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μ+μ− collisions

• all the CoM energy can be used to produce SM or BSM states (  larger mass 
scale can be explored w.r.t. to  of same CoM energy)

• for CoM energy at or above 3 TeV  is so “easy” that  and  become 
“partons” in the muon beam (same role as gluon in LHC, with the advantage of 
being electroweak!)

• power-efficient (ISR beam loss ~  w.r.t.  of same CoM energy)

• fast lane to physics (  in just about 10 years operation)

• small “footprint” (10 Km ring for 10 TeV collider)

𝒪(10)
pp

μ → Wν W ν

10−9 e+e−

ℒ10TeV = 10 ab−1

Type ofNew Collider 
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μ+μ− → all new business
“NEW PHYSICS”Standard Model

tth production at the LHC (Fully hadronic) tth production at the muC 100 TeV HH→4b production at a multi-TeV muC (F. Maltoni)

ν → μWFSR

ZISR → hadrons

ν and Z, γ, W as partons



Roberto Franceschini - LHCP 2023 - https://indico.cern.ch/event/1198609/contributions/5368143/

μ+μ− → all new business
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ZISR → hadrons

N E W  P H E N O M E N A  A N D  N E W  
R E G I M E S  I N  p Q F T

• weak corrections become 
“ordinary”


• weak “partons”


• large EW logarithms 


• new regime of boosted SM 
objects ( )c, b, t, W, Z, h

ν and Z, γ, W as partons
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μ+μ− → beyond the Standard Model

EFT

EFT

S T R O N G  I N T E R A C T I O N S

?
W E A K  I N T E R A C T I O N S

A c c e l e r a t o r s  a r e  e x c e l l e n t  p r o b e s

• what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?
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YOU → μ+μ−
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Luminosity Comparison

D. Schulte Muon Colliders, EPS, July 2019 7

The luminosity per beam 
power is about constant in 
linear colliders

It can increase in proton-
based muon colliders
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Snowmass’2021 AF-EF-TF: Collider Implementation Task Force Report

Figure 4: Figure-of-merit Peak Luminosity (per IP) per Input Power and Integrated Luminosity per
TWh. Integrated luminosity assumes 10

7 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 different collider concepts.

4.3 Facility size

An overview of collider sizes (as provided by proponents) is shown in column 3 of Tab. 16. 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. 16): 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.

The length of HEP linear colliders is typically dominated by the distance required for particle ac-
celeration and is proportional to final beam energy (approximately the product of 2⇥ the final beam
energy and the accelerating gradient). Using acceleration technologies with higher accelerating gradi-
ents allows to decrease acceleration length and is responsible for the different lengths of similar energy
linear colliders. For example, superconducting radio-frequency cavities accelerate with a gradient of
⇠ 30 MV/m (ILC), CLIC is based on the two-beam acceleration scheme with copper cavities and ac-
celerates with ⇠ 100 MV/m, while plasma-based accelerators can provide peak gradients of 103 � 10

5

MV/m (LWFA, PWFA). Adding to the length required for acceleration is the length required for the
beam delivery system (final focusing), which also increases with increasing with beam energy.

Overview of linear collider sizes:

• < 10 km, Category 1: CCC (0.25 TeV), XCC (0.125 TeV), LWFA (3 TeV), LWFA (15 TeV)

• 10� 20 km, Category 2: ReLiC (0.24 TeV), ILC (0.25 TeV), CLIC (0.38 TeV), PWFA (3 TeV),
SWFA (3 TeV), PWFA (15 TeV)

• 20� 50 km, Category 3: ERLC (0.24 TeV), CCC (3 TeV), CLIC (3 TeV)

Page 24

2208.06030

2203.07261 2203.07256 2203.07224 2203.08033 2203.07964

https://muoncollider.web.cern.ch/
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• International Muon Collider Collaboration formed to 
establish the physics case and the feasibility of a high 
energy muon collider
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“FUTURE” COLLIDER HAPPENS NOW
• Snowmass ’21 saw a huge surge of activity for muon collider 

machine, physics, detectors

Physics potential

13

A dream machine to probe unprecedented energy scales and many different directions at once!  

Great and growing interest in the theory community  è many 
papers recently published, as: 

The Muon Smasher's Guide, 
https://doi.org/10.48550/arXiv.2103.14043

Strong and crucial synergies to design the machine and the 
experiment to reach the physics goals with energy and 

luminosity allowing % precision measurements
è Physics benchmarks steer machine parameters and 

experiment design

Muon Collider can be 

the game changer!

The Snowmass 2021 Energy Frontier Report
Muon Collider Forum Report Sept 2022

Muon Collider 
Pheno Papers 

• 5 SnowMass whitepapers 03/22 
è EPJC paper 2303.08533 [physics.acc-
ph] 

• Crucial development of the machine, detectors, physics case in the 
years from now to the next European Strategy Update ( )20262

0

• “The manual” 2303.08533 (submitted to EPJC)
•

https://doi.org/10.48550/arXiv.2303.08533
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Physics studies really require brand new thinking, and they need it now 

LOTS OF NOVELTIES WITH RESPECT TO  OR pp e+e−

New challenges, new solution, often in uncharted territory  exciting work!⇒

Nightmares for LHC (or  in general) become easy physics targets:
new electroweak states searches are as easy as searches for colored ones. 

pp

Charged current hard scattering is largely suppressed at LEP (and  in general),
The large  of muon collider makes it almost as copious as neural current scattering. 

e+e−

Ecm

 unprecedented physics potential for key questions such as Dark Matter⇒

 new search channels for new physics, new SM physics to be studied⇒
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 COLLISIONS TO PROBE FUNDAMENTAL PHYSICSμ+μ−

• production of SM and new physics in 
direct  annihilation 


• production of SM and new physics using 
beam constituents (e.g.  bosons)


• indirect probes of new physics in direct 
 annihilation 

μ+μ−

W

μ+μ−

 center of mass brings significant extension compared to HL-LHCs ≳ 3 TeV

D I R E C T  S E A R C H E S

H I G H - I N T E N S I T Y  P R O B E S

H I G H - E N E R G Y  P R O B E S
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STILL LEARNING 
THE SYNERGIES FROM MULTIPLE STRATEGIES 

THAT CAN BE PURSUED AT  μμ

mχ ≫ Ecm
O2W ∝ (DμWμν)2

Ecm ≫ mW
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SEARCH FOR EW MATTER AT  μμ
•  signal of heavy WIMP opens the chase from 1 TeV to fraction of PeV massXe

Large  mass needs CoM energy!χ

Weak radiation yield the most 
constraining channel “ ”mono-W

O2W ∝ (DμWμν)2

28
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FIG. 12. Mass reach in the mono-�, mono-W and DT channels for fixed luminosity as per Eq. 20 at
p
s 3 TeV (yellow),

6 TeV (green), 10 TeV (light blue), 14 TeV (red), and 30 TeV (purple). In the mono-W and mono-� searches we show
an error bar, which covers the range of possible exclusion as the systematic uncertainties are varies from 0 to 1%. The
colored bars are for an intermediate choice of systematics at 0.1%. Missing bars denoted by an asterisk * correspond
to cases where no exclusion can be set in the mass range M� > 0.1

p
s. For such cases it is worth considering VBF

production modes at the fixed luminosity Eq. 20 or higher luminosity at potentially smaller
p
s as illustrated in Fig. 11
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• most solutions to open issues of the SM require new EW particles



Roberto Franceschini - LHCP 2023 - https://indico.cern.ch/event/1198609/contributions/5368143/

SEARCH FOR EW MATTER AT  μμ
•  signal of heavy WIMP opens the chase from 1 TeV to fraction of PeV massXe

Large  mass needs CoM energy!χ

Weak radiation yield the most 
constraining channel “ ”mono-W

O2W ∝ (DμWμν)2

28

3 TeV 6 TeV 10 TeV

14 TeV 30 TeV

0 2 4 6 8 10 12 14

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

2 DT

1 DT

mono -W

mono -γ

M χ @ 95% [TeV ]

Fermions

(1,7,ϵ)

(1,7,0)

(1,6,1/2)

(1,5,1)

(1,5,ϵ)

(1,5,0)

(1,4,1/2)

(1,3,1)

(1,3,ϵ)

(1,3,0)

(1,2,1/2)

FIG. 12. Mass reach in the mono-�, mono-W and DT channels for fixed luminosity as per Eq. 20 at
p
s 3 TeV (yellow),

6 TeV (green), 10 TeV (light blue), 14 TeV (red), and 30 TeV (purple). In the mono-W and mono-� searches we show
an error bar, which covers the range of possible exclusion as the systematic uncertainties are varies from 0 to 1%. The
colored bars are for an intermediate choice of systematics at 0.1%. Missing bars denoted by an asterisk * correspond
to cases where no exclusion can be set in the mass range M� > 0.1

p
s. For such cases it is worth considering VBF

production modes at the fixed luminosity Eq. 20 or higher luminosity at potentially smaller
p
s as illustrated in Fig. 11

2 5 10

0.5

1

5

10

50

qq
@
1%

e
+ e

- @1
%

e
+ e

- @0
.1%

qq
@
0.1

%

Dirac-3

Dirac-4 (4.79 ± 0.09 TeV )

Majorana-5 (13.6 ± 0.8 TeV )

Majorana-5

Dirac-4

Dirac-3 (2.85 ± 0.14 TeV )

1 5 10 50 100

0.01

0.10

1

10

100

3

5

7
9

2 3
4

5

3

5

7
9

W
⋅1

07

Ecm [TeV]

RS

MF
DF

Ecm [TeV]

ℒ
95

%
C

L

2212.11900

2212.11900

2205.04486 2107.09688 2009.11287

thermal mass

excluded

• most solutions to open issues of the SM require new EW particles

14 TeV Majorana 5-plet excluded at μμ 14 TeV

4.8 TeV Dirac 4-plet excluded at μμ 6 TeV

2.9 TeV Dirac 3-plet excluded at μμ 4 TeV
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SYNERGIES AMONG STAGES 
 is the most abundant reaction for heavy SM production processes WW → h

Types of Higgs factories 
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IS THE HIGGS BOSON POINT-LIKE?
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1/f ∼ g⋆/m⋆

1/(g⋆ f ) ∼ 1/m⋆
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Strongly interacting higgs (and top)
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

09/09/2018 Philipp Roloff Physics at future linear colliders 23

Composite Higgs
m

*
: mass scale

g
*
: coupling

ILC at 250 GeV and CLIC at 380 GeV 
already significantly better than HL-LHC
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final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

compositeness at 
few TeV @ HL-LHC

Unique avenue to explore weak interactions 
far offshore from the weak scale

2203.07256

compositeness 
at few 100 TeV

Fig. 6: Left panel: 95% reach on the Composite Higgs scenario from high-energy measurements in di-
boson and di-fermion final states [26]. The green contour display the sensitivity from “Universal” effects
related with the composite nature of the Higgs boson and not of the top quark. The red contour includes
the effects of top compositeness. Right panel: sensitivity to a minimal Z

0 [26]. Discovery contours at 5�

are also reported in both panels.

High energy scattering processes are as unique theoretically as they are experimentally [1, 6, 26].
They give direct access to the interactions among SM particles with 10 TeV energy, which in turn provide
indirect sensitivity to new particles at the 100 TeV scale of mass. In fact, the effects on high-energy cross
sections of new physics at energy ⇤ � Ecm generically scale as (Ecm/⇤)2 relative to the SM. Percent-
level measurements thus give access to ⇤ ⇠ 100 TeV. This is an unprecedented reach for new physics
theories endowed with a reasonable flavor structure. Notice in passing that high-energy measurements
are also useful to investigate flavor non-universal phenomena, as we will see below, and in Section 6.

This mechanism is not novel. Major progress in particle physics always came from raising the
available collision energy, producing either direct or indirect discoveries. For instance, precisely because
of the quadratic energy scaling outlined above, the inner structure of nucleons and a first determination
of their radius could be achieved only when the transferred energy in electron scattering could reach a
significant fraction of the “new physics” scale ⇤ = ⇤QCD = 300 MeV [27].

Figure 6 illustrates the tremendous reach on new physics of a 10 TeV muon collider with 10 ab�1

integrated luminosity. The left panel (green contour) is the sensitivity to a scenario that explains the
microscopic origin of the Higgs particle and of the scale of EW symmetry breaking by the fact that the
Higgs is a composite particle. In the same scenario the top quark is likely to be composite as well, which
in turn explains its large mass and suggest a “partial compositeness” origin of the SM flavour structure.
Top quark compositeness produces additional signatures that extend the muon collider sensitivity up to
the red contour. The sensitivity is reported in the plane formed by the typical coupling g⇤ and of the
typical mass m⇤ of the composite sector that delivers the Higgs. The scale m⇤ physically corresponds to
the inverse of the geometric size of the Higgs particle. The coupling g⇤ is limited from around 1 to 4⇡,
as in the figure. In the worst case scenario of intermediate g⇤, a 10 TeV muon collider can thus probe
the Higgs radius up to the inverse of 50 TeV, or discover that the Higgs is as tiny as (35 TeV)�1. The
sensitivity improves in proportion to the center of mass energy of the muon collider.

The figure also reports, as blue dash-dotted lines denoted as “Others”, the envelop of the 95% CL
sensitivity projections of all the future collider projects that have been considered for the 2020 update
of the European Strategy for Particle Physics, summarized in Ref. [5]. These lines include in particular
the sensitivity of very accurate measurements at the EW scale performed at possible future e

+
e
� Higgs,

Electroweak and Top factories. These measurements are not competitive because new physics at ⇤ ⇠
100 TeV produces unobservable one part per million effects on 100 GeV energy processes. High-energy

11
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• High-Energy lepton collider has 
large flux of “partonic”  bosonsW

Singlet tree and loop makes V(0,v) deeper

vc
H
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H

V(H)
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Vtherm~T2

μ+μ− → hh and the electroweak phase-transition
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what causes it.  At  collider “next” and “previous” happen synchronously. μμ
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Note that the reach we obtained are based on the
luminosity assumption of Eq. (1), with simple event
counting and no systematic error included. The reach
scales like

ffiffiffiffi
L

p
and a more thorough estimation of the

muon collider reach with detailed collide simulations and
systematic errors is left for future work.

IV. HIGGS BOSON ASSOCIATED PRODUCTION
WITH A PAIR OF HEAVY FERMIONS

A. Production cross sections

Heavy Higgs bosons can also be abundantly produced in
association with a pair of heavy fermions at a muon
collider. The production modes in Eq. (14) through
μþμ− annihilation are accomplished through the intermedi-
ate γ"=Z" splitting into a pair of fermions, followed by the
radiation of a heavy Higgs boson:

μþμ− → bb̄H=A; tt̄H=A; tbH#;

→ τþτ−H=A; τ#ντH∓: ð14Þ

A representative Feynman diagram of the dominant con-
tributions is shown in Fig. 9. The calculation is performed
with tree-level diagrams. However, we include the large
higher-order effects for the running of the Yukawa cou-
plings (Yu;d;e in Eq. (4)) to the corresponding scale μ ¼ mΦ
by solving the renormalization group equations (RGEs)
[40]. All the input parameters listed in Sec. II as well as the
quark/lepton masses for the RGEs are given at μ ¼ mZ
[41]. For tan β ¼ 1 at mZ, the running Yukawa couplings at
mZ, 1 TeV and 2 TeV are listed in Table VII. Effectively,
compared with results using parameters at a fixed scalemZ,

FIG. 8. 95% C.L. exclusion contour at muon collider with center of mass energy
ffiffiffi
s

p
¼ 14 (dash curves), 30 (dotted curves) TeV for

different types of 2HDM from pair production channels with annihilation contribution only. For the type-II 2HDM, the 95% C.L.
exclusion limits from the HL-LHC with 3 ab−1 as well as the 100 TeV pp collider with 30 ab−1 are also shown (taken from Ref. [5]).

FIG. 9. Representative Feynman diagram for the annihilation
process: μþμ− → ff̄0ϕ.

HEAVY HIGGS BOSONS IN 2HDM AT A MUON COLLIDER PHYS. REV. D 104, 055029 (2021)

055029-11

10 ⋅ mH 100 ⋅ mH

2102.08386, 1605.08744

μμ30 TeV
μμ14 TeV
μμ10 TeV

Usually we assume “previous machine” measures a “deviation” then “next machine ” discovers 
what causes it.  At  collider “next” and “previous” happen synchronously. μμ
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Figure 1: Diagrammatic contributions to the qq ! q
0
q
0
WW process. On the left, the scattering

topology. On the right, one representative “radiation” diagram.

that factorization fails for massive vector particles. On the other, because it suggests that it

simply does not make sense, even in an ideal experimental situation, to extract in a model

independent way the on-shell �WWWW � correlator from experimental data: the interesting

physics of WW scattering would always be mixed up in an intricate way with SM e�ects.

We thus believe that studying the conditions for the applicability of EWA is important, and

timely as well. Obviously the goal is not to find a fast and clever way to do computations.

One should view EWA as a selection tool that allows to identify the relevant kinematic region

of the complete process, the one which is more sensitive to the EWSB dynamics. One would

want to focus on the kinematics where EWA applies not to speed up the computations, but

to gain sensitivity to the relevant physics.

In this paper we shall analyze in detail the applicability of EWA. We will find, not

surprisingly, that, in the proper kinematic regime, factorization is valid and EWA works

egregiously. In order to prove that, we shall not need to focus, as KS did, on the case of

a heavy Higgs or a strongly interacting EWSB sector, actually we shall not even need to

restrict on the specific sub-process WW ! WW . Factorization indeed does not rely in any

way on the detailed nature of the hard sub-process. It relies instead on the existence of a

large separation of virtuality scales between the sub-process and the collinear W emission.

That only depends on kinematics and corresponds to requiring forward energetic jets and

hard high P� outgoing W ’s. When those conditions are imposed EWA works well, for both

longitudinally and transversely polarized W ’s, also including the case of weakly-coupled

EWSB (light and elementary Higgs) where all helicities interact with the same strength

⇠ gW at all energies.

One serious issue in the applicability of EWA is the size of the subleading corrections.

2

̂s

?†

Abstract
The perspective of designing muon colliders with high energy and luminosity,
which is being investigated by the International Muon Collider Collaboration,
has triggered a growing interest in their physics reach.

We present a concise summary of the muon collider potential to explore new
physics, leveraging on the unique possibility of combining high available en-
ergy with very precise measurements.

† The low FCC-hh mass reach on Top Partners
could be due to a non-optimal analysis

4

Fig. 2: Left panel: the number of expected events (from Ref. [6], see also [2]) at a 10 TeV muon collider,
with 10 ab�1 luminosity, for several BSM particles. Right panel: 95% CL mass reach, from Ref. [5], at
the HL-LHC (solid bars) and at the FCC-hh (shaded bars). The tentative discovery reach of a 10, 14 and
30 TeV muon collider are reported as horizontal lines.

particles can be definitely discovered up to the kinematical threshold. Taking into account that entire
target integrated luminosity will be collected in 5 years, a few months of run could be sufficient for a
discovery. Afterwards, the large production rate will allow us to observe the new particles decaying
in multiple final states and to measure kinematical distributions. We will thus be in the position of
characterizing the properties of the newly discovered states precisely. Similar considerations hold for
muon colliders with higher Ecm, up to the fact that the kinematical mass threshold obviously grows to
Ecm/2. Notice however that the production cross-section decreases as 1/E

2
cm.1 Therefore we obtain as

many events as in the left panel of Figure 2 only if the integrated luminosity grows as

Lint = 10 ab�1
✓

Ecm

10 TeV

◆2

. (1)

A luminosity that is lower than this by a factor of around 10 would not affect the discovery reach, but it
might, in some cases, slightly reduce the potential for characterizing the discoveries.

The direct reach of muon colliders vastly and generically exceeds the sensitivity of the High-
Luminosity LHC (HL-LHC). This is illustrated by the solid bars on the right panel of Figure 2, where
we report the projected HL-LHC mass reach [5] on several BSM states. The 95% CL exclusion is
reported, instead of the discovery, as a quantification of the physics reach. Specifically, we consider
Composite Higgs fermionic top-partners T (e.g., the X5/3 and the T2/3) and supersymmetric particles
such as stops et , charginos e�±

1 , stau leptons e⌧ and squarks eq . For each particle we report the highest
possible mass reach, as obtained in the configuration for the BSM particle couplings and decay chains
that maximizes the hadron colliders sensitivity. The reach of a 100 TeV proton-proton collider (FCC-hh)
is shown as shaded bars on the same plot. The muon collider reach, displayed as horizontal lines for
Ecm = 10, 14 and 30 TeV, exceeds the one of the FCC-hh for several BSM candidates and in particular,
as expected, for purely electroweak charged states.

Several interesting BSM particles do not decay to easily detectable final states, and an assessment
of their observability requires dedicated studies. A clear case is the one of minimal WIMP Dark Matter
(DM) candidates (see e.g. [4] and references therein). The charged state in the DM electroweak multiplet
is copiously produced, but it decays to the invisible DM plus a soft undetectable pion, owing to the

1The scaling is violated by the vector boson annihilation channel, which however is relevant only at low mass.

7
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HL-LHC
FCChh
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HUGE RATE FOR SM OBJECTS IN CLEAR ENVIRONMENT
• Stages at several TeV: e.g. 3 TeV and 10 TeV


• possibility to foresee higher energy runs, e.g. 30 TeV


• 


• tens of thousands of new physics states


• millions of top quarks and Higgs bosons, billions of vector 
bosons, …  ("multiplex” factory)

ℒ = 10ab−1 ( Ecm

10 TeV )
2

J
H
E
P
0
5
(
2
0
2
1
)
2
1
9

Figure 1. Number of EW pair-production events, computed with MadGraph [15], using the
Effective Photon Approximation for the calculation of the neutral VBF production cross-section.
Namely, neutral VBF is evaluated as the sum of the 4 subprocess initiated by !+!−, !+γ, γ!−, and
γγ, with a

√
−Q2 > 30GeV cut on the virtual photons and the corresponding Qmax = 30GeV

cutoff in the photon distribution function. The photon distribution function is the one for muons.
The neutral VBF cross-section would thus be larger than what shown in the figure at the e+e−

VHEL because of the smaller electron mass.

The VHEL potential for indirect new physics discoveries is equally or perhaps even
more striking that the direct one, but it is slightly less trivial to assess and to illustrate.
The present paper aims at outlining the elements for this assessment, based on selected
sensitivity estimates.

The indirect physics potential emerges from the combination of two items. The first
one is that indirect effects of heavy new physics effects are generically more pronounced on
processes that take place at higher energy, i.e. closer to the new physics scale. In the Effec-
tive Field Theory (EFT) description this is merely the observation that the corrections from
operators of dimension larger than 4 can grow polynomially with the energy. The lumi-
nosity benchmark in eq. (1.1) generically allows for measurements of 2 → 2 short-distance
electroweak scattering processes with percent or few-percent (i.e., moderate) precision.
Still, a dimension-6 EFT operator displaying quadratic energy growth, inducing relative
corrections to the SM of order E2

cm/Λ2, could be probed at the VHEL with Ecm ≥ 10TeV
for an effective interaction scale Λ in the ballpark of 100TeV (see also [16, 17]). On a
process occurring at the EW scale, of 100GeV, Λ ∼ 100TeV would instead contribute
as an unobservable O(10−6) relative correction. The power of precision probes based on
high-energy cross-section measurements has been outlined extensively in the context of
CLIC studies [18, 19]. They make, for instance, the highest energy stage of CLIC superior
or comparable to the other future colliders project on physics targets such as Higgs and
Top compositeness [13]. By rescaling the highest CLIC available energy, of 3TeV, to the
lowest VHEL energy of 10TeV, we immediately conclude that the VHEL performances are
expected to be vastly superior to those of any other project currently under discussion.

High-energy probes are the first of the two paths towards precision to be explored
for the assessment of the VHEL physics potential. It is unique of the VHEL, because of

– 3 –

10 TeV, 10 ab−1

 2012.11555

 2012.11555
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&
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SUMMARY: HIGGS@FC (BY COUPLINGS)
2209.07510

20

Higgs Coupling HL-LHC ILC250 ILC500 ILC1000 FCC-ee CEPC240 CEPC360 CLIC380 CLIC3000 µ(10TeV) µ125 FCC-hh

(%) + HL-LHC +HL-LHC + HL-LHC + HL-LHC + HL-LHC +HL-LHC + HL-LHC +HL-LHC + HL-LHC +HL-LHC +FCCee/FCCeh

hZZ 1.5 .22 .17 .16 .17 .074 .072 .34 .22 .33 1.3 .12

hWW 1.7 .98 .20 .13 .41 .73 .41 .62 1 .1 1.3 .14

hbb 3.7 1.06 .50 .41 .64 .73 .44 .98 .36 .23 1.6 .43

h⌧
+
⌧
� 3.4 1.03 .58 .48 .66 .77 .49 1.26 .74 .55 1.4 .44

hgg. 2.5 1.32 .82 .59 .89 .86 .61 1.36 .78 .44 1.7 .49

hcc - 1.95 1.22 .87 1.3 1.3 1.1 3.95 1.37 1.8 12 .95

h�� 1.8 1.36 1.22 1.07 1.3 1.68 1.5 1.37 1.13 .71 1.6 .29

h�Z 9.8 10.2 10.2 10.2 10 4.28 4.17 10.26 5.67 5.5 9.8 .69

hµ
+
µ
� 4.3 4.14 3.9 3.53 3.9 3.3 3.2 4.36 3.47 2.5 .6 .41

htt 3.4 3.12 2.82 1.4 3.1 3.1 3.1 3.14 2.01 3.2 3.4 1.0

�tot 5.3 1.8 .63 .45 1.1 1.65 1.1 1.44 .41 .5 2.7
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0.1% coupling precision, sensitivity to new physics at 10 TeV ≃ 100 ⋅ mh

24

0

0.5

1

1.5

2

2.5

3

3.5

Pr
ec

is
io

n 
of

 H
ig

gs
 b

os
on

 c
ou

pl
in

gs
 [%

]

Z W b τ g c invΓ hΓ γ γZ

 1/3×

µ

 1/2×

t

 1/2×

λ

 1/10×

 ILC250⊕HL-LHC 

 ILC500⊕ ILC250 ⊕HL-LHC 

 ILC1000⊕ ILC500 ⊕ ILC250 ⊕HL-LHC 

dark/light: with/without BSM decays

Model Independent EFT Fit LCC Physics WG

FIG. 25: Left, SMEFT projected ILC fit to Higgs, electroweak precision and diboson data. The thin (fat) lines allow (do not
allow) for beyond the Standard Model decays of the Higgs boson. [50]. Right, projected SMEFT fit to operators contributing
to Higgs production and decay at a muon collider. The reach of the vertical “T” lines indicate the results assuming only the
corresponding operator is generated by the new physics [63].
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precision reach on effective Higgs couplings from SMEFT global fit
HL-LHC S2 + LEP/SLD CEPC Z100/WW6/240GeV20

CEPC +360GeV1
FCC Z150/WW10/240GeV5
FCC +365GeV1.5

ILC/C3 250GeV2
ILC/C3 +350GeV0.2+500GeV4
ILC/C3 +1TeV8

CLIC 380GeV1
CLIC +1.5TeV2.5
CLIC +3TeV5

MuC 3TeV1
MuC 10TeV10
MuC 125GeV0.02+10TeV10

(combined in all lepton collider scenarios)
Free H Width
no H exotic decay subscripts denote luminosity in ab

-1
, Z & WW denote Z-pole & WW threshold

FIG. 26: SMEFT fit to Higgs, electroweak precision and diboson data for future colliders [74].

can be searched for in interactions of the Higgs boson with either fermions or bosons at current and future proposed
facilities. The amount of CP violation is characterized by the quantity,

f
hX
CP ⌘

�CP odd
h!X

�CP odd
h!X + �CP even

h!X

. (2)

The dedicated CP -sensitive measurements of the h provide simple but reliable benchmarks that are compared between
proton, electron-positron, photon, and muon colliders in Table VIII.

Hadron colliders provide essentially the full spectrum of possible measurements sensitive to CP violation in the
h boson interactions accessible in the collider experiments, with the exception of interactions with light fermions,
such as hµµ. The CP structure of the h boson couplings to gluons cannot be easily measured at a lepton collider,
because the decay to two gluons does not allow easy access to gluon polarization. On the other hand, most other
processes could be studied at an e

+
e
� collider, especially with the beam energy above the tt̄h threshold. Future e

+
e
�

colliders are expected to provide comparable CP sensitivity to HL-LHC in hff couplings, such as htt̄ and h⌧⌧ , and
hZZ/hWW couplings.

A muon collider operating at the h boson pole gives access to the CP structure of the hµµ vertex using the
beam polarization. It is not possible to study the CP structure in the decay because the muon polarization is not
accessible. At a muon collider operating both at the h boson pole and at higher energy, analysis of the h boson decays
is also possible. However, this analysis is similar to the studies performed at other facilities and depends critically
on the number of the h bosons produced and their purity. A photon collider operating at the h boson pole allows
measurement of the CP structure of the h�� vertex using the beam polarization. Otherwise, the measurement of CP

all couplings floated independently highly model-agnostic
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hZZ 1.5 .22 .17 .16 .17 .074 .072 .34 .22 .33 1.3 .12
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h⌧
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� 3.4 1.03 .58 .48 .66 .77 .49 1.26 .74 .55 1.4 .44
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FIG. 25: Left, SMEFT projected ILC fit to Higgs, electroweak precision and diboson data. The thin (fat) lines allow (do not
allow) for beyond the Standard Model decays of the Higgs boson. [50]. Right, projected SMEFT fit to operators contributing
to Higgs production and decay at a muon collider. The reach of the vertical “T” lines indicate the results assuming only the
corresponding operator is generated by the new physics [63].
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FIG. 26: SMEFT fit to Higgs, electroweak precision and diboson data for future colliders [74].

can be searched for in interactions of the Higgs boson with either fermions or bosons at current and future proposed
facilities. The amount of CP violation is characterized by the quantity,

f
hX
CP ⌘

�CP odd
h!X

�CP odd
h!X + �CP even

h!X

. (2)

The dedicated CP -sensitive measurements of the h provide simple but reliable benchmarks that are compared between
proton, electron-positron, photon, and muon colliders in Table VIII.

Hadron colliders provide essentially the full spectrum of possible measurements sensitive to CP violation in the
h boson interactions accessible in the collider experiments, with the exception of interactions with light fermions,
such as hµµ. The CP structure of the h boson couplings to gluons cannot be easily measured at a lepton collider,
because the decay to two gluons does not allow easy access to gluon polarization. On the other hand, most other
processes could be studied at an e

+
e
� collider, especially with the beam energy above the tt̄h threshold. Future e

+
e
�

colliders are expected to provide comparable CP sensitivity to HL-LHC in hff couplings, such as htt̄ and h⌧⌧ , and
hZZ/hWW couplings.

A muon collider operating at the h boson pole gives access to the CP structure of the hµµ vertex using the
beam polarization. It is not possible to study the CP structure in the decay because the muon polarization is not
accessible. At a muon collider operating both at the h boson pole and at higher energy, analysis of the h boson decays
is also possible. However, this analysis is similar to the studies performed at other facilities and depends critically
on the number of the h bosons produced and their purity. A photon collider operating at the h boson pole allows
measurement of the CP structure of the h�� vertex using the beam polarization. Otherwise, the measurement of CP

all couplings floated independently highly model-agnostic

• Higgs factory at 3 TeV

•  Higgs factory at 10 TeV

•  Higgs factory at 30 TeV

10 ×

100 ×
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CONCLUSIONS

Clear targets in the exploration of fundamental physics aheads of us: 
sharpen the picture of the Higgs boson, figure out electroweak 
symmetry breaking, figure out Dark Matter, …
Colliders can contribute unique bits to the solution of the puzzle!
Muon Collider can bring new knowledge in a short timescale operating 
at the same time as “microscope” and “factory” 
Many open issues await your contribution: theory of weak radiation, 
boosted SM objects, detector challenges, beam cooling, …  
HL-LHC will start the job. Muon collider at  will bring huge 
gains on all fronts.
Crucial time now to work and investigate performances and feasibility 
for a Muon Collider to go online soon after HL-LHC

3 ÷ 10 TeV

⊕



Thank you!

Please subscribe at the CERN e-group “muoncollider”: 
MUONCOLLIDER-DETECTOR-PHYSICS MUST-phydet@cern.ch 

MUONCOLLIDER-FACILITY MUST-mac@cern.ch 

https://e-groups.cern.ch/e-groups/Egroup.do?egroupId=10343454&searchField=0&searchMethod=0&searchValue=MUST-phydet&pageSize=30&hideSearchFields=false&searchMemberOnly=false&searchAdminOnly=false
https://e-groups.cern.ch/e-groups/Egroup.do?egroupId=10343453&searchField=0&searchMethod=0&searchValue=MUST-mac&pageSize=30&hideSearchFields=false&searchMemberOnly=false&searchAdminOnly=false
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ΓH = k2ΓSM + ΓBSM

Table 6: Left: Projected statistical precision (68% C.L.) of the  parameter Eq. (8) and ĉH for the three
CLIC stages. Middle: Same for the g and �H parameters defined in the text. Right: Precision on �H

alone.

� |ĉH |

Stage 1 0.22% 0.0011
Stage 1+2 0.10% 0.0005
Stage 1+2+3 0.06% 0.0003

�g ��H

Stage 1 0.58% 2.3%
Stage 1+2 0.57% 2.3%
Stage 1+2+3 0.57% 2.3%

��H

Stage 1 0.47%
Stage 1+2 0.20%
Stage 1+2+3 0.13%

of the total luminosity, which is fully correlated for all measurements at a given energy stage. With the612

luminosities envisaged for CLIC [29, 30], it is expected that this impact on  will be small compared to613

the statistical uncertainty for the first CLIC stage and on the per mille level for the higher-energy stages.614

While a full study of all sources of systematic uncertainties requires more knowledge of the technical615

implementation of the detector than is currently available, it seems possible to control the systematic un-616

certainty on  to a level not largely exceeding the expected statistical precisions even for the high-energy617

stages of CLIC.618

619

Simplified Higgs fits including the total width620

It is worth considering an additional scenario, which departs from our original EFT assumptions, in621

which the Higgs boson has additional, non-SM, decays. This scenario cannot be captured by our622

parametrizations above, but is easily addressed by adding the total Higgs width, �H , as a second fit623

parameter in addition to the universal coupling scale parameter here referred to as g (the analog of  in624

the previous paragraph). Analogously to the model-independent fit described in Ref. [10], the total cross625

section for the e+e�
! ZH process obtained using the recoil method is directly proportional to g2. This626

provides sensitivity to �H from a global fit to the measurements of individual Higgs decay modes in ZH627

and WW fusion events.
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Fig. 9: 1- and 2-� contours from the two-parameter Higgs fit for the three CLIC energy stages.

628

The middle panel of Table 6 gives the expected statistical precisions of the g and �H parameters.629

The accuracy of disentangling both parameters is limited by the measurement of the total ZH cross sec-630

tion at the first CLIC stage and hence only improves marginally when including the higher energy stages;631

this is manifest in the contour plots of g versus �H as shown in Figure 9. The systematic uncertainties632

are expected to be small compared to the expected statistical precisions for this two-parameter fit.633

If all Standard Model couplings of the Higgs boson are fixed to their default values, the precision634

on the total Higgs width improves considerably. The result of such a fit is shown in the right panel of635

Table 6. In contrast to the two parameter fit, the width is not limited by the ZH measurement at the first636

CLIC stage and its projected precision improves with energy.637
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SIGHTING DARK MATTER
S1: no hints of WIMPs at Xenon, might be Higgsino 
S2: hints of WIMPs at Xenon! little hints on its mass 14

FIG. 6. Illustration of 1- and 2-sigma (dark and light red)
confidence intervals on spin-independent WIMP signals with
a 1000 t ⇥ y exposure and WIMP masses of either 20 or
100GeV/c2. The signal expectation for the excesses is 1/t⇥y,
indicated by the black dash-dotted line.

which can be significantly improved using additional, dif-
ferent target materials [161]. An excess for intermediate
and low masses will be well-constrained both in mass and
cross section using a xenon target alone.

A simple variation of the vanilla spin-independent
WIMP scenario is to allow the interaction strength to
depend on the nucleon type (proton or neutron) with
non-trivial coupling strengths fp, fn [162]. The devia-
tion of the ratio fp/fn from 1 will then depend on the
specific dark matter model. If for a given nuclear iso-
tope, fp/fn = (Z � A)/Z, then this isotope would give
no constraint. Fortunately, the mixture of multiple iso-
topes in xenon detectors provides sensitivity to even the
most di�cult case of fp/fn ' �1.4 [163–165], providing
yet another benefit of xenon as a target material.

D. Spin-Dependent Scattering

The simplest deviation from the spin-independent scat-
tering to a more complicated coupling can be modeled
by allowing the WIMP to interact solely with the nu-
clear spin but with di↵erent couplings ap, an to protons
and neutrons. This scenario is typically referred to as
spin-dependent scattering [167–169]. If one simplifies this
picture by assuming that one coupling vanishes, then
the derivation of a di↵erential rate of scattering events
by WIMPs depends on the spins and nuclear structure
(mostly of the unpaired nucleon) of the nuclei in the tar-
get. Contributions from two-nucleon currents improve
the sensitivity to the spin-dependent WIMP-proton cou-
pling in xenon, see section II E 2.

FIG. 7. Projections and current leading 90% upper limits
on the spin-dependent WIMP-nucleon cross section, assuming
that the WIMP couples only to proton spins (top) or neutron
spins (bottom). Green and blue solid lines show the cur-
rent leading limits by PICO-60 [64] and XENON1T [82, 166].
Projected median upper limits for exposures of 200 t⇥ y and
1000 t⇥ y are plotted in red. The shaded gray areas indicate
the “neutrino fog” with the lightest area showing the WIMP
cross section where more than one neutrino event is expected
in the 50% most signal-like S1, S2 region. Subsequent shaded
areas indicate tenfold increases of the neutrino expectation.
Calculations follow Refs. [151, 153].

For xenon detectors, the two naturally occurring iso-
topes 129Xe (spin-1/2) and 131Xe (spin-3/2), with natural
abundances of 26.4% and 21.2%, respectively, are most
relevant for this spin-dependent coupling. Both have an
unpaired neutron, making xenon also an ideal target for
detecting the spin-dependent WIMP-neutron cross sec-
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URGENT NEED FOR A HIGH-ENERGY MACHINE BOTH IN S1 AND S2
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FIG. 12. Mass reach in the mono-�, mono-W and DT channels for fixed luminosity as per Eq. 20 at
p
s 3 TeV (yellow),

6 TeV (green), 10 TeV (light blue), 14 TeV (red), and 30 TeV (purple). In the mono-W and mono-� searches we show
an error bar, which covers the range of possible exclusion as the systematic uncertainties are varies from 0 to 1%. The
colored bars are for an intermediate choice of systematics at 0.1%. Missing bars denoted by an asterisk * correspond
to cases where no exclusion can be set in the mass range M� > 0.1

p
s. For such cases it is worth considering VBF

production modes at the fixed luminosity Eq. 20 or higher luminosity at potentially smaller
p
s as illustrated in Fig. 11

WINO thermal mass

HIGGSINO thermal mass • Absence of  signals would require a 100 TeV  or 6-10 
TeV  to conclusively probe WIMPs by testing Higgsino


•  signal of heavy WIMP opens the chase from 1 TeV to 
fraction of PeV mass

Xe pp
μμ

Xe

474 Page 20 of 161 Eur. Phys. J. C (2019) 79 :474

Fig. S.4 Expected discovery
significance for higgsino and
wino DM candidates at FCC-hh,
with 500 pile-up collisions. The
black and red bands show the
significance using different
layouts for the pixel tracker, as
discussed in volume 3. The
bands’ width represents the
difference between two models
for the soft QCD processes
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Higgsino

Dark matter

No experiment, at colliders or otherwise, can probe the full range of dark matter (DM) masses allowed by astrophysical
observations. However there is a very broad class of models for which theory motivates the GeV–10’s TeV mass scale, and
which therefore could be in the range of the FCC. These are the models of weakly interacting massive particles (WIMPs),
present during the early universe in thermal equilibrium with the SM particles. These conditions, broadly satisfied by many
models of new physics, establish a correlation between the WIMP masses and the strength of their interactions, resulting
in mass upper limits. While the absolute upper limit imposed by unitarity is around 110 TeV, most well motivated models
of WIMP DM do not saturate this bound, but rather have upper limits on the DM mass in the TeV range. As an example,
DM WIMP candidates transforming as a doublet or triplet under the SU(2) group of weak interactions, like the higgsinos
and winos of supersymmetric theories, have masses constrained below ∼ 1 and ∼ 3 TeV, respectively. The full energy and
statistics of FCC-hh are necessary to access these large masses. With these masses, neutral and charged components of the
multiplets are almost degenerate due to SU(2) symmetry, with calculable mass splittings induced by electromagnetic effects,
in the range of few hundred MeV. The peculiar signatures of these states are disappearing tracks, left by the decay of the
charged partner to the DM candidate and a soft, unmeasured charged pion. Dedicated analysis, including detailed modeling
of various tracker configurations and realistic pile-up scenarios, are documented in CDR volume 3. The results are shown in
Fig. S.4.

The FCC covers the full mass range for the discovery of these WIMP Dark Matter candidates.

Direct searches for new physics

At the upper end of the mass range, the reach for the direct observation of new particles will be driven by the FCC-hh.
The extension with respect to the LHC will scale like the energy increase, namely by a factor of 5 to 7, depending on the
process. The CDR detector parameters have been selected to guarantee the necessary performance up to the highest particle
momenta and jet energies required by discovery of new particles with masses up to several tens of TeV. Examples of discovery
reach for the production of several types of new particles, as obtained in dedicated detector simulation studies, are shown
in Fig. S.5. They include Z′ gauge bosons carrying new weak forces and decaying to various SM particles, excited quarks
Q∗, and massive gravitons GRS present in theories with extra dimensions. Other standard scenarios for new physics, such
as supersymmetry or composite Higgs models, will likewise see the high-mass discovery reach greatly increased. The top
scalar partners will be discovered up to masses of close to 10 TeV, gluinos up to 20 TeV, and vector resonances in composite
Higgs models up to masses close to 40 TeV. The direct discovery potential of FCC is not confined to the highest masses.
In addition to the dark matter examples given before, volume 1 of the FCC CDR documents the broad, and in most cases
unique, reach for less-than-weakly coupled particles, ranging from heavy sterile neutrinos (see Fig. S.5, right) down to the
see-saw limit in a part of parameter space favorable for generating the baryon asymmetry of the Universe, to axions and dark
photons.

The FCC has a broad, and in most cases unique, reach for less-than-weakly coupled particles. The Z running of FCC-ee
is particularly fertile for such discoveries.

123

thermal mass

thermal mass

Goodman and Witten 1985
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KEEP COOL AFTER OPENING
BEST BEFORE 2µs

Low Emitta
nce

NEXT STEPS FOR THE FEASIBILITY



Roberto Franceschini - LHCP 2023 - https://indico.cern.ch/event/1198609/contributions/5368143/

MICE experiment (RAL – UK)

18

Principle of ionisa.on
cooling has been 

demonstrated in 4D

Electron
Muon

Ranger
(EMR)

Pre-shower
(KL)

ToF 2

Time-of-flight
hodoscope 1

(ToF 0)

Cherenkov
counters
(CKOV)

ToF 1

MICE
Muon
Beam
(MMB)

Upstream
spectrometer module

Downstream
spectrometer module

Absorber/focus-coil
module

Liquid-hydrogen
absorber

Scintillating-fibre
trackers

Variable thickness
high-Z diffuser

7th February 2015

MICE

More particles at smaller 
amplitude after absorber
is put in place More complete 

experiment with 
higher statistics, 
more than one 
stage required

MICE collaboration. Nature 578, 53–59 (2020)

Transverse cooling 
at high emittance

Final Cooling Challenge

19

energy loss re-acceleration

Energy loss = cooling Multiple scattering = heating

High field solenoids 
minimise beta-function and 
impact of multiple scattering

Mitigate with low-Z materials

Cooling Cell design and integration

20

MuCool @ FNAL
demonstrated cavity 

with >50 MV/m in 5 T solenoid

• H2-filled copper cavities

• Cavities with Be end caps

Technology requirements for ionizing cooling: 
• Large bore solenoidal magnets: from 2 T (500 mm IR), to 14 T (50 mm IR) 

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

• Absorbers that can tolerate large muon intensities 

• Integration: Solenoids coupled to each other, near high power RF & absorbers

•Tight integration of solenoids, RF, absorbers, instrumentation, cooling, vacuum, 

alignment, …

WP 6
WP 7
WP 8

MI-LASA
LNS
LNL
NA
TO
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Proposed cooling demonstrator vs MICE 

IMPORTANT to deliver a realistic end-to-end 6D design

Need to develop
full cooling demonstrator

N. Pastrone
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Demonstrator and test facilities

Test'Facility'CERN'Site'Example'

D.'Schulte' Muon'Collider,'July'9,'2021' 25'

 Possibility around TT10 

11/02/2021 M. Calviani // Consideration on MUC Test Facility Target Systems costs 11 

M
U

C
 Test 

Facility 

100 m 

200 m
 

M. Benedikt, LHC Performance Workshop, Chamonix 2010 

TT10 line to S
P

S
 

BA1 

sLHC Project Note 0013  

CERN-AB-2007-061  
Dimension & location indicative 

Could'use'CERN'land'close'to'TT10'and'inject'beam'from'PS'(1013'20'GeV'protons'in'5'ns,'
O(10%)'of'collider,'with'O(1'Hz))'
'
Would'be'in'molasse'(no'radiaPon'to'ground'water),'could'later'accommodate'4'MW'
'
Could'alternaPvely'use'SPL'with'accumulator'ring'to'have'full'power'opPon'

Strong'synergies'
with'nuSTORM'
and'ENUBET'
'
Could'even'imagine'
to'share'part'of'the'
test'facility'with'
nuSTORM''

It could be close to TT10, and inject beam from PS
It would be on molasse, 
no radiation to ground water

Strong synergies with 
nuSTORM and ENUBET

(Muon production) 
and Cooling Demonstrator 

@ CERN Service Gallery

Collimation + Cooling area
Branch to nuSTORM / ENUBET

Extraction TT10

Space for radioactive 
storage

Utilities room

Target + Horn + dogleg

Vertical 
shaft

Vertical 
shaft

81 m38.5 m

Ø12 m

59.5 m

11 m

5.5 m

5.5 m
30 m

5.5 m

10.5 m

First attempt to design a site
Great opportunity to contribute 

Test facilities for enabling tecnologies: 
RF, Magnets, Target materials…..

Strong synergies with other future projects
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Towards a demonstrator

39

Target
+ horn (1st phase) /
+ superconducnng 
solenoid (2nd phase)

Momentum 
selection chicane

Collimation 
and upstream 
diagnostics 
area

Cooling area

Downstream 
diagnostics 
area

nuSTORM: neutrino from stored muons

40

• Scientific objectives:
1. %-level (νeN) cross sections

• Double differential
2. Sterile-neutrino/BSM search

• Beyond Fermilab SBN

• Precise neutrino flux:
– NormalisaYon: < 1%
– Energy (and flavour) precise

• !⇢ # injec5on pass:
– “Flash” of muon neutrinos

p

/
+

Target
Horn

/

+
Dump

ie,�i+
(—) (—) Detector

Neutrino Factory Formulæ

Decay

µ+ ! e+⌫e ⌫̄µ

µ� ! e�⌫̄e⌫µ

K. Long ICFA Neutrino Panel Report Intl Mtg for Large ⌫ Infrastructures 11 / 11

a unique facility for neutrino physics and muon-collider test bed

N. Pastrone

International Design Study facility
• Focus on two energy ranges: 
3   TeV technology ready for construction in 10-20 years 

10+ TeV with more advanced technology

Cost and power consumption drivers, limit energy reach
e.g. 30 km accelerator for 10/14 TeV, 10/14 km collider ring

Drives beam quality:
challenging design 
and components

Dense neutrino flux
mitigation and site 

Beam induced 
background

Proton driver producYon as baseline 

10+ TeV

completely new 

regime 
to explore!

14

ℒ = (ECM/10TeV)2 × 10 ab−1

@  3 TeV ~    1 ab−1 5 years

@ 10 TeV ~  10 ab−1 5 years
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LARGELY UNEXPLORED YET

can there be a flavor program? (B and g-2 anomalies proved that if something comes up the 
machine can probe interesting models)

reaction to a measurement that can happen in the next decade or so (electron 
EDM, dark matter “evidence” somewhere underground or in the sky, sharpening of the  puzzle, … )

…  
What good use for the neutrinos from the beam?

mW

(my ignorance is probably speaking here)


