a low energy stage of a muon collider with
Ecm = 3 TeV.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, such as WW ! WW , has not been
performed. The key role played by the Higgs boson to eliminate the energy growth of the corresponding
Feynman amplitudes could be directly verified at a muon collider by means of differential measurements
that extend well above one TeV for the invariant mass of the scattered vector bosons. Along similar
lines, differential measurements of the WW !HH process has been studied in [6, 19] (see also [2]) as
an effective probe of the composite nature of the Higgs boson, with a reach that is comparable or superior
to the one of Higgs coupling measurements. A similar investigation was performed in [2,4] (see also [2])
for WW!tt, aimed at probing Higgs-top interactions.

5 High-energy measurements
Direct µ

+
µ

� annihilation, such as HZ and tt production reported in Figure 4, displays a number of
expected events of the order of several thousands. These are much less than the events where a Higgs or
a tt pair are produced from VBF, but they are sharply different and easily distinguishable. The invariant
mass of the particles produced by direct annihilation is indeed sharply peaked at the collider energy Ecm,
while the invariant mass rarely exceeds one tenth of Ecm in the VBF production mode.

The good statistics and the limited or absent background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy Ecm = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [26], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as WH or `⌫ are copiously produced at a muon collider. The electric charge mismatch with
the neutral µ

+
µ

� initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.
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Higgs factory is also reported. Right panel: sensitivity to �� for different Ecm. The luminosity is as in
eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of 1.8 ab�1) is assumed [18].

In the right panel of the figure we see that the performances of muon colliders in the measurement
of �� are similar or much superior to the one of the other future colliders where this measurement
could be performed. In particular, CLIC measures �� at the 10% level [24], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [25]. A determination of �� that is way more
accurate than the HL-LHC projections is possible already at a low energy stage of a muon collider with
Ecm = 3 TeV.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, such as WW ! WW , has not been
performed. The key role played by the Higgs boson to eliminate the energy growth of the corresponding
Feynman amplitudes could be directly verified at a muon collider by means of differential measurements
that extend well above one TeV for the invariant mass of the scattered vector bosons. Along similar
lines, differential measurements of the WW !HH process has been studied in [6, 19] (see also [2]) as
an effective probe of the composite nature of the Higgs boson, with a reach that is comparable or superior
to the one of Higgs coupling measurements. A similar investigation was performed in [2,4] (see also [2])
for WW!tt, aimed at probing Higgs-top interactions.

5 High-energy measurements
Direct µ
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� annihilation, such as HZ and tt production reported in Figure 4, displays a number of
expected events of the order of several thousands. These are much less than the events where a Higgs or
a tt pair are produced from VBF, but they are sharply different and easily distinguishable. The invariant
mass of the particles produced by direct annihilation is indeed sharply peaked at the collider energy Ecm,
while the invariant mass rarely exceeds one tenth of Ecm in the VBF production mode.

The good statistics and the limited or absent background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy Ecm = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [26], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as WH or `⌫ are copiously produced at a muon collider. The electric charge mismatch with
the neutral µ
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� initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.
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Higgs factory is also reported. Right panel: sensitivity to �� for different Ecm. The luminosity is as in
eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of 1.8 ab�1) is assumed [18].

In the right panel of the figure we see that the performances of muon colliders in the measurement
of �� are similar or much superior to the one of the other future colliders where this measurement
could be performed. In particular, CLIC measures �� at the 10% level [24], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [25]. A determination of �� that is way more
accurate than the HL-LHC projections is possible already at a low energy stage of a muon collider with
Ecm = 3 TeV.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, such as WW ! WW , has not been
performed. The key role played by the Higgs boson to eliminate the energy growth of the corresponding
Feynman amplitudes could be directly verified at a muon collider by means of differential measurements
that extend well above one TeV for the invariant mass of the scattered vector bosons. Along similar
lines, differential measurements of the WW !HH process has been studied in [6, 19] (see also [2]) as
an effective probe of the composite nature of the Higgs boson, with a reach that is comparable or superior
to the one of Higgs coupling measurements. A similar investigation was performed in [2,4] (see also [2])
for WW!tt, aimed at probing Higgs-top interactions.

5 High-energy measurements
Direct µ
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µ

� annihilation, such as HZ and tt production reported in Figure 4, displays a number of
expected events of the order of several thousands. These are much less than the events where a Higgs or
a tt pair are produced from VBF, but they are sharply different and easily distinguishable. The invariant
mass of the particles produced by direct annihilation is indeed sharply peaked at the collider energy Ecm,
while the invariant mass rarely exceeds one tenth of Ecm in the VBF production mode.

The good statistics and the limited or absent background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy Ecm = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [26], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as WH or `⌫ are copiously produced at a muon collider. The electric charge mismatch with
the neutral µ
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µ

� initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.
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High energy leptons let us push forwards numerous  
BSM directions as well!

Simple Singlet extension of SM

10 TeV very 
complementary with 

FCC-hh, 30 TeV 
blows away  
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Neutral Naturalness 
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Composite Higgs

A 10 TeV High 
Energy Lepton 

Collider extends 
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Naturalness and Supersymmetry Example
The Higgs at 125 GeV already 
suggested the SUSY scale was 

high, e.g. Stops ~ 10 TeV

In this case FCC-hh is superior to 
10 TeV for Stop Searches, but for 
20 TeV leptons the case would be 

reversed

In realistic models - EWinos/
Sleptons tend to be TeV scale 

which is WELL within reach of a 
10 TeV lepton collider
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WIMP DM - some cases colliders are better suited!
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High Energy Lepton Collider - Physics Case
A high energy lepton collider could allow one to break the energy/precision dichotomy 

that has arisen in the past decades - but needs R&D to support this alternative path

Moreover it gives a compelling alternative vision for the future!



Conclusions
• Lepton colliders are amazing precision tools but also can be discovery machines


• “Low Energy” Higgs/EW lepton colliders have the most obvious pressing 
physics case to study the most unique particle in universe we know, the Higgs


• Provides both precision for understanding Higgs and discovery windows for 
BSM portals


• “High Energy” lepton colliders allow us to understand even more about the 
Higgs and are a genuine BSM microscope to the shortest distances like hadron 
colliders - but with completely different technology


• Moreover, they can break the classic precision/energy dichotomy and “include” 
the lower energies as well



Conclusions
• Matching with the EF vision


• “Low energy” e+e- colliders are either shovel ready, or close to it, and 
many options - we must pursue it ASAP, wherever we can 

• “High energy” lepton colliders require new concepts and we must 
invest R&D now if we want an alternative path to the highest energies 
(and especially in context of having a future US HE collider)


• HE leptons could leapfrog protons into our lifetimes (<2070, eg ’s) 
and provide complementary or superseding physics depending on 
COM energy in a smaller more sustainable footprint

μ



Backup



Higgs Factories are also discovery machines! 
Especially considering they are also EW Factories as well (e.g. TeraZ or GigaZ etc)




