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Outline

•Why does the US HEP community 
want a muon collider?


•What does a muon collider look like?


•How could a muon collider benefit NP?
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US HEP* planning via P5 and National Academy

Exploring the Quantum Universe: Pathways to Innovation and Discovery in Particle Physics

Exectuvie Summary 1

Particle physics studies the smallest constituents of our vast and 
complex universe. At such small scales, the fundamental principles 
of quantum physics prevail. Remarkably, the entire observable uni-
verse, now billions of light years across, was once small enough to 
be quantum in nature. Its quantum history is imprinted on its large-
scale structure. 

Past successes in particle physics have revolutionized our understanding of the universe 
and prompted a new set of questions. Collectively, these questions have spurred the 
construction of state-of-the-art facilities, from particle accelerators to telescopes, that 
will illuminate the profound connections between the very small and the very large. We 
stand on the threshold of a new era of insight and discovery.

The 2023 Particle Physics Project Prioritization Panel (P5) was charged with devel-
oping a 10-year strategic plan for US particle physics, in the context of a 20-year global 
strategy and two constrained budget scenarios. An essential source of input was the 2021 
Snowmass Community Planning Exercise organized by the Division of Particles and Fields 
of the American Physical Society. The panel received additional input from several other 
sources, including town hall meetings, laboratory visits, and individual communications. 
We found this input aligned with three overarching science themes. Within each theme we 
identified two focus areas, or science drivers, that represent the most promising avenues 
of investigation for the next 10 to 20 years.

Decipher  
the  
Quantum 
Realm

Elucidate the Mysteries  
of Neutrinos

Reveal the Secrets of  
the Higgs Boson

Explore  
New  
Paradigms  
in Physics

Search for Direct Evidence 
of New Particles

Pursue Quantum Imprints  
of New Phenomena

Illuminate  
the  
Hidden  
Universe

Determine the Nature  
of Dark Matter

Understand What Drives 
Cosmic Evolution

P5 recommended R&D towards 
a 10 TeV pCM collider, singling 
out our “muon shot” in the US

NAS highest recommendation: an 
immediate R&D program towards the 

US hosting a muon collider around the 
middle of the century

3



At the most basic level a muon 
collider is a path to higher energies

Certain questions about nature require 
going to high energies/shorter distances
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Why are we here? 

Where did we come from? 

Where are we going?
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The LHC has given us more questions than answers!



Spontaneous Symmetry Breaking  
and our place in the universe
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Spontaneous Symmetry Breaking  
and our place in the universe
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Underlying dynamics 
Composite Higgs Radiative Symmetry Breaking

…



Origin and Fate of the Universe?
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Higher T Stability of  
Vacuum?



We often (over)simplify this for exposition
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It makes it easy to understand why energy matters, however, 
exploring/measuring the vacuum of our universe is more than κ3
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Fig. 8.8: Illustration of the effective understanding of the Higgs potential provided by the 95%
CL uncertainties on !3 obtained by the CMS experiment at the LHC and expected at the HL-
LHC [ID170], LCF [ID140], FCC-hh [ID227, ID247], and a 10-TeV muon collider [ID207].
Shaded regions show the 95% uncertainty on !3, interpreted as variations in the Higgs potential
within the SMEFT-6 parameterization, where trilinear coupling effects dominate. The solid
black line is the SM prediction, while the dashed grey line represents the effective potential of
a Z2-symmetric singlet scalar with quartic coupling a2 = 8 and mass µS = 4mt .

Fig. 8.9: Parameter space of the singlet scalar leading to a first-order electroweak phase transi-
tion as a function of the universal shift to all Higgs couplings (cH) and corrections to the Higgs
self-coupling, at 95% CL.

129

κ3

h

V(h)



Any deviation in a SM parameter must have an origin
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The Beam Energy Scan at the Relativistic Heavy Ion Collider 3

Figure 1. A conjectured QCD phase diagram with boundaries that define various states of QCD matter.

1. Introduction

A major goal of high-energy nuclear collisions is to determine the phase diagram for
matter that interacts via the strong nuclear force. In contrast to the countless, very distinct
phase diagrams found in condensed matter physics, the phase diagram probed in heavy-ion
collisions is a unique and fundamental feature of Quantum Chromodynamics (QCD). The
most experimentally accessible way to characterize the QCD phase diagram [1] is in the plane
of temperature (T ) and the baryon chemical potential (µB) [2]. Figure 1 is a conjectured
version with µB on the horizontal axis. It shows a schematic layout of the phases, along with
hypothesized indications of the regions crossed in the early stages of nuclear collisions at
various beam energies.

Hadronic matter is a state in which the fundamental constituents, quarks and gluons, are
confined in composite particles, namely baryons and mesons. At high energy densities, QCD
predicts a phase transition from a hadronic gas (HG) to a state of deconfined, partonic matter
called the quark-gluon plasma (QGP) [3, 4]. In hot and dense QCD matter, the hadrons are
melted into their constituent quarks, and the strong interaction becomes the dominant feature
of the physics. In addition to the confined-deconfined transition, a chiral phase transition is
postulated. Since the intrinsic scale of QCD is LQCD ⇠ 200 MeV, it is conceivable that the
chiral phase transition line extends from around T ⇠ LQCD at low baryon number density (nB)
to around nB ⇠ L3

QCD ⇠ 1/fm�3 at low T .
Lattice QCD calculations have established that the quark-hadron transition to be a

crossover transition at the temperature around 154 MeV for µB = 0 [5, 6, 7, 8, 9]. On the

(STAR whitepaper)

We’d like to understand the EW phase diagram analogously to the QCD phase diagram

A more complex vacuum



What are the paths to the highest energies?
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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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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Muons unlock a new way!
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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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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Figure 1 presents the most common arrangements of

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

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

diverse applications, colliders have exclusively served the
needs of frontier particle-physics research [or what is now
called high-energy physics (HEP) and nuclear physics]. The
ever-growing demands of particle-physics research drove the
increase in energy of colliders, as demonstrated in Fig. 2. In
the figure, the triangles represent maximum c.m.e. and the
start of operation for lepton colliders (mostly eþe−), while
full circles represent hadron (protons, antiprotons, ions,
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start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
(triangles). Adapted from Shiltsev, 2012a.
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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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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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Tevatron pp̄ 980 6283 4.3 × 1032 1987–2011
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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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start of operation. Solid and dashed lines indicate a tenfold
increase per decade for hadron (circles) and lepton colliders
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luminosity L, and years of luminosity operation [i indicates ions;
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Why not just wait for FCC-hh at CERN? 

The potential to do something sooner isn’t the most well 
received argument when budgets are extremely tight…
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Composite versus Fundamental* and 10 TeV pCM 3

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).

partonic sub-process cross section �̂
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where ⌧ = ŝ/s with
p
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.
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Fig. 8.7: Direct and indirect limits on a singlet scalar mixing with the Higgs boson as a function
of singlet mass mS and squared mixing angle sin2 ! in the “custodial limit” BR(S → hh) =
BR(S → ZZ) = BR(S → WW )/2. Solid curves indicate direct search limits, dot-dashed curves
indicate indirect limits on the T -parameter, and dashed horizontal lines indicate indirect limits
on the universal shift to all Higgs couplings (cH), at 95% CL. Dotted grey curves indicate
two characteristic scalings of the mixing angle as a function of the singlet mass corresponding
to an independent singlet vacuum expectation value and an EWSB-induced singlet vacuum
expectation value, respectively.

Higgs potential inferred from Higgs self-coupling measurements, relative to the changes in the
shape of the potential induced by a representative Z2-symmetric singlet scalar benchmark. A
similar approach based on an EFT interpretation of the constraints on the trilinear coupling
expected at the HL-LHC, point to the exclusion of a first-order phase transition at 2∀ (for
#3 = 1) [ID170].

8.3.1 Electroweak phase transition
One of the most interesting consequences of an extended scalar sector is the possibility of fea-
turing a sufficiently discontinuous, i.e. strong, first-order electroweak phase transition (FOPT).
In the SM, a Higgs mass mh ↑ 125 GeV implies that the electroweak phase transition is a smooth
crossover, but this can be altered by additional light degrees of freedom that modify the Higgs
potential. Scalar extensions of the Standard Model can lead to a first-order phase transition
consistent with current data. For instance, Ref. [ID140] studies generic and inert two-Higgs-
doublet models (2HDMs) that can induce a first-order electroweak phase transition by mod-
ifying the Higgs self-coupling, including unexpectedly large two-loop effects, while leaving
other couplings largely unchanged. A strong FOPT in the early Universe would have remark-
able implications, including potentially observable stochastic gravitational waves. Moreover,
it could provide the out-of-equilibrium conditions required for baryogenesis, which would ex-
plain the observed matter-antimatter asymmetry. This departure from equilibrium is one of the
three Sakharov conditions for baryogenesis, alongside baryon number violation and the viola-
tion of charge (C) and charge-parity (CP) symmetries—for constraints on CP violation from
low-energy observables, such as electric dipole moments (EDMs), see Chapter 5.

128

coupling is fixed at tree level by electroweak gauge couplings and grows logarithmically with
stop masses. Consequently, the observed Higgs mass favors stops above the TeV scale, while
naturalness—requiring the measured Higgs vacuum expectation value as a generic outcome of
the spectrum—prefers them below it. Thus, the measured value mh → 125 GeV points to stops
likely lying beyond HL-LHC reach, in tension with perfect naturalness, but accessible to fu-
ture colliders. Figure 8.1 shows the stop masses m̃3 and mixing Xt compatible with the Higgs
mass (band reflects current SM parameter uncertainties) compared with collider reaches. Com-
patibility near the TeV scale occurs only with large stop mixing. Moreover, the outstanding
precision electroweak programme of FCC-ee [ID233, ID242] probes the least fine-tuned region
of this parameter space. This provides a concrete demonstration of the power of an integrated
programme, combining precision and energy frontiers, in advancing our understanding of the
origin of the weak scale. In the following subsections, we introduce benchmarks illustrating the
main phenomenological consequences of these scenarios.

8.2.1 Compositeness
The low-energy phenomenology of a new composite sector can be broadly characterized by
the mass scale of new composite resonances m↑ and the coupling constant g↑, which together
govern the scale of spontaneous global symmetry breaking, f ↓ m↑/g↑. Compositeness can be
tested through two complementary strategies: direct searches for new states at the scale m↑ and
indirect searches for new effective interactions.

Fig. 8.2: Exclusion reach on the flavor universal Composite Higgs model.

When the scale of the new strong sector is much higher than the weak scale, it leaves an
imprint at low energies that can be captured using the SMEFT, following the framework of the
“Strongly Interacting Light Higgs” [403], that organizes the expectations for SMEFT operators
in terms of m↑ and g↑. Figure 8.2 shows the projected reach for such indirect effects in the
(m↑,g↑) plane for various collider options, under a RG-evolved EFT interpretation.

The figure illustrates the reach of low-energy e+e↔ precision (e.g. FCC-ee [ID233, ID242])
and high-energy reach (e.g. 10-TeV muon collider [ID207]) in constraining operators like CH
and CW , probing compositeness scales well above 10 TeV. This analysis shows that future col-
liders could probe such scales with deviations of order m2

H/m2
↑ ↓ g2

SM/(16!2), which is a com-
pelling theoretical target for such models; see also Sect. 8.2.3. Top quark compositeness can
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So there’s a clear physics reason to 
pursue muon colliders even if 

others pursue a proton collider

17



How do you build a muon 
collider?

18



Clearly a great idea if you can do it, but not a new idea either

Sometimes simple conceptual paradigm changes are hard to 
implement technologically, in this case because the muon decays!19
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1.1 The muon collider concept
The baseline muon collider design is a 10 TeV centre-of-mass collider providing an integrated luminos-
ity of 10 ab

→1 [1]. An initial stage that can be implemented by around 2050 is also considered.

Figure 1.1.1: Conceptual layout of the muon collider.

The design of the muon collider is based on a concept, which was developed by the U.S. Muon Ac-
celerator Programme (MAP) until 2017 [2]. The design is now being progressed by the International
Muon Collider Collaboration (IMCC) [3]. A schematic layout of the collider is shown in Fig. 1.1.1 and
contains the following key areas:

1. The proton driver (blue box in the diagram) produces a short, high-intensity proton pulse.

2. This pulse hits the target (indigo) and produces pions. The decay channel guides the pions and
forms a beam with the resulting muons via a buncher and phase rotator system.

3. Several cooling stages (purple) reduce the longitudinal and transverse emittance of the beam using
a sequence of absorbers and RF cavities in a high magnetic field.

4. A system of a linac and two recirculating linacs accelerate (light red) the beams to 63 GeV fol-
lowed by a sequence of high-energy accelerator rings which reach 1.5 TeV or 5 TeV.

5. Finally the beams are injected at full energy into the collider ring (red). Here, they will circulate
and collide within the detectors until they decay.

A set of parameters has been defined for 3 TeV and 10 TeV centre-of-mass collisions. They are reported
in Tables 1.1.1 and 1.1.2 respectively for the collider and beam parameters. These are target parameters
to explore the limits of each technology and design. If they can be fully met, the integrated luminosity
goal could be reached within five years (or 2.5 years, with two detectors) of full luminosity operation.
This provides margin for further design and technology studies and a realistic ramp-up of the luminosity.
A benefit of this design is that it enables initial stages which can be implemented faster, but with stages
of reduced luminosity performance.

1.2 Physics Case
A muon collider is a high-energy electroweak collider. It can access directly and precisely the underlying
simplicity of the Standard Model (SM) in its high-energy regime of “unbroken” electroweak symmetry.
This makes it an ideal and unique machine to investigate fundamental questions about our universe –
both long-held ones and more recent ones sparked by the LHC. Simultaneously, it is a paradigm-shifting
tool for particle physics representing the first high-energy, high-precision compact collider. It combines
the precision of a lepton collider with the energy reach of a hadron collider, yielding a physics potential
significantly greater than the sum of its individual parts. This enables unparalleled exploration of the
Electroweak-Higgs Unification era that we have entered since the discovery of the Higgs. We can now
hope to answer the question of why electroweak symmetry breaking (EWSB) occurs by directly probing

8
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5. Finally the beams are injected at full energy into the collider ring (red). Here, they will circulate
and collide within the detectors until they decay.

A set of parameters has been defined for 3 TeV and 10 TeV centre-of-mass collisions. They are reported
in Tables 1.1.1 and 1.1.2 respectively for the collider and beam parameters. These are target parameters
to explore the limits of each technology and design. If they can be fully met, the integrated luminosity
goal could be reached within five years (or 2.5 years, with two detectors) of full luminosity operation.
This provides margin for further design and technology studies and a realistic ramp-up of the luminosity.
A benefit of this design is that it enables initial stages which can be implemented faster, but with stages
of reduced luminosity performance.

1.2 Physics Case
A muon collider is a high-energy electroweak collider. It can access directly and precisely the underlying
simplicity of the Standard Model (SM) in its high-energy regime of “unbroken” electroweak symmetry.
This makes it an ideal and unique machine to investigate fundamental questions about our universe –
both long-held ones and more recent ones sparked by the LHC. Simultaneously, it is a paradigm-shifting
tool for particle physics representing the first high-energy, high-precision compact collider. It combines
the precision of a lepton collider with the energy reach of a hadron collider, yielding a physics potential
significantly greater than the sum of its individual parts. This enables unparalleled exploration of the
Electroweak-Higgs Unification era that we have entered since the discovery of the Higgs. We can now
hope to answer the question of why electroweak symmetry breaking (EWSB) occurs by directly probing
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the transition between the “broken” and “unbroken” symmetry regimes. Furthermore, we can address
the phase diagram of EWSB and quantitatively investigate the earliest moments in our universe and its
ultimate fate. With high-energy EW collisions we can also search for physics beyond the SM directly
using a muon collider as an unrivaled EW discovery machine. These same high-energy high precision
collisions allow us also to probe new physics to scales far beyond the collider’s energy and study the
Standard Model in new domains where new phenomena emerge.

For example, a muon collider can make exquisite measurements of TeV-scale vector boson scattering.
This is due to the inherently quantum and relativistic effect of abundant effective vector bosons con-
tained in a high-energy muon, which gives rise to large collision rates with low backgrounds. Such
measurements enable the first precision experimental tests of the “unitarization” of massive gauge bo-
son scattering, arguably the foremost prediction of Electroweak symmetry breaking. High-energy, high-
precision studies of the Higgs and vector bosons also give the first detailed probes of the “Electroweak
symmetry restoration” realm within the SM. The high-energy nature of the muon collider also enables
new insights into, and tests of, the “quantum compositeness” of particles. This is ideally studied in
Electroweak processes due to their perturbative and thus in principle calculable nature (unlike the strong
interactions), and the physical mass gap that makes “particles” fully well defined as asymptotic states
unlike in Quantum Electrodynamics (QED). Finally, the intrinsic nature of a high-energy muon collider
provides the most abundant and best characterized source of high-energy neutrino-target collisions con-
ceived thus far. The neutrino physics program at a muon collider provides a high-energy complement to
current and future long-baseline neutrino experiments.

A muon collider simultaneously offers numerous pathways to searching for Beyond Standard Model

Table 1.1.1: Tentative target parameters for a muon collider at different energies. Scenario 1 corresponds
to Energy Staging, and Scenario 2 corresponds to Luminosity Staging. Both are defined in Section 1.8.
The estimated luminosity refers to the value that can be reached if all target specifications can be reached,
including beam-beam effects.

Parameter Symbol Unit Scenario 1 Scenario 2
Stage 1 Stage 2 Stage 1 Stage 2

Centre-of-mass energy Ecm TeV 3 10 10 10
Target integrated luminosity

∫
Ltarget ab

→1 1 10 10 10
Estimated luminosity Lestimated 10

34
cm

→2
s
→1 2.1 21 5 (tbc) 14

Collider circumference Ccoll km 4.5 10 15 15
Collider arc peak field Barc T 11 16 11 11
Luminosity lifetime Nturn turns 1039 1558 1040 1040

Muons/bunch N 10
12 2.2 1.8 1.8 1.8

Repetition rate fr Hz 5 5 5 5
Beam power Pcoll MW 5.3 14.4 14.4 14.4

RMS longitudinal emittance ω↑ eVs 0.025 0.025 0.025 0.025
Norm. RMS transverse emittance ω↓ µm 25 25 25 25

IP bunch length εz mm 5 1.5 tbc 1.5
IP betafunction ϑ mm 5 1.5 tbc 1.5

IP beam size ε µm 3 0.9 tbc 0.9
Protons on target/bunch Np 10

14 5 5 5 5
Proton energy on target Ep GeV 5 5 5 5

9IMCC parameter table - 10 TeV 10/ab goal
21



Remarkably what goes into a muon collider design 
concept now roughly exists for other purposes

• Proton Driver 

• multi MW exist/being built - SNS, ESS, J-PARC, Fermilab


• Target 

• T2K MW, LBNF 2.4 MW


• Capture Solenoid  

• Large bore ~ 2 m high field, similar to ITER main solenoid (not the project!)


• Ionization Cooling (synchrotron, laser, stochastic etc too slow)


• MICE experiment, ,Final cooling solenoid 30T small bore - NHFML exists


• High Field Dipoles 

• HL-LHC dipoles

(g − 2)μ

Hard engineering challenges still, demonstrator needed…  
but we* ARE miracle workers everyday!
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National Lab Accelerator Study Group for a Muon Collider
Purpose and Scope

Argonne: Philippe Piot

Berkeley: Jean-Luc Vay, Chad Mitchel

Brookhaven: Steve Peggs

Fermi: Steve Gourlay (Chair)

JLab: Robert Rimmer

Los Alamos: Steve Russel

Oak Ridge: Fulvia Pilat

SLAC: Emilio Nanni

Scientific Secretary, Diktys Stratakis, Fermi

• Identify the key accelerator challenges for a 10 TeV Muon 
Collider 

• Define the necessary R&D steps
• Estimate timeframes for major R&D areas 
• Evaluate and build on existing U.S. and IMCC plans 
• Identify gaps, overlaps, and coordination issues: 
• Strong focus on: 

• U.S. national lab collaboration 
• Alignment with international efforts 

• Goal: ensure high-impact, complementary U.S. contributions 

The study is about prioritizing and organizing the critical R&D 
needed now—not designing the collider itself—so future planning 
can be grounded in realistic technical progress.

Membership

Held 17 Seminars on systems and technologies – report writing in progress – aiming for July 31th 
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IMO two of the most exciting reasons 
for a US muon collider R&D program: 

What it builds on

Physics Synergies/Unifying Facility

24



A muon collider could be a facility that builds on existing investments

25

Compact enough to reuse existing infrastructure and 
modular enough for synergistic physics along the way

10 TeV Muon Collider

’sν
DUNE

 PIP-II (for DUNE) 
 ACE-BR 
 -Cooling 
 -Acceleration 
 -Collider

μ
μ
μ



Synergy Examples
Proton Driver (Extend CW Linac)  CLFV, Kaon Physics:→

Muon Storage Rings  Neutrino Factories →

Unobserved in KOTO, sensitive to SM in KOTO-II, potentially ~1000 events at muC facility

Consistent with SM ~ 20 events NA62, potentially ~1000 events at muC facility

• Pure flavor and energy calibrated  beams 
• Access to  
• Systematic improvement for  (DUNE/ICECUBE) 
• Reuse of DUNE FD/ND ~  stats improvement? 

ν
ντ

σ(νN)
𝒪(102)

•  
•  

KL → π0ν̄ν
K+ → π+ν̄ν

26



What does it have to do with NP? 
What opportunities are there?
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Once muon beam technology is demonstrated it 
can be applied for purposes other than a MuC 4
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FIG. 1. Kinematic coverage of Q2 and x in deep inelastic
lepton-proton (top) and lepton-nucleus (bottom) scattering.
The four cases shown are for the EIC at BNL, HERA at
DESY, and LHeC at CERN, each at their maximum beam
energies, and the proposed MuIC at BNL with 960 GeV muon
and 275 (110) GeV proton (ion) beams. The inelasticity (y)
range is assumed to be 0.01 < y < 0.95 (hatched areas). The
long dashed lines indicate the saturation scale as a function of
x in the proton and the gold (197Au) nucleus from the GBW
model [27].

nos with unprecedented sensitivity over a wide parameter
space, and can also be exploited to make detailed studies
of neutrino–nucleus scattering. Besides a rich program of
nuclear and particle physics, the nuSTORM facility also
provides a testing ground for developing high-intensity
muon storage ring to facilitate R&Ds of a muon collider.
See a review in Ref. [14]. Given synergies from several
communities, such a facility can also be hosted at BNL
as part of a testing facility toward the proposed MuIC,
while having a strong physics program on its own. As
the RHIC tunnel consists of six long straight sections,
the MuIC with stored muons of ∼1 TeV will provide high
flux, high energy neutrino beams to enable a compelling
neutrino physics program at the same time.

III. THE SCIENCE OF A MUON-ION
COLLIDER

To put potential scientific impacts of the proposed
MuIC in perspective, Fig. 1 compares the kinematic cov-
erage of the MuIC in the map of momentum transfer, Q2,
and Bjorken scaling variable, x, with the EIC at BNL,
HERA at DESY and the proposed LHeC at CERN, for
lepton-proton (top) and lepton-nucleus (bottom) colli-
sions. The boundaries of the Q

2-x coverage are deter-
mined by Q

2
= sxy, where s is the squared center-of-mass

energy and y is the inelasticity. Here, we take an inelas-
ticity range of 0.01 < y < 0.95 that is commonly assumed
for ep collisions (although it generally depends on the de-
tector technology and method of reconstructing the DIS
kinematics). The dashed line at Q

2
= 1 GeV2 can be

considered as the transition from the non-perturbative
to perturbative regime of QCD, which is usually a lower
limit required in DIS studies.
The red dashed lines in Fig. 1 indicate the gluon satu-

ration scales inferred from the GBW model based on fits
to HERA data [27], below which nonlinear QCD evolu-
tion e↵ects are expected to become significant and the
growth of the gluon density toward small x values will
saturate [28]. Other models on estimating the satura-
tion scale can be found in Refs. [29–31], including those
that consider the impact parameter dependence. The
saturation scale is predicted to be enhanced by a factor
A

1�3 (≈ 6 for 197Au) in nuclei, where A is the atomic
number, because of overlapping nucleon gluon fields in-
duced by the Lorentz contraction in the longitudinal di-
rection [32, 33].
As shown by Fig. 1, both the LHeC and MuIC will

significantly extend the kinematic coverage of the EIC
to much larger Q

2 and smaller x regimes, by an order
of magnitude in each compared to the previous HERA
ep collider. In lepton-proton collisions (Fig. 1, top), the
saturation regime is clearly out of the reach for the EIC,
but it becomes within reach at very small x values at
the LHeC and MuIC. In lepton-nucleus collisions (Fig. 1,
bottom), considering the 197Au nucleus as a represen-
tative example (with a factor of 6 enhancement in the
saturation scale), the EIC starts approaching the satu-
ration regime, while the LHeC and MuIC should be well
in the domain to explore gluon saturation and nonlin-
ear QCD phenomena. Because of large overlaps of the
proposed MuIC and LHeC in terms of the Q

2-x cover-
age (although the kinematics of the final-state particles
are quite di↵erent in the lab frame, as will be discussed
later), they share a lot in common for their physics po-
tential. The science program of the LHeC has been well
presented in Ref. [3]. In addition, the MuIC at BNL
would o↵er the unique advantage of providing a polar-
ized beam, which is important for nucleon spin physics,
as documented in the EIC white paper [2]. We briefly
discuss the science opportunities enabled by the MuIC
at BNL in this section. Quantitative studies will be left
for future work.
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space, and can also be exploited to make detailed studies
of neutrino–nucleus scattering. Besides a rich program of
nuclear and particle physics, the nuSTORM facility also
provides a testing ground for developing high-intensity
muon storage ring to facilitate R&Ds of a muon collider.
See a review in Ref. [14]. Given synergies from several
communities, such a facility can also be hosted at BNL
as part of a testing facility toward the proposed MuIC,
while having a strong physics program on its own. As
the RHIC tunnel consists of six long straight sections,
the MuIC with stored muons of ∼1 TeV will provide high
flux, high energy neutrino beams to enable a compelling
neutrino physics program at the same time.
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MuIC in perspective, Fig. 1 compares the kinematic cov-
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sions. The boundaries of the Q

2-x coverage are deter-
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energy and y is the inelasticity. Here, we take an inelas-
ticity range of 0.01 < y < 0.95 that is commonly assumed
for ep collisions (although it generally depends on the de-
tector technology and method of reconstructing the DIS
kinematics). The dashed line at Q

2
= 1 GeV2 can be

considered as the transition from the non-perturbative
to perturbative regime of QCD, which is usually a lower
limit required in DIS studies.
The red dashed lines in Fig. 1 indicate the gluon satu-

ration scales inferred from the GBW model based on fits
to HERA data [27], below which nonlinear QCD evolu-
tion e↵ects are expected to become significant and the
growth of the gluon density toward small x values will
saturate [28]. Other models on estimating the satura-
tion scale can be found in Refs. [29–31], including those
that consider the impact parameter dependence. The
saturation scale is predicted to be enhanced by a factor
A

1�3 (≈ 6 for 197Au) in nuclei, where A is the atomic
number, because of overlapping nucleon gluon fields in-
duced by the Lorentz contraction in the longitudinal di-
rection [32, 33].
As shown by Fig. 1, both the LHeC and MuIC will

significantly extend the kinematic coverage of the EIC
to much larger Q

2 and smaller x regimes, by an order
of magnitude in each compared to the previous HERA
ep collider. In lepton-proton collisions (Fig. 1, top), the
saturation regime is clearly out of the reach for the EIC,
but it becomes within reach at very small x values at
the LHeC and MuIC. In lepton-nucleus collisions (Fig. 1,
bottom), considering the 197Au nucleus as a represen-
tative example (with a factor of 6 enhancement in the
saturation scale), the EIC starts approaching the satu-
ration regime, while the LHeC and MuIC should be well
in the domain to explore gluon saturation and nonlin-
ear QCD phenomena. Because of large overlaps of the
proposed MuIC and LHeC in terms of the Q

2-x cover-
age (although the kinematics of the final-state particles
are quite di↵erent in the lab frame, as will be discussed
later), they share a lot in common for their physics po-
tential. The science program of the LHeC has been well
presented in Ref. [3]. In addition, the MuIC at BNL
would o↵er the unique advantage of providing a polar-
ized beam, which is important for nucleon spin physics,
as documented in the EIC white paper [2]. We briefly
discuss the science opportunities enabled by the MuIC
at BNL in this section. Quantitative studies will be left
for future work.

EIC MuIC→ D. Acosta, W. Lei

2107.02073

Same concept of  as an alternative to higher energy hadronse → μ
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Alternatively, use the Muon beam at a Muon 
Collider Facility to extend EIC to higher precision2

II. ENERGY AND LUMINOSITY

Various center-of-mass energies have been explored as
possible operation points for Muon Colliders, ranging
from the Higgs pole at 62.5 GeV per beam to 7 TeV per
beam. For simplicity, we restrict ourselves to considering
the designs discussed in Ref. [40]. The 7 TeV beam pro-
vides the highest energy and lowest beam-induced back-
ground for a fixed-target experiment; however, it makes
the design of the detector more challenging due to the
highly boosted center-of-mass, as will be described in
Sec. III. The physics reach can be extended by perform-
ing measurements also at lower beam energies, where the
final state is less forward-boosted.

When delivered on a nucleon target at rest, the 7
TeV beam produces a center-of-mass energy of

→
s =√

2mp Ebeam = 115 GeV. This energy is very similar
to that of the EIC, where the highest energy configura-
tion, an 18 GeV electron on a 275 GeV proton, provides
a
→
s = 141 GeV. The highest luminosity configuration

of the EIC (1034 cm→2/s) will be achieved at
→
s = 104

GeV with a 10 GeV electron beam incident on a 275 GeV
proton beam.

Projections for the beam conditions of the Muon Col-
lider were provided in Ref. [40], and we will use these
numbers to make some rough estimates of what could
be achieved in terms of luminosity in a fixed-target ex-
periment. For the 7 TeV beam, the number of muons
per bunch is 1.8 · 1012 and the repetition rate is 5 Hz,
corresponding to an integrated beam current of around
1.4 µA. This is about two orders of magnitude smaller
than the beam current available at Je!erson Lab, but
for muon scattering experiments, the target can be made
very long without significantly impacting the muons as
they enter and leave the target. If this beam were deliv-
ered directly onto a 1-meter-long liquid hydrogen target,
it would produce approximately 3.3 ab→1 of integrated
luminosity per day, resulting in an average instantaneous
luminosity of 4·1037 cm→2/s.

While the aforementioned luminosity scenario appears
attractive at first, the high bunch charge and low repeti-
tion rate will lead to enormous pileup if the structure of
the beam reaching the target is the same as it is in the
collider. One bunch of 1.8 · 1012 muons at 7 TeV passing
through a 1 m long liquid hydrogen target could result
in tens of thousands of simultaneous scattering events
reaching the detector system. Realistically, the beam
will only be dumped once a significant fraction of the
muons have decayed. However, even if only 1% of the
muons sent into the collider are put on target, the po-
tential physics case is still significant, as will be shown in
Sec. IV.

We assume this “1% scenario” for several reasons. The
extraction of 1% of the collider beam is unlikely to af-
fect the statistical precision attainable by the collider ex-
periments. With 1% of the nominal collider beam cur-
rent and an appropriately chosen detector acceptance,
the level of pileup is similar to the HL-LHC. With the
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FIG. 1: Comparison of luminosity and energy for
lepton-scattering facilities. The µOST box corresponds
to 1% of the 1.5 to 7 TeV collider beam being dumped

on a 1- to 6-meter long target.

assumption of additional R&D advancements in detec-
tor and data processing technologies driven by HL-LHC,
FCC, and the Muon Collider detectors, this seems like
a technically feasible operating point. The pileup issue
can be further ameliorated by extracting muons for the
fixed-target experiment every turn of the collider instead
of dumping the beam all at once, but this adds complex-
ity to the collider ring design. Assuming 20 weeks per
year of physics running, the 1% beam dump on a 1-meter
target scenario would result in an average instantaneous
luminosity of approximately 1.5·1035 cm→2/s, around an
order of magnitude higher than the maximum luminosity
of the EIC. Operation at beam energies down to 1.5 TeV
should provide similar luminosities for a fixed-target ex-
periment, due to the similar repetition rate and number
of muons per bunch 2. Furthermore, depending on the
dump design, the µ+ and µ→ beams could be utilized in-
dependently by two experiments located at the µ+ and
µ→ beam dumps, respectively. A longer target, such as
the 6-meter-long target of EMC [41]3, could potentially
increase the luminosity to almost 1·1036 cm→2/s, but at
the cost of higher pileup.
The authors of Refs. [43, 44] demonstrated the impres-

sive reach of a beam dump experiment for studying long-
lived BSM particles. Since the muons are highly pene-
trating, such a beam dump experiment could be operated
in parallel with the nuclear physics experiment described
here. With the assumed 1% scenario, the long-lived par-
ticle search experiment would reach 1018 muons on target

2 In the collider, the increase in luminosity with energy is driven
by the smaller beam size and number of useful rotations, neither
of which significantly a!ect the fixed-target luminosity.

3 A more extreme example is the 40-meter target of BCDMS [42].
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II. ENERGY AND LUMINOSITY

Various center-of-mass energies have been explored as
possible operation points for Muon Colliders, ranging
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the designs discussed in Ref. [40]. The 7 TeV beam pro-
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→
s =√
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a
→
s = 141 GeV. The highest luminosity configuration

of the EIC (1034 cm→2/s) will be achieved at
→
s = 104

GeV with a 10 GeV electron beam incident on a 275 GeV
proton beam.
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periment. For the 7 TeV beam, the number of muons
per bunch is 1.8 · 1012 and the repetition rate is 5 Hz,
corresponding to an integrated beam current of around
1.4 µA. This is about two orders of magnitude smaller
than the beam current available at Je!erson Lab, but
for muon scattering experiments, the target can be made
very long without significantly impacting the muons as
they enter and leave the target. If this beam were deliv-
ered directly onto a 1-meter-long liquid hydrogen target,
it would produce approximately 3.3 ab→1 of integrated
luminosity per day, resulting in an average instantaneous
luminosity of 4·1037 cm→2/s.

While the aforementioned luminosity scenario appears
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muons have decayed. However, even if only 1% of the
muons sent into the collider are put on target, the po-
tential physics case is still significant, as will be shown in
Sec. IV.

We assume this “1% scenario” for several reasons. The
extraction of 1% of the collider beam is unlikely to af-
fect the statistical precision attainable by the collider ex-
periments. With 1% of the nominal collider beam cur-
rent and an appropriately chosen detector acceptance,
the level of pileup is similar to the HL-LHC. With the
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FIG. 1: Comparison of luminosity and energy for
lepton-scattering facilities. The µOST box corresponds
to 1% of the 1.5 to 7 TeV collider beam being dumped

on a 1- to 6-meter long target.

assumption of additional R&D advancements in detec-
tor and data processing technologies driven by HL-LHC,
FCC, and the Muon Collider detectors, this seems like
a technically feasible operating point. The pileup issue
can be further ameliorated by extracting muons for the
fixed-target experiment every turn of the collider instead
of dumping the beam all at once, but this adds complex-
ity to the collider ring design. Assuming 20 weeks per
year of physics running, the 1% beam dump on a 1-meter
target scenario would result in an average instantaneous
luminosity of approximately 1.5·1035 cm→2/s, around an
order of magnitude higher than the maximum luminosity
of the EIC. Operation at beam energies down to 1.5 TeV
should provide similar luminosities for a fixed-target ex-
periment, due to the similar repetition rate and number
of muons per bunch 2. Furthermore, depending on the
dump design, the µ+ and µ→ beams could be utilized in-
dependently by two experiments located at the µ+ and
µ→ beam dumps, respectively. A longer target, such as
the 6-meter-long target of EMC [41]3, could potentially
increase the luminosity to almost 1·1036 cm→2/s, but at
the cost of higher pileup.
The authors of Refs. [43, 44] demonstrated the impres-

sive reach of a beam dump experiment for studying long-
lived BSM particles. Since the muons are highly pene-
trating, such a beam dump experiment could be operated
in parallel with the nuclear physics experiment described
here. With the assumed 1% scenario, the long-lived par-
ticle search experiment would reach 1018 muons on target

2 In the collider, the increase in luminosity with energy is driven
by the smaller beam size and number of useful rotations, neither
of which significantly a!ect the fixed-target luminosity.

3 A more extreme example is the 40-meter target of BCDMS [42].

H. Klest

2506.19301

 On Stationary Target ( OST)μ μ
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Neutrino DIS possibilities?
 usable Muons at different energies*𝒪(1020)

1 18. Structure Functions

18. Structure Functions

Revised August 2025 by E.C. Aschenauer (BNL), R.S. Thorne (UCL) and R. Yoshida (ANL).

18.1 Deep inelastic scattering
High-energy lepton-nucleon scattering plays a key role in determining the partonic structure

of the proton. The process ¸N æ ¸ÕX is illustrated in Fig. 18.1. The filled circle in this fig-
ure represents the internal structure of the proton which can be expressed in terms of structure
functions.

k

k

q

P, M W

Figure 18.1: Kinematic quantities for the description of deep inelastic scattering. The quantities
k and kÕ are the four-momenta of the incoming and outgoing leptons, P is the four-momentum of
a nucleon with mass M , and W is the mass of the recoiling system X. The exchanged particle is
a “, W ±, or Z; it transfers four-momentum q = k ≠ kÕ to the nucleon.

Invariant quantities:

‹ = q·P
M = E ≠ EÕ is the lepton’s energy loss in the nucleon rest frame (in earlier literature sometimes

‹ = q · P ). Here, E and EÕ are the initial and final lepton energies in the nucleon rest
frame.

Q2 = ≠q2 = 2(EEÕ
≠

≠æ
k ·

≠æ
k Õ) ≠ m2

¸ ≠ m2
¸Õ where m¸(m¸Õ) is the initial (final) lepton mass. If

EEÕ sin2(◊/2) ∫ m2
¸ , m2

¸Õ , then

¥ 4EEÕ sin2(◊/2), where ◊ is the lepton’s scattering angle with respect to the lepton beam
direction.

x = Q2

2M‹ where, in the parton model, x is the fraction of the nucleon’s momentum carried by the
struck quark. Beyond leading order the equation remains the definition of x, but this
is no longer identical to nucleon momentum fraction.

y = q·P
k·P = ‹

E is the fraction of the lepton’s energy lost in the nucleon rest frame.

W 2 = (P + q)2 = M2 + 2M‹ ≠ Q2 is the mass squared of the system X recoiling against the
scattered lepton.

s = (k + P )2 = Q2

xy + M2 + m2
¸ is the center-of-mass energy squared of the lepton-nucleon system.

The process in Fig. 18.1 is called deep (Q2
∫ M2) inelastic (W 2

∫ M2) scattering (DIS). In
what follows, the masses of the initial and scattered leptons, m¸ and m¸Õ , are neglected.

F. Takahashi et al. (Particle Data Group), Int. J. Mod. Phys. A 41, 2630011 (2026)
1st June, 2026 11:10am
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Complementary  structure function measurements to PVDIS? 

Improved PDFs 
CKM measurements 

…
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Even if we can’t achieve the ultimate collider, there are many off-ramps/
synergies/staging opportunities that make muon beam R&D worthwhile

A potential joint HEP + NP accelerator R&D roadmap
31



Conclusions
• A muon collider represents a paradigm change for HEP with unparalleled 

abilities to access the physics of EW symmetry breaking


• A muon collider is a facility that can span HEP+NP, which makes sense for the 
HENP merger


• A muon collider isn’t a binary choice on a mega project, muon beam R&D 
provides off-ramps and synergies across fields


• No new DOE starts until 2030s could turn out to be a feature not a bug if we 
work together as a community to identify the most promising opportunities 
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Who knows maybe we’ve already planted the HENP seed?
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Backup
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Create and Capture muons

35• Technology requirements for MuC targets:
• Target materials that produce high muon yield

• Tolerant materials to thermal shock and fatigue from MW-scale beams

• Shielding system that protects the capture magnet and surrounds 

• Large solenoidal aperture (~2 m) to allow for shielding

Muon Collider target: Concept & technology needs

5/03/20237 P5 Town Hall at SLAC

Pros: QCD creates copious  AND  

Cons: They go everywhere…

μ− μ+



Cool the muons to make a beam

36

And you’ve got a few microseconds to do it
Typical cooling methods don’t 

work on this timescale!



Ionization Cooling

37

• Technology requirements for MuC cooling:
• Large bore solenoidal magnets that start at 2 T (500 mm IR) and go up to 14 

T (50 mm IR)

• Very high field solenoidal magnets (30-50 T) with a 25 mm IR

• Normal conducting rf that can provide high-gradients within a multi-T fields

• Absorbers that can tolerate large muon intensities

Muon Collider cooling – Concept & technology needs

5/03/20239 P5 Town Hall at SLAC

100% 
momentum 
spread

Magnet 4D cooling

Physics is of the 1930’s Bethe-Bloch formula, 
putting the components together is the tricky part!


