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Why do we care about these colliders?
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Why do we care about these colliders?
As the next to the last talk, hopefully you already know 
all the answers, but maybe you’ve been distracted…
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Any new collider project attempts some 
sort of optimization

Physics we’d 
like to study

Colliders we 
can build

Colliders we could 
build in X years
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Any new collider project attempts some 
sort of optimization

Physics we’d 
like to study

Colliders we 
can build

Colliders we could 
build in X years

In practice we 

have to really 

understand this
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This dance has played out over many decades 
following a bifurcation based on particle type
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(V. Shiltsev, 2012)

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)
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• Electron colliders collide fundamental particles - that exploit the full 
energy and don’t have large QCD backgrounds - BUT they suffer from 
synchrotron radiation and beamstrahlung from small mass 


• Proton colliders collide composite particles - that generate large QCD 
backgrounds and you use a fraction of the energy of beam for physics - 
BUT they have a much larger mass and avoid synchrotron radiation

Most basic difference:
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If you have a physics target, you can see by eye 
that electrons are easier!

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 leptons9



Therefore hopefully it will continue 
with CEPC/SPPC or FCC-ee/hh

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

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

aDesign.

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

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

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

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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The accelerator landscape is more nuanced

BUT, since this talk is about  and  
colliders, it turns out there are other 

possibilities as well:

e+e− μ+μ−

The physics capabilities are more varied

The physics needs have evolved with more data driving 
new efforts! (Both theoretical and experimental data)
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What’s a Higgs Factory?

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

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

An  collider 
dominated by 
ZH production

e+e−

12



These are also the only machines we know how to 
build “tomorrow”

Do they all do the job?
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+ other 
concepts that 

are close
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I have a strong dislike of showing tables 
of EFT operators or coupling modifiers

The difference between an uncertainty on  
of 1.2% vs 1.1% makes no real qualitative 

difference probing the scale of new physics

ghXX

δghXX ∼
v2

M2
NP

14



Indeed they all fit the bill and improve on LHC

Tree Higgs 
Widthyu ys yc yb yt ye yμ yτ λ3 λ4

LHC/HL-LHC 

ILC/C^3 250 

CLIC 380 

FCC-ee 240 

CEPC 240
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No study 
Beyond HL-LHC

Report of the 2023 Particle Physics Project Prioritization Panel

2: The Recommended Particle Physics Program 19

In addition, we recommend continued support for the following ongoing experiments at 
the medium scale (project costs > $50M for DOE and > $4M for NSF), including completion 
of construction, operations, and research: 

d. NOvA, SBN, T2K, and IceCube (elucidate the mysteries of neutrinos, section 3.1).

e.  DarkSide-20k, LZ, SuperCDMS, and XENONnT (determine the nature of dark matter, 
section 4.1).

f. DESI (understand what drives cosmic evolution, section 4.2).

g. Belle II, LHCb, and Mu2e (pursue quantum imprints of new phenomena, section 5.2).

The agencies should work closely with each major project to carefully manage the costs 
and schedule to ensure that the US program has a broad and balanced portfolio.

Recommendation 2: Construct a portfolio of major projects that collectively 
study nearly all fundamental constituents of our universe and their interactions, 
as well as how those interactions determine both the cosmic past and future. 

These projects have the potential to transcend and transform our current paradigms. They 
inspire collaboration and international cooperation in advancing the frontiers of human 
knowledge. Plan and start the following major initiatives in order of priority from highest 
to lowest:

a.  CMB-S4, which looks back at the earliest moments of the universe to probe physics 
at the highest energy scales. It is critical to install telescopes at and observe from 
both the South Pole and Chile sites to achieve the science goals (section 4.2).

b.  A re-envisioned second phase of DUNE with an early implementation of an enhanced 
2.1 MW beam — ACE-MIRT— a third far detector, and an upgraded near-detector 
complex as the definitive long-baseline neutrino oscillation experiment of its kind 
(section 3.1).

c.  An offshore Higgs factory, realized in collaboration with international partners, in 
order to reveal the secrets of the Higgs boson. The current designs of FCC-ee and 
ILC meet our scientific requirements. The US should actively engage in feasibility 
and design studies. Once a specific project is deemed feasible and well-defined (see 
also Recommendation 6), the US should aim for a contribution at funding levels com-
mensurate to that of the US involvement in the LHC and HL-LHC, while maintaining 
a healthy US onshore program in particle physics (section 3.2).

d.  An ultimate Generation 3 (G3) dark matter direct detection experiment reaching the 
neutrino fog, in coordination with international partners and preferably sited in the 
US (section 4.1).

e.  IceCube Gen-2, for study of neutrino properties complementary to DUNE and for indirect 
detection of dark matter covering higher mass ranges, using non-beam neutrinos as a 
tool. (section 4.1).

P5:
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Are all Higgs factories created equal? NO!

Circular Linear
Beam gets reused 

for higher lumi

Beam goes in a circle, 
so synchrotron radiation 

limits energy reach

1 pass only - 
Lower lumi

Avoids synchrotron 
radiation - can go to 

higher Energy
16



Higgs factories Linear

4.2 Power consumption

Estimates of power consumption for collider proposals are summarized in Table 11 and refer to the
total site power required by the collider complex for operation. Numbers provided by the proponents
were grouped into three categories. The lowest category is light blue (1) and indicates a power
consumption below 200 MW. The next category is blue (2), for a power consumption between 200
and 500 MW. The highest category is dark blue (3) and indicates a consumption larger than 500
MW. For reference, CERN’s annual electric energy consumption is about 1.3 TWh (2015), with a
peak power of about 230 MW at the times of the entire accelerator complex operational with the
LHC machine alone requiring some 120 MW.

One of the figures-of-merit for a collider is the luminosity-per-site power. Figure 4 shows the
luminosity-per-site power for each of the machines plotted in Figs. 1-3.

Figure 4. Figure-of-merit Peak Luminosity (per IP) per Input Power and Integrated Luminosity per TWh.
Integrated luminosity assumes 107 seconds per year. The luminosity is per IP. Data points are provided to the
ITF by proponents of the respective machines. The bands around the data points reflect approximate power
consumption uncertainty for the di�erent collider concepts.

4.3 Facility size

An overview of collider sizes (as provided by proponents) is shown in column 3 of Tab. 11. Collider
Size refers to either the length of a linear collider (main linac plus final focus) or the circumference
of a circular collider main ring, without the injector complex. The ITF defined four size categories
(shown in Tab. 11): light blue (1) for colliders that are designed to be shorter then 10 km, medium
blue (2) for colliders between 10-20 km, blue (3) for colliders between 20-50 km and dark blue (4)
for machines with a length or circumference larger than 50 km.

– 19 –

Circular

Snowmass Accelerator Implementation Task Force 17
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total site power required by the collider complex for operation. Numbers provided by the proponents
were grouped into three categories. The lowest category is light blue (1) and indicates a power
consumption below 200 MW. The next category is blue (2), for a power consumption between 200
and 500 MW. The highest category is dark blue (3) and indicates a consumption larger than 500
MW. For reference, CERN’s annual electric energy consumption is about 1.3 TWh (2015), with a
peak power of about 230 MW at the times of the entire accelerator complex operational with the
LHC machine alone requiring some 120 MW.
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4.3 Facility size

An overview of collider sizes (as provided by proponents) is shown in column 3 of Tab. 11. Collider
Size refers to either the length of a linear collider (main linac plus final focus) or the circumference
of a circular collider main ring, without the injector complex. The ITF defined four size categories
(shown in Tab. 11): light blue (1) for colliders that are designed to be shorter then 10 km, medium
blue (2) for colliders between 10-20 km, blue (3) for colliders between 20-50 km and dark blue (4)
for machines with a length or circumference larger than 50 km.

– 19 –
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FIG. 14: Left, Higgs boson production rates for e
+
e
� interactions as a function of collision energy [57]. Right: production

rates for µ
+
µ
� Higgs production as a function of collision energy, where the dashed curves correspond to annihilation cross

sections.

µ
+
µ
� and p-p, there are a larger number of Higgs bosons produced, new types of observables, new production modes

with top quarks, and multi-Higgs bosons which will be further discussed in the rest of this section.
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FIG. 15: Example of the recoil mass for 250 GeV e
+
e
� collision energy at ILC [51].

B. Future mass and width measurements

The Higgs mass is a fundamental parameter of theory and has implications for our understanding of the meta-
stability of the universe. In addition, it is a predicted quantity in certain BSM models, such as the MSSM[58]. The
ILC projects a measurement of mh from the position of the recoil mass peak in e

+
e
�

! Zh with a precision of
±14 MeV[59]. Similarly, the FCC-ee projects a mass measurement of 6-9 MeV statistical error with the potential to
improve this measurement further by including the Z ! e

+
e
� decay. This would lead to an ultimate precision of

�mh ⇠ 4 MeV with FCC-ee. At the HL-LHC CMS projects a measurement �mh ⇠ 30 MeV in the h ! ZZ ! 4l and
h ! �� channels[60], assuming detector upgrades give a 25% improvement in the 4µ resolution and a 17% increase
in the 4µ and 4e channels.

It was long thought that it was impossible to measure the Higgs width at the LHC, due to the smallness of the
SM Higgs width. However, it was realized in Refs. [61, 62] that the interference of the o↵-shell Higgs boson with
the full amplitude in the ZZ ! 4l channel is sensitive to the Higgs width. By comparing measurements above
the Higgs resonance and on the Higgs resonance, a measurable sensitivity to the width can be observed and CMS
has recently used this technique to obtain the first measurement �h = 3.2+2.4

�1.7 MeV [63]. The HL-LHC projects a

combined ATLAS-CMS width measurement of �h = 4.1+0.7
�0.8 MeV, corresponding to roughly a 17% accuracy using

If power consumption/
run plans similar it’s not 

surprising that the 
Higgs factory physics is 

similar
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Z factories - the type of “Higgs” Factory matters!

4.2 Power consumption

Estimates of power consumption for collider proposals are summarized in Table 11 and refer to the
total site power required by the collider complex for operation. Numbers provided by the proponents
were grouped into three categories. The lowest category is light blue (1) and indicates a power
consumption below 200 MW. The next category is blue (2), for a power consumption between 200
and 500 MW. The highest category is dark blue (3) and indicates a consumption larger than 500
MW. For reference, CERN’s annual electric energy consumption is about 1.3 TWh (2015), with a
peak power of about 230 MW at the times of the entire accelerator complex operational with the
LHC machine alone requiring some 120 MW.

One of the figures-of-merit for a collider is the luminosity-per-site power. Figure 4 shows the
luminosity-per-site power for each of the machines plotted in Figs. 1-3.

Figure 4. Figure-of-merit Peak Luminosity (per IP) per Input Power and Integrated Luminosity per TWh.
Integrated luminosity assumes 107 seconds per year. The luminosity is per IP. Data points are provided to the
ITF by proponents of the respective machines. The bands around the data points reflect approximate power
consumption uncertainty for the di�erent collider concepts.

4.3 Facility size

An overview of collider sizes (as provided by proponents) is shown in column 3 of Tab. 11. Collider
Size refers to either the length of a linear collider (main linac plus final focus) or the circumference
of a circular collider main ring, without the injector complex. The ITF defined four size categories
(shown in Tab. 11): light blue (1) for colliders that are designed to be shorter then 10 km, medium
blue (2) for colliders between 10-20 km, blue (3) for colliders between 20-50 km and dark blue (4)
for machines with a length or circumference larger than 50 km.

– 19 –
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TeraZ

GigaZ

19



Z factories - the type of “Higgs” Factory matters!

•Flavor physics - TeraZ allows one to go an 
order of magnitude beyond Belle II


•Light BSM physics - TeraZ allows to probe 
rare Z decays better (e.g. HNL)


•EW precision - TeraZ is an enormous jump 
(although polarization helps a LC)

20



Aside: Why can we do so well with Z 
factories now?

LEP1 had  Z bosons𝒪(107)
FCC-ee proposes  

Z bosons!
𝒪(1012)

Cross section is the same so we 
need a factor of  on Luminosity!105

21



Modern Z-factories
Is CERN planning to consume 5 orders of 

magnitude more power in a few decades??? NO! 

22



Modern Z-factories
Is CERN planning to consume 5 orders of 

magnitude more power in a few decades??? NO! 
Does digging an  km tunnel make all the 

difference? NO!
𝒪(100)
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Modern Z-factories

Ploss
sync ∼ ( E

m )
4 1

R

Is CERN planning to consume 5 orders of 
magnitude more power in a few decades??? NO! 
Does digging an  km tunnel make all the 

difference? NO!
𝒪(100)

27 km
91km

∼ 1/3

Synchrotron power loss is only about a factor of 3 better ≠ 105

24



Modern Z-factories
Enabled by accelerator physicists!

LEP1 beam current ~mA  
FCC-ee beam current ~ A RF power efficiency ∼ 103

NC SRF!→

Crab Cavity + Final Focus ∼ 102

You could in principle do TeraZ up to 240 GeV in a LEP length tunnel 
(of course no detailed implementation study exists)

Does not mean you can do entire FCC-ee program in LEP tunnel, 
eventually you run out of room for RF and other tricks!25



Circular  colliders also have another 
potential trick - electron Yukawa

e+e−

CG - May 19, 2024/ 38Patrick Janot

Comparisons with other scenarios
q Low-energy Higgs factories

u One million Higgs in three years at FCC-ee
u gHZZ and GH: typically twice better at FCC-ee

u Higgs self-coupling sensitivity only at FCC-ee

14 Novembre 2019
FCC France, LPNHE, Paris 8

q Unique to FCC-ee: Hee coupling
u 20 ab-1 / year at √s = 125 GeV   (not in baseline FCC-ee)

u Monochromatization s√s ~ 1-2 × GH ~ 6 to 10 MeV

l Resonant ee→ H production

l 2s excess in one year with 2 IP

l ±15% precion on ke in 3 years with 4 IP
è Not feasible at ILC or CLIC

# Higgs bosons:        500k        175k       1.1M           1.3M

First number: kappa fit / Second number: EFT fit

C
M

S
R

un
1

AT
LA

S
R

un
2

H
L-

LH
C

FC
C

-h
h

FC
C

-e
e

2 
IP

, 1
yr

FC
C

-e
e

4 
IP

, 3
yr

ek

1-10

1

10

210

310

Standard Model

ekUpper Limits / Precision on 

nn
 y

r

m
m

 y
r

The high luminosity, the precise control of the beam √s, the clean reconstruction of final states 
make it possible to observe:

25

The stuff we are made of: Ye.

L/5 
0.6σ

2IPs 
1.3σ

4IPs 
1.7σ

L×5 
3σ

Still working on optimizing luminosity vs monochromatization

= 5 yrs @ √s = 125 GeV

1IP/1yr 
0.4σ

I know of no models where it is relevant yet, but still super cool to get 
close to the 1st generation, should be a target for theory and experiment!

See C. Grojean’s talk
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If a circular  collider can do so much beyond a “Higgs 
factory”, are linear  colliders uninteresting? No!!!

e+e−

e+e− 15

FIG. 14: Left, Higgs boson production rates for e
+
e
� interactions as a function of collision energy [57]. Right: production

rates for µ
+
µ
� Higgs production as a function of collision energy, where the dashed curves correspond to annihilation cross

sections.

µ
+
µ
� and p-p, there are a larger number of Higgs bosons produced, new types of observables, new production modes

with top quarks, and multi-Higgs bosons which will be further discussed in the rest of this section.
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FIG. 15: Example of the recoil mass for 250 GeV e
+
e
� collision energy at ILC [51].

B. Future mass and width measurements

The Higgs mass is a fundamental parameter of theory and has implications for our understanding of the meta-
stability of the universe. In addition, it is a predicted quantity in certain BSM models, such as the MSSM[58]. The
ILC projects a measurement of mh from the position of the recoil mass peak in e

+
e
�

! Zh with a precision of
±14 MeV[59]. Similarly, the FCC-ee projects a mass measurement of 6-9 MeV statistical error with the potential to
improve this measurement further by including the Z ! e

+
e
� decay. This would lead to an ultimate precision of

�mh ⇠ 4 MeV with FCC-ee. At the HL-LHC CMS projects a measurement �mh ⇠ 30 MeV in the h ! ZZ ! 4l and
h ! �� channels[60], assuming detector upgrades give a 25% improvement in the 4µ resolution and a 17% increase
in the 4µ and 4e channels.

It was long thought that it was impossible to measure the Higgs width at the LHC, due to the smallness of the
SM Higgs width. However, it was realized in Refs. [61, 62] that the interference of the o↵-shell Higgs boson with
the full amplitude in the ZZ ! 4l channel is sensitive to the Higgs width. By comparing measurements above
the Higgs resonance and on the Higgs resonance, a measurable sensitivity to the width can be observed and CMS
has recently used this technique to obtain the first measurement �h = 3.2+2.4

�1.7 MeV [63]. The HL-LHC projects a

combined ATLAS-CMS width measurement of �h = 4.1+0.7
�0.8 MeV, corresponding to roughly a 17% accuracy using

New processes at 
higher energies

27



New processes means new 
measurement possibilities 26

collider Indirect-h hh combined
HL-LHC [78] 100-200% 50% 50%

ILC250/C3-250 [51, 52] 49% � 49%
ILC500/C3-550 [51, 52] 38% 20% 20%

CLIC380 [54] 50% � 50%
CLIC1500 [54] 49% 36% 29%
CLIC3000 [54] 49% 9% 9%
FCC-ee [55] 33% � 33%

FCC-ee (4 IPs) [55] 24% � 24%
FCC-hh [79] - 3.4-7.8% 3.4-7.8%
µ(3 TeV) [64] - 15-30% 15-30%
µ(10 TeV) [64] - 4% 4%

TABLE IX: Sensitivity at 68% probability on the Higgs cubic self-coupling at the various future colliders. Values for indirect
extractions of the Higgs self-coupling from single Higgs determinations below the first line are taken from [2]. The values quoted
here are combined with an independent determination of the self-coupling with uncertainty 50% from the HL-LHC.
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FIG. 27: Limits on the Higgs self-coupling at future machines.

GeV and at hadron machines (FCC-hh).
The proposed e

+
e
� Higgs factories—CEPC, ILC, C3 , CLIC, and FCC-ee—can access the Higgs self-coupling

through analysis of single Higgs measurements. This relies on the fact that these colliders will measure a large
number of individual single Higgs reactions with high precision, allowing an indirect analysis of possible new physics
contributions to the self coupling through loop e↵ects. It will be important to have data at two di↵erent center of
mass energies to increase the level of precision and this requires reaching the second stage of a staged run plan.

The values for the indirect Higgs measurement of the self-coupling given in Table IX are combined with a HL-LHC
projected error of 50% [2, 80]. Thus, only values well below 50% represent a significant improvement. The various
estimates are computed using di↵erent assumptions on the inclusion of SMEFT parameters representing other new
physics e↵ects. On the other hand, many of the values quoted for hh production are derived from fits including the
single parameter � only. At e

+
e
� colliders it is more straightforward to simulate the relevant backgrounds, but

there is less experience with the high-energy regime studied here. The uncertainties in the direct determinations at
e
+
e
� colliders are computed using full-simulation analyses based on current analysis methods. These have much room

for improvement when the actual data is available. The analyses at hadron colliders are based on estimates of the
achievable detector performance in the presence of very high pileup. These are extrapolations, but the estimates are
consistent with the improvements in analysis methods that we have seen already at the LHC.

The projected sensitivities to the Higgs boson self-coupling at the various future colliders are presented in Ta-
ble IX and shown graphically in Fig. 27. A measurement with O(20%) on the Higgs self-coupling would allow to
exclude/demonstrate at 5� some models of electroweak baryogenesis as discussed in Section V.

Light quarks contribute to the gluon fusion production of di-Higgs through loop e↵ects and can be used to place
limits on f [81]. The resulting limits on c and b do not improve on limits from single Higgs production. Di-
Higgs production at the HL-LHC does, however, provide some limits on the first generation Yukawa couplings as
shown in Figure 28. Without a UV model these large values of the first generation Yukawa couplings would be
hard to reconcile with other measurements. However, in Section V B1 we discuss how there is a new mechanism
that can easily accommodate shifts in the first and second generation Yukawa couplings without being conflict with
experimental data.

A variety of beyond the Standard Model scenarios predict new resonances decaying to a pair of Higgs bosons.

Snowmass Higgs report 2209.07510

 
sensitivity

κλ
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Linear colliders and Higgs physics

6

FIG. 4: A snapshot of future Higgs precision measurements of SM quantities based on the order of magnitude for the fractional
uncertainties with the range defined through the geometric mean. In this figure the first stages of each e

+
e
� Higgs factory are

shown in combination with the HL-LHC, as well as the HL-LHC separately. The Higgs factories are defined as those listed in
Section 2.2 of the Energy Frontier Report, excluding the 125 GeV muon collider whose timescale is in principle longer term.
The specific precision associated to each coupling can be found in Section IV and references therein. A * is put on the ILC
measurements for the strange Yukawa to single it out as a new measurement proposed during this Snowmass study, and is
discussed further in Section V B 1. The ? symbol is used in the case where an o�cial study has not yet been performed, for
example in the case of strange tagging for CLIC, FCC-ee, and CEPC. This does not mean that they can not achieve a similar
precision, but that it is yet to be demonstrated whether based on their detector concepts the measurement is worse or can be
improved.

FIG. 5: A snapshot of future Higgs precision measurements of SM quantities based on the order of magnitude for the fractional
uncertainties with the range defined through the geometric mean. In this figure the ultimate reach of states of all Higgs
factories and High Energy colliders are shown in combination with the HL-LHC results, as well as the HL-LHC separately.
All benchmarks and stages are defined in Section 2.2 of the Energy Frontier Report. The specific precision associated to each
coupling can be found in Section IV and references therein. A * is put on the ILC measurements for the strange Yukawa
to single it out as a new measurement proposed during this Snowmass, and this is discussed further in Section V B 1. The ?
symbol is used in the case where an o�cial study has not yet been performed, but does not connotate that it should be worse
than similar colliders, simply that whether it is better or worse based on detector design has not been demonstrated. Note
that compared to Figure 4, di↵erences between Higgs Factories based on Linear Colliders and Circular Colliders can be seen.
Additionally for the High Energy Colliders such as FCC-hh and the Muon Collider, both o↵er extensions beyond the original
Higgs factory proposals, of course on a longer timescale.

Is that all?
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One general theme we’ve heard this week, how do 
you think of precision?  

Coupling modifiers, SMEFT/HEFT, Toy Model, Full 
Model?
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One general theme we’ve heard this week, how do 
you think of precision?  
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Model?
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There is no such thing as a model 
independent interpretation!



One general theme we’ve heard this week, how do 
you think of precision?  

Coupling modifiers, SMEFT/HEFT, Toy Model, Full 
Model?
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There is no such thing as a model 
independent interpretation!
SMEFT IS A MODEL, NOT MODEL INDEPENDENT



Our modern understanding of QFT is based on 
Wilsonian Renormalization

Wilsonian renormalization 
says EVERYTHING is an 

EFT at low energy!

Why it works systematically is that all higher dimension operators contribute as ∼ ( E
Λ )

#>0
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This is why regardless of BSM physics

UV BSM theory + SM

SM + higher dimension interactions

Matching scale, like a 
new particle mass

34



This led to a modern renaissance for the LHC and 
EFTs trying to reverse the logic

UV BSM theory + SM

SMEFT, HEFT

=?Λ

However the RGE flow is irreversible!
35



EFTs are not model independent

UV theory

IR EFT

For example, integrating out 
the W,Z doesn’t give you a 

sizable new gluon gluon 
scattering operator!
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From bottom up measurements you know this too!

UV BSM theory + SM

SMEFT, HEFT

=?Λ
Cc

⇤2
cūcū
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<latexit sha1_base64="4sKcLRqrbtZot+UXGQLQWZhk7gY=">AAACD3icbVA7T8MwGHTKq5RXgJHFogIxVUlBgrGiCwNDkehDakLkOE5r1XEi20GqovwDFv4KCwMIsbKy8W9w2yBBy0mWT3ffyf7OTxiVyrK+jNLS8srqWnm9srG5tb1j7u51ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPmhO/e0+EpDG/VeOEuBEacBpSjJSWPPPYCQXCWdOTeeZc61yA7uo5lI6PRBbkP7dnVq2aNQVcJHZBqqBAyzM/nSDGaUS4wgxJ2betRLkZEopiRvKKk0qSIDxCA9LXlKOISDeb7pPDI60EMIyFPlzBqfo7kaFIynHk68kIqaGc9ybif14/VeGFm1GepIpwPHsoTBlUMZyUAwMqCFZsrAnCguq/QjxEuiClK6zoEuz5lRdJp16zT2v1m7Nq47KoowwOwCE4ATY4Bw1wBVqgDTB4AE/gBbwaj8az8Wa8z0ZLRpHZB39gfHwD5M6dNQ==</latexit>

Cb

⇤2
bd̄bd̄

<latexit sha1_base64="Vm9qqkY/wL2MDDrKBmSBFy3+Whk=">AAACD3icbVA7T8MwGHTKq5RXgJHFogIxVUlBgrGiCwNDkehDakLkOE5r1XEi20GqovwDFv4KCwMIsbKy8W9w2yBBy0mWT3ffyf7OTxiVyrK+jNLS8srqWnm9srG5tb1j7u51ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPmhO/e0+EpDG/VeOEuBEacBpSjJSWPPPYCQXCWdPz88y51rkA3dVz6Ds+ElmQ/9yeWbVq1hRwkdgFqYICLc/8dIIYpxHhCjMkZd+2EuVmSCiKGckrTipJgvAIDUhfU44iIt1suk8Oj7QSwDAW+nAFp+rvRIYiKceRrycjpIZy3puI/3n9VIUXbkZ5kirC8eyhMGVQxXBSDgyoIFixsSYIC6r/CvEQ6YKUrrCiS7DnV14knXrNPq3Vb86qjcuijjI4AIfgBNjgHDTAFWiBNsDgATyBF/BqPBrPxpvxPhstGUVmH/yB8fENlB+dAg==</latexit>

⇤ & 104 TeV
<latexit sha1_base64="CfdN1FzvyIoQhQuJMqFF9qeYQDo=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZAYUJWUSjBWsDAwFKkvqQmV47itVduJbAepirqz8CssDCDEyg+w8Tc4bQZoOZKlo3POle89Qcyo0o7zba2srq1vbBa2its7u3v79sFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfJ35nQciFY1EU09i4nM0FHRAMdJG6tsl79aEQwS9oTYpDl3nvuadeRzpkeRpk7SnfbvsVJwZ4DJxc1IGORp9+8sLI5xwIjRmSKme68TaT5HUFDMyLXqJIjHCYzQkPUMF4kT56eyWKTwxSggHkTRPaDhTf0+kiCs14YFJZjuqRS8T//N6iR5c+ikVcaKJwPOPBgmDOoJZMTCkkmDNJoYgLKnZFeIRkghrU1/RlOAunrxM2tWKe16p3tXK9au8jgI4BiVwClxwAergBjRAC2DwCJ7BK3iznqwX6936mEdXrHzmCPyB9fkDuOyaOQ==</latexit>

⇤ & 104 TeV
<latexit sha1_base64="CfdN1FzvyIoQhQuJMqFF9qeYQDo=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZAYUJWUSjBWsDAwFKkvqQmV47itVduJbAepirqz8CssDCDEyg+w8Tc4bQZoOZKlo3POle89Qcyo0o7zba2srq1vbBa2its7u3v79sFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfJ35nQciFY1EU09i4nM0FHRAMdJG6tsl79aEQwS9oTYpDl3nvuadeRzpkeRpk7SnfbvsVJwZ4DJxc1IGORp9+8sLI5xwIjRmSKme68TaT5HUFDMyLXqJIjHCYzQkPUMF4kT56eyWKTwxSggHkTRPaDhTf0+kiCs14YFJZjuqRS8T//N6iR5c+ikVcaKJwPOPBgmDOoJZMTCkkmDNJoYgLKnZFeIRkghrU1/RlOAunrxM2tWKe16p3tXK9au8jgI4BiVwClxwAergBjRAC2DwCJ7BK3iznqwX6936mEdXrHzmCPyB9fkDuOyaOQ==</latexit>

⇤ & 103 TeV
<latexit sha1_base64="0/ZWy3zqtAa+1Hts+x3f5XAPGGM=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZAYUJW0SDBWsDAwFKkvqQmV47itVduJbAepirqz8CssDCDEyg+w8Tc4bQZoOZKlo3POle89Qcyo0o7zba2srq1vbBa2its7u3v79sFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfJ35nQciFY1EU09i4nM0FHRAMdJG6tsl79aEQwS9oTYpDl3nvuadeRzpkeRpk7SnfbvsVJwZ4DJxc1IGORp9+8sLI5xwIjRmSKme68TaT5HUFDMyLXqJIjHCYzQkPUMF4kT56eyWKTwxSggHkTRPaDhTf0+kiCs14YFJZjuqRS8T//N6iR5c+ikVcaKJwPOPBgmDOoJZMTCkkmDNJoYgLKnZFeIRkghrU1/RlOAunrxM2tWKW6tU787L9au8jgI4BiVwClxwAergBjRAC2DwCJ7BK3iznqwX6936mEdXrHzmCPyB9fkDt1qaOA==</latexit>

CT

⇤2
(H†

DµH)2
<latexit sha1_base64="/UjoOSwSwNwtsMlkUT7e6oZ/u2s=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEiFoUoKEowVZejAUKS+pCaNHMdJrToP2Q5SFfUfWPgVFgYQYmVh429w2wzQciRLR+fco+t73IRRIQ3jW1tZXVvf2CxsFbd3dvf29YPDjohTjkkbxyzmPRcJwmhE2pJKRnoJJyh0Gem6o/rU7z4QLmgcteQ4IXaIgoj6FCOpJEc/t3yOcFZ3WpPMulM5Dw2qk3JjYHkoCAiHt44VprBxNqg6esmoGDPAZWLmpARyNB39y/JinIYkkpghIfqmkUg7Q1xSzMikaKWCJAiPUED6ikYoJMLOZjdN4KlSPOjHXL1Iwpn6O5GhUIhx6KrJEMmhWPSm4n9eP5X+tZ3RKEklifB8kZ8yKGM4LQh6lBMs2VgRhDlVf4V4iFRJUtVYVCWYiycvk061Yl5UqveXpdpNXkcBHIMTUAYmuAI10ABN0AYYPIJn8AretCftRXvXPuajK1qeOQJ/oH3+ADnpnRQ=</latexit>

⇤ & 10TeV
<latexit sha1_base64="ZFpqibYJf+FuRSmn+vnxzNrv/xs=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiQFVSkGCsYGFgKFJfUhNVjuO0Vm0nsh2kKurKwq+wMIAQK3/Axt/gtBmg5UiWjs45V773BAmjSjvOt1VaWV1b3yhvVra2d3b37P2DjopTiUkbxyyWvQApwqggbU01I71EEsQDRrrB+Cb3uw9EKhqLlp4kxOdoKGhEMdJGGtjQuzPhEEFvqE2KQ9fxzjyO9EjyrEU604FddWrODHCZuAWpggLNgf3lhTFOOREaM6RU33US7WdIaooZmVa8VJEE4TEakr6hAnGi/Gx2yRSeGCWEUSzNExrO1N8TGeJKTXhgkvmOatHLxf+8fqqjKz+jIkk1EXj+UZQyqGOY1wJDKgnWbGIIwpKaXSEeIYmwNuVVTAnu4snLpFOvuee1+v1FtXFd1FEGR+AYnAIXXIIGuAVN0AYYPIJn8ArerCfrxXq3PubRklXMHII/sD5/AHxXmZM=</latexit>

You must make model dependent assumptions to use it, otherwise 
you are guaranteed to see nothing at the LHC or future colliders!
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From bottom up measurements you know this too!

UV BSM theory + SM

SMEFT, HEFT

=?Λ
Cc

⇤2
cūcū

<latexit sha1_base64="pyrYAA8+8eaIs55vAdxXfkP5ga4=">AAACD3icbVA7T8MwGHTKq5RXgJHFogIxVUlBgrGiCwNDkehDakLkOE5r1XEi20GqovwDFv4KCwMIsbKy8W9w2yBBy0mWT3ffyf7OTxiVyrK+jNLS8srqWnm9srG5tb1j7u51ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPmhO/e0+EpDG/VeOEuBEacBpSjJSWPPPYCQXCWdPDeeZc61yA7uo5xI6PRJbmP7dnVq2aNQVcJHZBqqBAyzM/nSDGaUS4wgxJ2betRLkZEopiRvKKk0qSIDxCA9LXlKOISDeb7pPDI60EMIyFPlzBqfo7kaFIynHk68kIqaGc9ybif14/VeGFm1GepIpwPHsoTBlUMZyUAwMqCFZsrAnCguq/QjxEuiClK6zoEuz5lRdJp16zT2v1m7Nq47KoowwOwCE4ATY4Bw1wBVqgDTB4AE/gBbwaj8az8Wa8z0ZLRpHZB39gfHwDzRCdJw==</latexit>

Cs

⇤2
sd̄sd̄

<latexit sha1_base64="4sKcLRqrbtZot+UXGQLQWZhk7gY=">AAACD3icbVA7T8MwGHTKq5RXgJHFogIxVUlBgrGiCwNDkehDakLkOE5r1XEi20GqovwDFv4KCwMIsbKy8W9w2yBBy0mWT3ffyf7OTxiVyrK+jNLS8srqWnm9srG5tb1j7u51ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPmhO/e0+EpDG/VeOEuBEacBpSjJSWPPPYCQXCWdOTeeZc61yA7uo5lI6PRBbkP7dnVq2aNQVcJHZBqqBAyzM/nSDGaUS4wgxJ2betRLkZEopiRvKKk0qSIDxCA9LXlKOISDeb7pPDI60EMIyFPlzBqfo7kaFIynHk68kIqaGc9ybif14/VeGFm1GepIpwPHsoTBlUMZyUAwMqCFZsrAnCguq/QjxEuiClK6zoEuz5lRdJp16zT2v1m7Nq47KoowwOwCE4ATY4Bw1wBVqgDTB4AE/gBbwaj8az8Wa8z0ZLRpHZB39gfHwD5M6dNQ==</latexit>

Cb

⇤2
bd̄bd̄

<latexit sha1_base64="Vm9qqkY/wL2MDDrKBmSBFy3+Whk=">AAACD3icbVA7T8MwGHTKq5RXgJHFogIxVUlBgrGiCwNDkehDakLkOE5r1XEi20GqovwDFv4KCwMIsbKy8W9w2yBBy0mWT3ffyf7OTxiVyrK+jNLS8srqWnm9srG5tb1j7u51ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPmhO/e0+EpDG/VeOEuBEacBpSjJSWPPPYCQXCWdPz88y51rkA3dVz6Ds+ElmQ/9yeWbVq1hRwkdgFqYICLc/8dIIYpxHhCjMkZd+2EuVmSCiKGckrTipJgvAIDUhfU44iIt1suk8Oj7QSwDAW+nAFp+rvRIYiKceRrycjpIZy3puI/3n9VIUXbkZ5kirC8eyhMGVQxXBSDgyoIFixsSYIC6r/CvEQ6YKUrrCiS7DnV14knXrNPq3Vb86qjcuijjI4AIfgBNjgHDTAFWiBNsDgATyBF/BqPBrPxpvxPhstGUVmH/yB8fENlB+dAg==</latexit>

⇤ & 104 TeV
<latexit sha1_base64="CfdN1FzvyIoQhQuJMqFF9qeYQDo=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZAYUJWUSjBWsDAwFKkvqQmV47itVduJbAepirqz8CssDCDEyg+w8Tc4bQZoOZKlo3POle89Qcyo0o7zba2srq1vbBa2its7u3v79sFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfJ35nQciFY1EU09i4nM0FHRAMdJG6tsl79aEQwS9oTYpDl3nvuadeRzpkeRpk7SnfbvsVJwZ4DJxc1IGORp9+8sLI5xwIjRmSKme68TaT5HUFDMyLXqJIjHCYzQkPUMF4kT56eyWKTwxSggHkTRPaDhTf0+kiCs14YFJZjuqRS8T//N6iR5c+ikVcaKJwPOPBgmDOoJZMTCkkmDNJoYgLKnZFeIRkghrU1/RlOAunrxM2tWKe16p3tXK9au8jgI4BiVwClxwAergBjRAC2DwCJ7BK3iznqwX6936mEdXrHzmCPyB9fkDuOyaOQ==</latexit>

⇤ & 104 TeV
<latexit sha1_base64="CfdN1FzvyIoQhQuJMqFF9qeYQDo=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZAYUJWUSjBWsDAwFKkvqQmV47itVduJbAepirqz8CssDCDEyg+w8Tc4bQZoOZKlo3POle89Qcyo0o7zba2srq1vbBa2its7u3v79sFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfJ35nQciFY1EU09i4nM0FHRAMdJG6tsl79aEQwS9oTYpDl3nvuadeRzpkeRpk7SnfbvsVJwZ4DJxc1IGORp9+8sLI5xwIjRmSKme68TaT5HUFDMyLXqJIjHCYzQkPUMF4kT56eyWKTwxSggHkTRPaDhTf0+kiCs14YFJZjuqRS8T//N6iR5c+ikVcaKJwPOPBgmDOoJZMTCkkmDNJoYgLKnZFeIRkghrU1/RlOAunrxM2tWKe16p3tXK9au8jgI4BiVwClxwAergBjRAC2DwCJ7BK3iznqwX6936mEdXrHzmCPyB9fkDuOyaOQ==</latexit>

⇤ & 103 TeV
<latexit sha1_base64="0/ZWy3zqtAa+1Hts+x3f5XAPGGM=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZAYUJW0SDBWsDAwFKkvqQmV47itVduJbAepirqz8CssDCDEyg+w8Tc4bQZoOZKlo3POle89Qcyo0o7zba2srq1vbBa2its7u3v79sFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfJ35nQciFY1EU09i4nM0FHRAMdJG6tsl79aEQwS9oTYpDl3nvuadeRzpkeRpk7SnfbvsVJwZ4DJxc1IGORp9+8sLI5xwIjRmSKme68TaT5HUFDMyLXqJIjHCYzQkPUMF4kT56eyWKTwxSggHkTRPaDhTf0+kiCs14YFJZjuqRS8T//N6iR5c+ikVcaKJwPOPBgmDOoJZMTCkkmDNJoYgLKnZFeIRkghrU1/RlOAunrxM2tWKW6tU787L9au8jgI4BiVwClxwAergBjRAC2DwCJ7BK3iznqwX6936mEdXrHzmCPyB9fkDt1qaOA==</latexit>

CT

⇤2
(H†

DµH)2
<latexit sha1_base64="/UjoOSwSwNwtsMlkUT7e6oZ/u2s=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEiFoUoKEowVZejAUKS+pCaNHMdJrToP2Q5SFfUfWPgVFgYQYmVh429w2wzQciRLR+fco+t73IRRIQ3jW1tZXVvf2CxsFbd3dvf29YPDjohTjkkbxyzmPRcJwmhE2pJKRnoJJyh0Gem6o/rU7z4QLmgcteQ4IXaIgoj6FCOpJEc/t3yOcFZ3WpPMulM5Dw2qk3JjYHkoCAiHt44VprBxNqg6esmoGDPAZWLmpARyNB39y/JinIYkkpghIfqmkUg7Q1xSzMikaKWCJAiPUED6ikYoJMLOZjdN4KlSPOjHXL1Iwpn6O5GhUIhx6KrJEMmhWPSm4n9eP5X+tZ3RKEklifB8kZ8yKGM4LQh6lBMs2VgRhDlVf4V4iFRJUtVYVCWYiycvk061Yl5UqveXpdpNXkcBHIMTUAYmuAI10ABN0AYYPIJn8AretCftRXvXPuajK1qeOQJ/oH3+ADnpnRQ=</latexit>

⇤ & 10TeV
<latexit sha1_base64="ZFpqibYJf+FuRSmn+vnxzNrv/xs=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiQFVSkGCsYGFgKFJfUhNVjuO0Vm0nsh2kKurKwq+wMIAQK3/Axt/gtBmg5UiWjs45V773BAmjSjvOt1VaWV1b3yhvVra2d3b37P2DjopTiUkbxyyWvQApwqggbU01I71EEsQDRrrB+Cb3uw9EKhqLlp4kxOdoKGhEMdJGGtjQuzPhEEFvqE2KQ9fxzjyO9EjyrEU604FddWrODHCZuAWpggLNgf3lhTFOOREaM6RU33US7WdIaooZmVa8VJEE4TEakr6hAnGi/Gx2yRSeGCWEUSzNExrO1N8TGeJKTXhgkvmOatHLxf+8fqqjKz+jIkk1EXj+UZQyqGOY1wJDKgnWbGIIwpKaXSEeIYmwNuVVTAnu4snLpFOvuee1+v1FtXFd1FEGR+AYnAIXXIIGuAVN0AYYPIJn8ArerCfrxXq3PubRklXMHII/sD5/AHxXmZM=</latexit>

You must make model dependent assumptions to use it, otherwise 
you are guaranteed to see nothing at the LHC or future colliders!
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SMEFT IS A MODEL, NOT MODEL INDEPENDENT



Therefore if I want to talk about 
implications of precision I need to know 
the types of UV physics that can map to 

certain types of operators or observables!
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Let’s look at a particular example to see 
how this works, and why a Linear Collider 

can have other advantages in Higgs Physics
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Higgs physics isn’t just EFT/couplings: 
Cute example is the strange Yukawa

(a) Z ! ⌫⌫̄ channel

(b) Z ! `¯̀ channel

2 4 6 8 10 12 14

Tested POI, �s

0.0

0.2

0.4

0.6

0.8

1.0

1.2

C
L s

ILD Preliminary, L = 900 fb�1
p

s = 250 GeV, P (e�, e+) = (�80%, +30%)
95% CLs upper limit: 7.14

Expected CLs

±1� expected CLs

±2� expected CLs

� = 0.05

(c) Combined

Figure 22: CLs upper limit plots for the Higgs-strange coupling strength modifier, s, obtained from
fitting the yields in the Z ! ⌫⌫̄ and Z ! `¯̀ signal regions shown in Fig. 21. The combination fit using
both channels is also shown. The crossing of the black and red lines indicates the 95% confidence level.

32

ILC Snowmass study
A. Albert et al
2203.07535

This was done for ILC, but 
should be applicable to 
FCC-ee/CEPC (ECFA/

ESPPU)
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Higgs physics isn’t just EFT/couplings: 
Cute example is the strange Yukawa

(a) Z ! ⌫⌫̄ channel

(b) Z ! `¯̀ channel

2 4 6 8 10 12 14

Tested POI, �s
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0.4
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0.8
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1.2

C
L s

ILD Preliminary, L = 900 fb�1
p

s = 250 GeV, P (e�, e+) = (�80%, +30%)
95% CLs upper limit: 7.14

Expected CLs

±1� expected CLs

±2� expected CLs

� = 0.05

(c) Combined

Figure 22: CLs upper limit plots for the Higgs-strange coupling strength modifier, s, obtained from
fitting the yields in the Z ! ⌫⌫̄ and Z ! `¯̀ signal regions shown in Fig. 21. The combination fit using
both channels is also shown. The crossing of the black and red lines indicates the 95% confidence level.

32

1
Λ2

(shs̄)h2

We’ve heard about MFV, U(2) 
etc from very nice SMEFT 

talks this week, so do we ever 
care about this precision?

ILC Snowmass study
A. Albert et al
2203.0753542



Higgs physics isn’t just EFT/couplings: 
Cute example is the strange Yukawa

1
Λ2

(shs̄)h2

To generate such  or effect, you need BSM physics 
that couples to strange quarks and couples to the Higgs

𝒪

+
symmetry/dynamics to avoid Flavor bounds
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Higgs physics isn’t just EFT/couplings: 
Cute example is the strange Yukawa

1
Λ2

(shs̄)h2

To generate such  or effect, you need BSM physics 
that couples to strange quarks and couples to the Higgs

𝒪

+
symmetry/dynamics to avoid Flavor bounds
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Spontaneous Flavor Violation (SFV)
D. Egana-Ugrinovic, S. Homiller, PM 
1811.00017,1908.11376,2101.04119

New physics can couple in a strongly flavor dependent way if it is aligned in 
the down-type quark or up-type quark sectors with a sufficient symmetry to 

protect it: SFV provides this beyond Aligned Flavor Violation

For example: I could have a new BSM state at the EW scale that just couples to 
RH strange quarks and nothing else at tree level - perfectly consistent despite 

EFT flavor bounds on Kaon mixing naively setting a scale of 10000 TeV

This is symmetry protected, and there 
are simple UV completions!

45



SFV is general but let’s apply this to the Higgs 
with a 2HDM








I

1 1

mum

What is
a
a

Collider

NEWT
Design nastycostThomas

p

H - 2nd Higgs doublet
λHss̄

Nothing to do with SM 
strange Yukawa

If this was all there was, then an 
amusing signal generator for strange 

jet resonances
s

s̄
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SFV is general but let’s apply this to the Higgs 
with a 2HDM
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H - 2nd Higgs doublet
λHss̄

Nothing to do with SM 
strange Yukawa

It can modify “SM” 
Higgs strange couplings
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λ6Hh3 ∼
1
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(shs̄)h2

s

s̄
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H

⟨h⟩

h

Simple parameter space: 
 mass, coupling to 

strange, mixing with 
Higgs
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That’s not the only signal!

Flavor Bounds

Direct LHC Searches
(140 fb-1)

SM Higgs
Measurements (80 fb-1)

LE
P
Bo
un
d

ILD (900 fb-1)
w/ s-tagging

Figure 23: 95% CL bounds on the CP-even Higgs-strange Yukawa coupling �Hss̄ as well as on 125GeV
SM Higgs-strange Yukawa coupling �hss̄/�

SM

hss̄
(i.e., s) for the SFV 2HDM described in Refs. [23, 24]. The

limits are shown as a function of the mass of the CP-even Higgs, mH . The model assumes the CP-even
Higgs H, the CP-odd Higgs A, and the charged Higgs H

± are all degenerate (i.e., mH = mA = mH±)
– additionally, an alignment parameter of cos(� � ↵) = 0.1 is used for the h – H mixing. The green
line shows the bounds obtained from D – D̄ mixing as described in Ref. [23]; the purple lines show
the bounds obtained by requiring the inclusive gluon-gluon fusion cross section to be consistent with
combination measurements from ATLAS [79]; the blue lines show the bounds obtained H ! hh and
A ! Zh measurements from ATLAS and CMS [80, 81, 82]; and the pink line shows the bounds obtained
from the h ! ss̄ analysis presented in this paper. The dashed lines correspond to bounds expected from
the HL-LHC. Also shown are bounds from charged Higgs searches performed at LEP [83]. Drawn as
dotted lines are the contours for the 2HDM’s quartic coupling �6: L � (�6H

†
1
H1H

†
1
H2 + h.c.).

6 Proposal for an alternative detector layout

We have made a preliminary investigation of a possible Ring Imaging Cerenkov system (RICH) detector
capable of ⇡/K separation up to 25GeV at the SiD or ILD detectors. It has been discussed many
times that a gaseous RICH detector is the only way to reach ⇡/K separation up to 30–40GeV – see
Appendix E.

6.1 Overall concept

The detector concept is shown in Fig. 24. The initial choice for the RICH detector thickness was
25 cm active length; however, we also looked at a 10 cm active length to minimise the magnetic field
smearing e↵ect.15 The RICH detector is designed using spherical mirrors and Silicon Photomultipliers
(SiPMs – also referred to as SiPMTs) as photon detectors.16 Fig. 24 resembles the gaseous RICH
detector of the SLAC Large Detector’s (SLD’s) Cherenkov Ring Imaging Detector (CRID) [84]; however,

15The Cherenkov ring is smeared in the focal plane due to the helical motion of the particle in a large magnetic field –
see Section 6.2.4 for more details.

16The present design with SiPM detectors requires that the total neutron dose at RICH’s location is less than ⇠ 5 ⇥
1010 neq/10 years, for which the SiPM damage is expected to be low.
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That’s not the only signal!
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Figure 23: 95% CL bounds on the CP-even Higgs-strange Yukawa coupling �Hss̄ as well as on 125GeV
SM Higgs-strange Yukawa coupling �hss̄/�

SM

hss̄
(i.e., s) for the SFV 2HDM described in Refs. [23, 24]. The

limits are shown as a function of the mass of the CP-even Higgs, mH . The model assumes the CP-even
Higgs H, the CP-odd Higgs A, and the charged Higgs H

± are all degenerate (i.e., mH = mA = mH±)
– additionally, an alignment parameter of cos(� � ↵) = 0.1 is used for the h – H mixing. The green
line shows the bounds obtained from D – D̄ mixing as described in Ref. [23]; the purple lines show
the bounds obtained by requiring the inclusive gluon-gluon fusion cross section to be consistent with
combination measurements from ATLAS [79]; the blue lines show the bounds obtained H ! hh and
A ! Zh measurements from ATLAS and CMS [80, 81, 82]; and the pink line shows the bounds obtained
from the h ! ss̄ analysis presented in this paper. The dashed lines correspond to bounds expected from
the HL-LHC. Also shown are bounds from charged Higgs searches performed at LEP [83]. Drawn as
dotted lines are the contours for the 2HDM’s quartic coupling �6: L � (�6H
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6 Proposal for an alternative detector layout

We have made a preliminary investigation of a possible Ring Imaging Cerenkov system (RICH) detector
capable of ⇡/K separation up to 25GeV at the SiD or ILD detectors. It has been discussed many
times that a gaseous RICH detector is the only way to reach ⇡/K separation up to 30–40GeV – see
Appendix E.

6.1 Overall concept

The detector concept is shown in Fig. 24. The initial choice for the RICH detector thickness was
25 cm active length; however, we also looked at a 10 cm active length to minimise the magnetic field
smearing e↵ect.15 The RICH detector is designed using spherical mirrors and Silicon Photomultipliers
(SiPMs – also referred to as SiPMTs) as photon detectors.16 Fig. 24 resembles the gaseous RICH
detector of the SLAC Large Detector’s (SLD’s) Cherenkov Ring Imaging Detector (CRID) [84]; however,

15The Cherenkov ring is smeared in the focal plane due to the helical motion of the particle in a large magnetic field –
see Section 6.2.4 for more details.

16The present design with SiPM detectors requires that the total neutron dose at RICH’s location is less than ⇠ 5 ⇥
1010 neq/10 years, for which the SiPM damage is expected to be low.
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Let’s go back to our collider 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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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,
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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
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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
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VEPP-3 eþe− 1.55 74 2 × 1027 1974 to 1975
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collide. Historically, a single ring was often used for colliding
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are possible and have been considered, including the linac-
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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
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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
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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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at the Laboratori Nazionali di Frascati, led by Bruno
Touschek, which began the design of the first electron-
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2018), France (to where the AdA had been moved)
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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
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
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PETRA eþe− 23.4 2304 2.4 × 1031 1978–1986
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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
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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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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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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
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VEPP2000 eþe− 1.0 24 4 × 1031 2010–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.

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
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
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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,
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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
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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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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
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VEPP2000 eþe− 1.0 24 4 × 1031 2010–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
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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].

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
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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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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
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Circular Collider 
 wall?e+e−

Is this lepton/proton gap real?  
YES

IF we stick with 
current technology 
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What technologies can fill the gap?
Avoid synchrotron 

radiation of circular  
colliders

e+e−
Avoid infinitely long 
linear  colliderse+e−

Muon Collider WFA
High Energy + High 
Lumi in small ring

High energy in short package

Understanding Lumi and Power 
consumption w/staging still open 

question 

Don’t have enough info to do real 
pheno/exp studies yet

Once muons are cooled, much 
more like “conventional” collider 

Many synergies with neutrino physics 
and dovetails well with Fermilab 

Pheno and full sim studies done
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Why is it so important to fill this gap?
• We already have good reason to think we need to get to higher energy - both from 

data and theory - so we better make sure we can! 

• FCC-hh and SPPC follow the LEP/LHC paradigm - but we don’t know for sure if we can 
build detectors to get the physics out - 2070 makes it easy to not focus on it for now, 
but should we put all our eggs in one basket?


• What is the ultimate limit of protons?


• Have to keep going bigger - sustainability and political issues


• QM tells us we need to increase lumi roughly quadratically if we want to increase 
energy of our colliders, is this feasible?


• pp total cross section increases with , do our beams burn off too fast and power 
consumption spirals eventually?

s
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Even if we had the resources, it’s not clear how far 
we can go without supporting broad R&D

59

We can dream big like 
Fermi, but whether we 

can do it even if we had 
the resources is a 

different story



Why do we need higher energy?
• LHC dataset so far: Lack of BSM evidence


• Preparing for Higgs Factory Results


• Completing the Standard Model


• Higgs Mass + SUSY


• Minimal Dark Matter


• Electroweak Phase Transition
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Lessons learned from the LHC so far

1 TeV

Direct searches for new phenomena 
beyond the Standard Model roughly 
tells us that we are already probing 

up to the  1 TeV scale≳
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Lessons learned from the LHC so far
Can probe new physics 
indirectly as well and it 

implies a scale







I

1 I

h
h

h

Hnew

f

f̄
More complicated UV physics can be 

understood quantitatively at low energies 
using Wilsonian RGE/EFT techniques
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Lessons learned from the LHC so far
Can probe new physics 
indirectly as well and it 

implies a scale
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v2

M2
NP
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k ∼ 𝒪( % ) ⟹ MNP ≳ 𝒪(1) TeV



Lessons learned from the LHC so far

1 TeV

~1% tests on Higgs
Implies roughly the ~ TeV scale for NP 
which could cause such a deviation

There could still be new physics  
at  LHC/HL-LHC… but we need to 

invest NOW in R&D

Data suggests 
generically there is a gap from 

EW scale to scale of New Physics  

We need to be able to probe  
1 TeV≫
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This logic can be applied both ways to Higgs factories as well!
5

FIG. 3: Typical Higgs coupling deviations depending on whether the couplings are generated from new physics that generates
tree level e↵ects or loop level e↵ects primarily. Optimistically assuming all new physics couplings or ratios of new physics scales
are O(1) gives a conservative upper bound on the highest scales probed by Higgs coupling deviations. Based on assuming a
precision for Higgs coupling deviations of 1 ! .1% this shows that Higgs couplings probe scales from as weak as M ⇠ 100 GeV
to as strong as M ⇠ 5.5 TeV.

is crucial to combine the myriad of related measurements to understand fully the Higgs sector.
Given the basic link between the scale of new physics and the precision measurements of Higgs boson properties,

it is useful to survey the proposed experiments to understand which options reach the per cent or per mille accuracy.
This is clearly one of the main highlights of this report, as well as the previous European Strategy Group report [2].
In Section IV, the relevant inputs and specific projected sensitivities at various machines are shown. To give a more
global perspective we illustrate schematically the outcome for precision Higgs physics in Figures 4 and 5.

These snapshots di↵er from most in the literature in two key ways: First, the more coarse grained approach to
precision of the Higgs boson measurements, where we have delineated the capabilities based on the order of magnitude
of the uncertainty achieved. While the usual fine grained approach is found in Section IV, based on the arguments
about the scale of new physics probed, the di↵erence between a 1% and 2% measurement is not particularly crucial
compared to the order of magnitude. This is especially true because the projected inputs to Snowmass and ESG [2]
were derived with di↵erent levels of rigor and assumptions. As the LHC has demonstrated on numerous occasions,
even in a di�cult collider environment, experimental techniques can often surpass projections. Second, there are
numerous properties in the snapshot that are not typically listed in an EFT or ”” fits such as first generation
couplings, and the Higgs quartic coupling. This is to emphasize that the SM is far from being complete, and the
Higgs boson, as its central figure, requires continued experimental e↵ort to claim that the SM is “complete”. Finally
it also demonstrates where clearly more work is needed, including potentially new observables and ideas.

The summary of Higgs precision properties shown in Figures 4 and 5, of course, contain numerous caveats, as the
measurements of the various properties listed are done in very di↵erent ways. As displayed, it can be thought of as
akin to a “kappa-0” or EFT fit. Larger deviations in Higgs boson properties typically signify lower scale physics e↵ects
which are not captured by EFT/ fits, and di↵erential distributions or other observables may be key. Moreover, with
the Higgs portal motivation, there can be new decay modes of the Higgs which are not fully captured in Figs. 4-5.
There is no possible way to model independently characterize all BSM e↵ects on Higgs physics and going beyond this
summary requires model interpretations as discussed further in Section V. In this context, all EFT interpretations
should also be thought of as models with thousands of parameters. What Fig. 4-5 do show is that all of the currently
proposed colliders that are Energy Frontier benchmarks o↵er exciting windows into understanding the Higgs. To
further di↵erentiate amongst collider options requires understanding the di↵erences in the types of BSM physics that
these Higgs precision measurements correlate with, that we attempt to address more in Section V, as well as how
useful they are in the context of other Topical Group measurements. Additionally, one must ask the question what

If we see a deviation, we need 
to be able to at least reach 

greater than the few TeV scale

Whether 1% or .1% there are no 
guarantees that this precision is 

sufficient to break the SM, 
technology and cost driven 

Need to be prepared to reach 
well beyond Higgs factories 
rather than assume they will 

set the scale
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A 10 TeV muon collider would 
satisfy this!
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Completing the SM
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The Higgs is the most unique particle we’ve ever found 
and connected to so many questions about our universe

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?
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The SM Higgs is an unprecedented particle. 
LEP was a Z boson factory and produced   

~ 17 Million Z bosons 
Higgs Factories produce 
~ 1 Million Higgs bosons 

All major Branching Fractions are ≳ 𝒪(1%)
The same Higgs Branching Fractions  

span 8 to 20 ORDERS OF MAGNITUDE 
or more!If we’re ever to fully test the Higgs or Higgs 

potential we need a lot more than planned so far!
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If we need more Higgs and Di-Higgs what do we do?

Nev = ℒσ

Hard to increase

Lepton colliders can  
Increase this at high Energy

Similar concept to LHC/FCC-hh for why a muon collider can produce so many Higgs!
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μ +μ - Higgs Production
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Figure 4. Figure reproduced from [24] showing various Higgs process as a function of COM energy. The dashed curves
correspond to s-channel annihilation processes, while the solid curves all are from Vector Boson Fusion.

energy. Given this general chain of logic, it is therefore useful to consider various staging options based on
the physics outcomes that could be achieved.

The canonical example of a low energy stage of a muon collider is a machine running at 125 GeV
COM designed to produce the Higgs through an B-channel resonance. The idea of producing a Higgs
through the B-channel muon-antimuon annihilation goes back many decades, see for example [25]. However,
since the discovery of the Higgs in 2012, more detailed investigations have become available, pointing to
the unique opportunity of directly measuring the Higgs width by a lineshape mapping process. Such a
collider would also provide complementary Higgs coupling measurements, including a measurement of the
muon Yukawa coupling at the subpercent level. The scenario where one or more 4

+
4
� Higgs factories are

constructed will not render the 125 GeV muon collider an uninteresting staging option. On the contrary, as
shown in Ref. [26], there is a strong synergy between a 240 GeV 4

+
4
� and a 125 GeV muon collider due

to their different production channels. A combination of the two provides significantly better results on
the coupling determination than individual ones. This will be discussed further in Section 3.3, where also
the complementarity with measurements at 10 TeV is explicitly discussed. A possible disadvantage to this
particular staging option is that it requires beam conditions that are more challenging than those needed at a
higher energy muon collider.

There are of course other staging possibilities than 125 GeV or 3 TeV, although these have been worked
out in the most detail thus far. A balance has to be struck between what makes a high energy muon collider
so attractive in terms of luminosity and power consumption and the fact that lower energy stages would
necessarily come with lower luminosity. At this moment, further studies are needed to optimize a staging
plan to achieve the largest physics reach of a combined program within a muon collider and in conjunction
with other colliders. Nevertheless, there are some obvious interesting options, some of which have received
at least preliminary attention. For example, it was recently proposed that a muon collider running at the
2<C with foreseeable luminosities could provide a sufficiently precise top mass measurement to answer the
question of whether our universe is stable or metastable [27]. Additional possibilities for measuring the W
mass and top mass more precisely are given in Ref. [28]. At 10 TeV, a high energy muon collider also does
not provide a strong measurement of the top Yukawa coupling compared the the LHC in the standard CC̄⌘

analysis as can be understood from Figure 4. Although the ultimate sensitivity of a high energy muon collider
still needs investigated, as new methods for measuring couplings can open up with energy, for example the

– 11 –

(See Dario’s talk for more details)
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FIG. 2. Distributions for (a) EW PDFs fi(x) and, (b) par-
ton luminosities dLij/d⌧ versus

p
⌧ for

p
s = 30 TeV with a

factorization scale Q =
p
ŝ/2 (solid) and

p
ŝ (dashed).
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where ⌧ = ŝ/s with
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s (

p
ŝ) the collider (parton)

c.m. energy. The production threshold is ⌧0 = m
2
F /s.

In presenting our results for production of SM parti-
cles at a high-energy lepton collider, for definitiveness,
we consider a future µ

+
µ
� collider with multi-TeV en-

ergies. It is informative to first examine the parton lu-
minosities as shown in Fig. 2(b) for

p
s = 30 TeV versus

p
⌧ , with a variety of partonic initial states. The up-

per horizontal axis labels the accessible
p
ŝ. Although

we properly evolve the EW PDFs according to the un-
broken SM gauge groups, we convert the states back for
the sake of common intuition, shown in the figure for
µ
+
µ
�
, ⌫µ⌫̄µ, ��/ZZ/�Z, WTWT and WLWL. We see

that the fermionic luminosities peak near the machine
c.m. energy ⌧ ⇡ 1, while the gauge boson luminosities,
generically called vector boson fusion (VBF) dominate at
lower partonic energy

p
ŝ. As noted earlier, the neutral

gauge boson luminosities are the largest, followed by WT

and WL.
We emphasize the “inclusiveness” of the production

processes. For example, for an exclusive final state of

tt̄ production, one needs to sum over all the observa-
tionally indistinguishable partonic contributions in the
initial state µ

+
µ
�
, ��, �Z,ZZ,W

+
W

�
! tt̄. Contribu-

tions from the quark and gluon initial states are sub-
leading as seen in the parton luminosities in Fig. 2(b),
and we do not include them in the cross section calcula-
tions throughout this letter. Since the collinear remnants
are not observationally resolved, one cannot separate the
µ
+
µ
�
/⌫µ⌫̄µ annihilations from the VBF. For this reason,

we call such processes, i.e., µ+
µ
�
! tt̄ “semi-inclusive”.

This is analogous to the tt̄ production at hadron colliders
from the partonic sub-processes qq̄, gg ! tt̄.
In Fig. 3(a), we show the semi-inclusive production

cross sections at a µ
+
µ
� collider versus the collider

c.m. energy
p
s from 1 TeV to 30 TeV. We choose the fac-

torization scale Q =
p
ŝ/2 in calculating the EW PDFs.1

The solid curves are the total cross sections for the semi-
inclusive processes for

µ
+
µ
�
! W

+
W

�
, H, ZH, tt̄, HH and tt̄H, (7)

combining the contributions from both fermionic initial
states and the VBF. We indicate the VBF contributions
by the dashed curves,2 and the fermionic contributions
by the dotted curves, respectively, below the solid curves.
It is important to note that, although there is no logarith-
mic evolution for the WL PDF, the partonic sub-process
cross sections are much enhanced for WLWL, ZLZL !

tt̄, tt̄H and H,ZH,HH, due to the Goldstone-boson in-
teractions. The VBF processes take over the annihilation
channels at higher energies

p
s ⇡ 2.3, 3.5, 6.5 TeV for

W
+
W

�
, tt̄ and tt̄H, respectively. To appreciate the in-

dividual contributions from the underlying partonic sub-
processes, we decompose them for the process µ+

µ
�
! tt̄

versus the c.m. energy, as shown in Fig. 3(b) for µ
+
µ
�,

��/�Z/ZZ, WTWL, WLWL as well as WTWT . As ex-
pected, the QED contribution remains to be the leading
channel. Not well appreciated, the WTWL/WLWL con-
tributions become as significant.
We now examine the kinematic distributions for

the final state tt̄ system, for the individual contribu-
tions µ

+
µ
�
, �/Z,WTWL,WLWL and WTWT . Shown in

Fig. 4(a) are the normalized invariant mass distributions
mtt̄. We see that, for the µ

+
µ
� annihilation, the distri-

bution is sharply peaked at the collider c.m. energy, with
a tail due to the radiative return. For the VBF, they are
peaked after the 2mt threshold. We show in Fig. 4(b)
the normalized rapidity distributions of the system ytt̄.
Again, events from the µ

+
µ
� annihilation are sharply

1To validate the EW PDF approximation, we have imposed an
angular cuto↵ for the W/Z initiated processes in the c.m. frame
cos ✓ < 1 � m

2
/ŝ, where m is the relevant particle mass involved

in the process. We have included a tighter cut cos ✓ < 0.99 andp
ŝ > 500 GeV for the W

+
W

�
, ZH final states.

2Many of the VBF processes have been calculated recently in
Ref. [27] at the tree-level. We have good agreements with theirs
where ever they overlap.

PDFs from BSM searches to astrophysics

Particle Data Group 2016

Parton Distributions are an essential 
requirement for LHC phenomenology

Important for precision SM measurements  
(like MW), characterisation of Higgs sector, 
Monte Carlo event generators, and also for 
many BSM searches

Recent years have seen a revolution in 
global PDF analyses: PDFs with LHC data, 
PDFs with QED corrections, PDFs with all-
order resummations, PDFs tailored for 
neutrino telescopes, model-independent 
intrinsic charm fits, ….

Protons Muons
valence peaks at x~.2 

sea of quarks and gluons below
muons and neutrinos peak at x~1 

EW + more sea

Both FCC-hh and Col have a robust low-x (SM) program 
- not just absolute reach - but different backgrounds!

μ
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What does this get you?
10 TeV μ+μ- @ 10 ab-1

250 GeV e+e- + HL-LHC
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Figure 13. The current state of the art for Higgs couplings at a 10 TeV µ
+
µ
� collider in isolation

compared to the combination of a 250 e
+
e
� collider and the HL-LHC, and we use the fitting

procedure described in Appendix B. Here 3 is the trilinear Higgs self-coupling result from [4, 15].
We have used the assumption |f | < 1 for other couplings for the muon collider, which gives strictly
weaker precisions than the assumption |V | < 1 and is justified for theories violating |V | < 1 after
incorporating direct searches at the muon collider. No assumptions are made for the 250 GeV e

+
e
�

+ HL-LHC fit, since the direct search reach is not high enough to justify any. The muon collider
fit results assume forward muon tagging up to |⌘|  6 and use the off-shell yt constraint of 1.5%
from [32, 33].

single Higgs couplings demonstrated in this paper, as well as measurement of the triple Higgs
coupling [4, 15] and a measurement of the top Yukawa using interference methods [32, 33]
in Figure 13.

Clearly, as shown in Figure 13, a high energy muon collider provides a striking advance
for single Higgs precision, exotic branching fractions and multi Higgs tests, even if it were
to be the only collider built post LHC. If a Higgs factory is built beforehand it would
add complementary knowledge. However, by fixating on Higgs precision alone it projects
our knowledge of EWSB into a lower dimensional space and does not accurately reflect
the abilities of a muon collider. Obviously the true hope of any new collider is to find a
deviation in the Higgs sector which could shed light on the numerous fundamental questions
the Higgs has left us with. However, this means we need to understand the testable space
not just in Higgs couplings, but in a UV “model” space as well. From this perspective we can
unfold any EFT or coupling modifier prescription into a mass and coupling plane for new
Higgs physics [25, 101]. A given single Higgs precision measurement lives solely on a curve

– 28 –

2308.02633 M.Forslund, PM
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A 10 TeV muon collider wouldn’t 
complete the SM but it would be a next 

logical step beyond Higgs factories!
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SUSY and the Higgs
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Naturalness!
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Figure 5: Allowed values of the OS stop mass reproducing mh = 125 GeV as a function of the stop mixing, with
tan� = 20, µ = 300 GeV and all the other sparticles at 2 TeV. The band reproduce the theoretical uncertainties
while the dashed line the 2� experimental uncertainty from the top mass. The wiggle around the positive maximal
mixing point is due to the physical threshold when mt̃ crosses M3 +mt.

renormalization scale—even if the on-shell squark masses are positive, the DR stop mass becomes
highly sensitive to the renormalization scale when the gluino is more than a factor of 2÷3 above
it, which results in an instability of the estimate of the Higgs mass. What is happening is that
the physical on-shell squark masses becomes tuned and highly sensitive to the soft parameters.
The situation is similar to trying to compute the Higgs mass in terms of the soft parameter m2

Hu

instead of the on-shell (tuned) EW vev v.

All these problems disappear in the OS scheme, the gluino decouples up to a physical log
correction [16], there are no tachyons since the physical OS masses are given as input and larger
hierarchies can be introduced safely within the SUSY spectrum (with the usual caveat that large
logarithms may require resummation). Besides, the input masses are directly the physical quan-
tities to be compared with experiments.

For these reasons we also performed our computation in the OS scheme. Fig. 5 shows an
application of such calculation. It corresponds to the region of allowed OS stop masses (taken
degenerate in this case) which reproduces the observed Higgs mass for di↵erent At-terms. Our
definition of At in the on-shell scheme, eq. (27), is di↵erent from the usual one, this explains why
the point of maximal mixing is not at Xt/mt̃ ' 2. In the spirit of natural SUSY [46–48] we kept
the higgsino light at 300 GeV while the gauginos and first generation squarks safely above collider

14

While some people got depressed 
about a lack of SUSY at LHC, if 
you trusted the theory the Higgs 

mass told you not to worry!

1504.05200 J.Vega, G.Villadoro

A natural theory should have 
implications for the actual Higgs 

mass, and the MSSM says the scale 
should be high for  GeVmh = 125

I take QFT and spacetime symmetries very seriously!
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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

FCC-hh is superior to 10 TeV 
muon collider for Stop Searches, 

given colored particle nature

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

which is within reach of a 10 TeV 
muon collider

FCC-hh

HL-LHC

μ
30 TeV

14
 Te

V
10

 Te
V

discovery reach
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The simplest models of WIMP DM still are untested directly!
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Testing the simplest WIMPs

78
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beyond the minimal scenario. The loop-induced mass splitting among the components of the EW multiplet
also results in a disappearing track signature which can enhance the reach but is more sensitive to the mass
splitting and detector backgrounds.

The basic lesson from Fig. 1-37 is that high energy colliders, such as a hadron collider with ECM ' 100 TeV
or a Muon Collider with ECM ' 10 TeV, can definitively test these scenarios. High energy e+e� colliders,
with energies up to 3 TeV, can cover lower-mass regions.

X+MET inclusive

Disappearing track

Kinematic limit, 0.5 � ECM
Precision measurement

Thermal target
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wino 2 σ Reach

Figure 1-37. A summary of the reach of future colliders for simple WIMPs from four search strategies,
as indicated in the legend. For comparison, the reaches of the direct and indirection detectors are also
included (orange bars at top). For lepton colliders where a detailed study is not available, the kinematic
limit m� = 0.5 ⇥ ECM is used to indicate potential reach; Muon-collider studies suggest this is likely to be
an overestimate. Hadron-collider projections are from [440, 502], while lepton-collider projections are from
projections in [441, 496, 497].

Higgs mediation. DM could also couple to the SM via portals, which is a direct coupling via gauge-
invariant operators. The Higgs boson provides a prime example: as a spin-0 particle, this ‘Higgs portal’
allows a renormalizable coupling with the DM that can have a sizable e↵ects on SM Higgs properties.
Searches at colliders are powerful probes of the Higgs portal. For example, DM production would enhance
tiny rate of invisible decays of the Higgs predicted by the SM, provided the DM mass is less than half the
Higgs mass. Precision measurements of the Higgs couplings, another main objectives of a future collider,
would also contribute to probe the Higgs portal scenario. Future prospects for the Higgs portal were studied
in the European Strategy physics Briefing Book [412] and are discussed in the BSM Topical Group report [18].

Models involving a larger extension of the scalar sector can also be probed with Higgs measurements and
BSM Higgs searches. Example of such extensions are the Inert Doublet Model, where an extra scalar doublet
provides a DM candidate, and a 2HDM where an additional pseudoscalar has direct couplings to DM. The
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A 10 muon collider is extremely well suited for this!



Testing the EWPT
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Next era in SM history is the “Electroweak 
Phase Transition”

Higher T

80

T=0

h

V(h)

T⪢TEW
h

V(h)

What is the phase diagram of the 
Electroweak Symmetry?



However, we don’t know that there was symmetry 
restoration at temperatures  EW scale!≫

Unrestored Electroweak Symmetry 

PM, H. Ramani 
1807.07578
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Higher T?

Even if it is restored we don’t know the order of 
the phase transition experimentally
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Proxy for understanding the early Universe are Higgs self interactions:  
Probe the Higgs self interactions to at least λ3 ∼ 𝒪(1) %



High energy lets us finally improve on Higgs Potential 
HL-LHC HL-LHC HL-LHC

+10 TeV +10 TeV
+ ee

W 1.7 0.1 0.1
Z 1.5 0.4 0.1
g 2.3 0.7 0.6
� 1.9 0.8 0.8
Z� 10 7.2 7.1
c - 2.3 1.1
b 3.6 0.4 0.4
µ 4.6 3.4 3.2
⌧ 1.9 0.6 0.4


⇤
t 3.3 3.1 3.1

⇤ 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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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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HL-LHC
10 TeV Colμ

We can get to threshold for understanding if the EW 
phase transition is 1st order at the EW scale with a Colμ



See other examples in Dario’s and 
Nadia’s talks for Col and literature!μ

84



A leptonic vision for the future
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Conclusions
• Circular and Linear Higgs Factories offer complementary physics cases and are far 

beyond just being “Higgs Factories”


• Getting to higher energy is necessary not optional!


• Muon Colliders and WFA provide alternative routes to protons that change the 
energy OR precision paradigm


• We must support R&D along all paths, e.g. instead of a first stage muon collider 
being potentially 20 years away it could have been 10 if accelerator R&D was 
better supported in the past


• If the world ended up with an FCC path at CERN and Muon Collider at Fermilab this 
would be amazing for physics and HEP in general, but let’s do the work to make 
sure we have options!
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Sarah Cousineau (ORNL)
Nathaniel Craig (UCSB)
Sridhara Dasu (Wisconsin)
Karri Folan DiPetrillo (Chicago)
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Organizing
Committee

Fermilab, August 7-9, 2024

If you’re in the US come join 
us as this is (IMCC) and must 

continue to be an 
international effort!  

Or there is a nice GGI 
program next summer if 

you prefer Firenze…
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