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Fig. 10. UA1 distribution of the missing transverse momentum (called EMIS
T in this plot) for

equal bins of (EMIS
T )2. The events shown as dark areas in this plot contain a high pT electron.

from momentum conservation that !pmiss
T is equal to the neutrino transverse

momentum.
Figure 10 shows the |!pmiss

T | distribution, as measured by UA1 from the 1982
data.9 There is a component decreasing approximately as |!pmiss

T |2 due to the effect
of calorimeter resolution in events without significant |!pmiss

T |, followed by a flat
component due to events with genuine |!pmiss

T |. Six events with high |!pmiss
T | in the

distribution of Fig. 10 contain a high-pT electron. The !pmiss
T vector in these events

is almost back-to-back with the electron transverse momentum vector, as shown in
Fig. 11. These events are interpreted as due to W → eνe decay. This result was first
announced at a CERN seminar on January 20, 1983. Figure 12 shows the graphics
display of one of these events.

The results from the UA2 search for W → eν events10 was presented at a
CERN seminar on the following day (January 21, 1983). Six events containing an
electron with pT > 15GeV/c were identified among the 1982 data. Figure 13 shows
the distribution of the ratio between |!pmiss

T | and the electron pT for these events.
Also shown in Fig. 13 is the electron pT distribution for the events with a |!pmiss

T |
value comparable to the electron pT (four events). These events have the properties
expected from W → eν decay.
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ATLAS: Status of SM Higgs searches, 4/7/2012 41 

Combining all channels together: 
 H γγ, 4l: full 2011 and 2012 datasets (~ 10.7 fb-1 ) and improved analyses 
 all other channels (H WW(*) lνlν, H ττ, WH lνbb, ZH llbb, ZH ννbb,   
    ZZ  llνν, H ZZ  llqq; H WWlνqq): full 2011 dataset (up to 4.9 fb-1)  
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1 Introduction1

Colliders are microscopes that explore the structure2

and the interactions of particles at the shortest pos-3

sible length scale. Their goal is not to chase discoveries4

that are inevitable or perceived as such based on cur-5

rent knowledge. On the contrary, their mission is to6

explore the unknown in order to acquire radically novel7

knowledge.8

The current experimental and theoretical situation9

of particle physics is particularly favourable to collider10

exploration. No inevitable discovery diverts our atten-11

tion from pure exploration, and we can focus on the ba-12

sic questions that best illustrate our ignorance. Why is13

electroweak symmetry broken and what sets the scale?14

Is it really broken by the Standard Model Higgs or by15

a more rich Higgs sector? Is the Higgs an elementary16

or a composite particle? Is the top quark, in light of its17

large Yukawa coupling, a portal towards the explana-18

tion of the observed pattern of flavor? Is the Higgs or19

the electroweak sector connected with dark matter? Is20

it connected with the origin of the asymmetry between21

baryons and anti-baryons in the Universe?22

The next collider should deepen our understand-23

ing of the questions above, and offer broad and varied24

opportunities for exploration to enable radically unex-25

pected discoveries. A comprehensive exploration must26

exploit the complementarity between energy and pre-27

cision. Precise measurements allow us to study the dy-28

namics of the particles we already know, looking for29

the indirect manifestation of yet unknown new physics.30

With a very high energy collider we can access the new31

physics particles directly. These two exploration strate-32

gies are normally associated with two distinct machines,33

either colliding electrons/positrons (ee) or protons (pp).34

With muons instead, both strategies can be effec-35

tively pursued at a single collider that combines the36

advantages of ee and of pp machines. Moreover, the37

simultaneous availability of energy and precision offers38

unique perspectives of indirect sensitivity to very heavy39

new physics, as well as unique perspectives for the char-40

acterisation of new heavy particles discovered at the41

muon collider itself.42

This is the picture that emerges from the investiga-43

tions of the muon colliders physics potential performed44

so far, to be reviewed in this document in Sections 245

and 5. These studies identify a Muon Collider (MuC),46

with 10 TeV energy or more in the centre of mass and47

sufficient luminosity, as an ideal tool for a substantial48

ambitious jump ahead in the exploration of fundamen-49

tal particles and interactions. Assessing its technologi-50

cal feasibility is thus a priority for the future of particle51

physics.52
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Fig. 1 A conceptual scheme of the muon collider.

Muon collider concept53

Initial ideas for muon colliders were proposed long54

ago [1–4]. Subsequent studies culminated in the Muon55

Accelerator Program (MAP) in the US (see [5–8] for an56

overview). The MAP concept for the muon collider fa-57

cility is displayed in Figure 1. The proton complex pro-58

duces a short, high-intensity proton pulse that hits the59

target and produces pions. The decay channel guides60

the pions and collects the muons from their decay into61

a bunching and phase rotator system to form a muon62

beam. Several cooling stages then reduce the longitu-63

dinal and transverse emittance of the beam using a se-64

quence of absorbers and radiofrequency (RF) cavities65

in a high magnetic field. A system of a linear accelera-66

tors (linac) and two recirculating linacs accelerate the67

beams to 60 GeV. They are followed by one or more68

rings to accelerate them to higher energy, for instance69

one to 300 GeV and one to 1.5 TeV, in the case of a70

3 TeV centre of mass energy MuC. In the 10 TeV col-71

lider an additional ring from 1.5 to 5 TeV follows. These72

rings can be either fast-pulsed synchrotrons or Fixed-73

Field Alternating gradients (FFA) accelerators. Finally,74

the beams are injected at full energy into the collider75

ring. Here, they will circulate to produce luminosity76

until they are decayed. Alternatively they can be ex-77

tracted once the muon beam current is strongly reduced78

by decay. There are wide margins for the optimisation79

of the exact energy stages of the acceleration system,80

taking also into account the possible exploitation of the81

intermediate-energy muon beams for muon colliders of82

lower centre of mass energy.83

The concept developed by MAP provides the base-84

line for present and planned work on muon colliders,85

reviewed in Section 3. Three main reasons sparked this86

renewed interest in muon colliders. First, the focus on87

high collision energy and luminosity where the muon88

collider is particularly promising and offers the perspec-89

tive of revolutionising particle physics. Second, the ad-90

vances in technology and muon colliders design. Third,91

the difficulty of envisaging a radical jump ahead in the92

high-energy exploration with ee or pp colliders.93
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Combining all channels together: 
 H γγ, 4l: full 2011 and 2012 datasets (~ 10.7 fb-1 ) and improved analyses 
 all other channels (H WW(*) lνlν, H ττ, WH lνbb, ZH llbb, ZH ννbb,   
    ZZ  llνν, H ZZ  llqq; H WWlνqq): full 2011 dataset (up to 4.9 fb-1)  
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Colliders are microscopes that explore the structure2

and the interactions of particles at the shortest pos-3

sible length scale. Their goal is not to chase discoveries4

that are inevitable or perceived as such based on cur-5

rent knowledge. On the contrary, their mission is to6

explore the unknown in order to acquire radically novel7

knowledge.8

The current experimental and theoretical situation9

of particle physics is particularly favourable to collider10

exploration. No inevitable discovery diverts our atten-11

tion from pure exploration, and we can focus on the ba-12

sic questions that best illustrate our ignorance. Why is13

electroweak symmetry broken and what sets the scale?14

Is it really broken by the Standard Model Higgs or by15

a more rich Higgs sector? Is the Higgs an elementary16

or a composite particle? Is the top quark, in light of its17

large Yukawa coupling, a portal towards the explana-18

tion of the observed pattern of flavor? Is the Higgs or19

the electroweak sector connected with dark matter? Is20

it connected with the origin of the asymmetry between21

baryons and anti-baryons in the Universe?22

The next collider should deepen our understand-23

ing of the questions above, and offer broad and varied24

opportunities for exploration to enable radically unex-25

pected discoveries. A comprehensive exploration must26

exploit the complementarity between energy and pre-27

cision. Precise measurements allow us to study the dy-28

namics of the particles we already know, looking for29

the indirect manifestation of yet unknown new physics.30

With a very high energy collider we can access the new31

physics particles directly. These two exploration strate-32

gies are normally associated with two distinct machines,33

either colliding electrons/positrons (ee) or protons (pp).34

With muons instead, both strategies can be effec-35

tively pursued at a single collider that combines the36

advantages of ee and of pp machines. Moreover, the37

simultaneous availability of energy and precision offers38

unique perspectives of indirect sensitivity to very heavy39

new physics, as well as unique perspectives for the char-40

acterisation of new heavy particles discovered at the41

muon collider itself.42

This is the picture that emerges from the investiga-43

tions of the muon colliders physics potential performed44

so far, to be reviewed in this document in Sections 245

and 5. These studies identify a Muon Collider (MuC),46

with 10 TeV energy or more in the centre of mass and47

sufficient luminosity, as an ideal tool for a substantial48

ambitious jump ahead in the exploration of fundamen-49

tal particles and interactions. Assessing its technologi-50

cal feasibility is thus a priority for the future of particle51

physics.52
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Muon collider concept53

Initial ideas for muon colliders were proposed long54

ago [1–4]. Subsequent studies culminated in the Muon55

Accelerator Program (MAP) in the US (see [5–8] for an56

overview). The MAP concept for the muon collider fa-57

cility is displayed in Figure 1. The proton complex pro-58

duces a short, high-intensity proton pulse that hits the59

target and produces pions. The decay channel guides60

the pions and collects the muons from their decay into61

a bunching and phase rotator system to form a muon62

beam. Several cooling stages then reduce the longitu-63

dinal and transverse emittance of the beam using a se-64

quence of absorbers and radiofrequency (RF) cavities65

in a high magnetic field. A system of a linear accelera-66

tors (linac) and two recirculating linacs accelerate the67

beams to 60 GeV. They are followed by one or more68

rings to accelerate them to higher energy, for instance69

one to 300 GeV and one to 1.5 TeV, in the case of a70

3 TeV centre of mass energy MuC. In the 10 TeV col-71

lider an additional ring from 1.5 to 5 TeV follows. These72

rings can be either fast-pulsed synchrotrons or Fixed-73

Field Alternating gradients (FFA) accelerators. Finally,74

the beams are injected at full energy into the collider75

ring. Here, they will circulate to produce luminosity76

until they are decayed. Alternatively they can be ex-77

tracted once the muon beam current is strongly reduced78

by decay. There are wide margins for the optimisation79

of the exact energy stages of the acceleration system,80

taking also into account the possible exploitation of the81

intermediate-energy muon beams for muon colliders of82

lower centre of mass energy.83

The concept developed by MAP provides the base-84

line for present and planned work on muon colliders,85

reviewed in Section 3. Three main reasons sparked this86

renewed interest in muon colliders. First, the focus on87

high collision energy and luminosity where the muon88

collider is particularly promising and offers the perspec-89

tive of revolutionising particle physics. Second, the ad-90

vances in technology and muon colliders design. Third,91

the difficulty of envisaging a radical jump ahead in the92

high-energy exploration with ee or pp colliders.93
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Fig. 10. UA1 distribution of the missing transverse momentum (called EMIS
T in this plot) for

equal bins of (EMIS
T )2. The events shown as dark areas in this plot contain a high pT electron.

from momentum conservation that !pmiss
T is equal to the neutrino transverse

momentum.
Figure 10 shows the |!pmiss

T | distribution, as measured by UA1 from the 1982
data.9 There is a component decreasing approximately as |!pmiss

T |2 due to the effect
of calorimeter resolution in events without significant |!pmiss

T |, followed by a flat
component due to events with genuine |!pmiss

T |. Six events with high |!pmiss
T | in the

distribution of Fig. 10 contain a high-pT electron. The !pmiss
T vector in these events

is almost back-to-back with the electron transverse momentum vector, as shown in
Fig. 11. These events are interpreted as due to W → eνe decay. This result was first
announced at a CERN seminar on January 20, 1983. Figure 12 shows the graphics
display of one of these events.

The results from the UA2 search for W → eν events10 was presented at a
CERN seminar on the following day (January 21, 1983). Six events containing an
electron with pT > 15GeV/c were identified among the 1982 data. Figure 13 shows
the distribution of the ratio between |!pmiss

T | and the electron pT for these events.
Also shown in Fig. 13 is the electron pT distribution for the events with a |!pmiss

T |
value comparable to the electron pT (four events). These events have the properties
expected from W → eν decay.
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muon collider itself.42
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so far, to be reviewed in this document in Sections 245

and 5. These studies identify a Muon Collider (MuC),46

with 10 TeV energy or more in the centre of mass and47

sufficient luminosity, as an ideal tool for a substantial48
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cal feasibility is thus a priority for the future of particle51
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Muon collider concept53

Initial ideas for muon colliders were proposed long54

ago [1–4]. Subsequent studies culminated in the Muon55

Accelerator Program (MAP) in the US (see [5–8] for an56

overview). The MAP concept for the muon collider fa-57

cility is displayed in Figure 1. The proton complex pro-58

duces a short, high-intensity proton pulse that hits the59

target and produces pions. The decay channel guides60

the pions and collects the muons from their decay into61

a bunching and phase rotator system to form a muon62

beam. Several cooling stages then reduce the longitu-63

dinal and transverse emittance of the beam using a se-64

quence of absorbers and radiofrequency (RF) cavities65

in a high magnetic field. A system of a linear accelera-66

tors (linac) and two recirculating linacs accelerate the67

beams to 60 GeV. They are followed by one or more68

rings to accelerate them to higher energy, for instance69

one to 300 GeV and one to 1.5 TeV, in the case of a70

3 TeV centre of mass energy MuC. In the 10 TeV col-71

lider an additional ring from 1.5 to 5 TeV follows. These72

rings can be either fast-pulsed synchrotrons or Fixed-73

Field Alternating gradients (FFA) accelerators. Finally,74

the beams are injected at full energy into the collider75

ring. Here, they will circulate to produce luminosity76

until they are decayed. Alternatively they can be ex-77

tracted once the muon beam current is strongly reduced78

by decay. There are wide margins for the optimisation79

of the exact energy stages of the acceleration system,80

taking also into account the possible exploitation of the81

intermediate-energy muon beams for muon colliders of82

lower centre of mass energy.83

The concept developed by MAP provides the base-84

line for present and planned work on muon colliders,85

reviewed in Section 3. Three main reasons sparked this86

renewed interest in muon colliders. First, the focus on87

high collision energy and luminosity where the muon88

collider is particularly promising and offers the perspec-89

tive of revolutionising particle physics. Second, the ad-90

vances in technology and muon colliders design. Third,91

the difficulty of envisaging a radical jump ahead in the92

high-energy exploration with ee or pp colliders.93

Multifaceted ElectroWeak Interactions
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Fig. 10. UA1 distribution of the missing transverse momentum (called EMIS
T in this plot) for

equal bins of (EMIS
T )2. The events shown as dark areas in this plot contain a high pT electron.

from momentum conservation that !pmiss
T is equal to the neutrino transverse

momentum.
Figure 10 shows the |!pmiss

T | distribution, as measured by UA1 from the 1982
data.9 There is a component decreasing approximately as |!pmiss

T |2 due to the effect
of calorimeter resolution in events without significant |!pmiss

T |, followed by a flat
component due to events with genuine |!pmiss

T |. Six events with high |!pmiss
T | in the

distribution of Fig. 10 contain a high-pT electron. The !pmiss
T vector in these events

is almost back-to-back with the electron transverse momentum vector, as shown in
Fig. 11. These events are interpreted as due to W → eνe decay. This result was first
announced at a CERN seminar on January 20, 1983. Figure 12 shows the graphics
display of one of these events.

The results from the UA2 search for W → eν events10 was presented at a
CERN seminar on the following day (January 21, 1983). Six events containing an
electron with pT > 15GeV/c were identified among the 1982 data. Figure 13 shows
the distribution of the ratio between |!pmiss

T | and the electron pT for these events.
Also shown in Fig. 13 is the electron pT distribution for the events with a |!pmiss

T |
value comparable to the electron pT (four events). These events have the properties
expected from W → eν decay.
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Opportunities I: low/medium energy

8

Enhancement of low-energy V-B Scattering:     ̂σ ≈
1

̂s
≫

1
E2

Splitting suppression from weak coupling compensated by  
log E2/m2

EW

VBF yield growth with  due to collider luminosity growth: Ecm
L ∝ E2
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Figure 1: Diagrammatic contributions to the qq ! q�q�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

Fig. 5 Left panel: schematic representation of vector boson fusion or scattering processes. The collinear V bosons emitted
from the muons participate to a process with hardness

p
ŝ ⌧ Ecm. Right panel: number of expected events for selected SM

processes at a muon collider with variable Ecm and luminosity scaling as in eq. (1).

are copiously produced at a muon collider. The electric
charge mismatch with the neutral µ+µ� initial state is
compensated by the emission of soft and collinear W
bosons, which occurs with high probability because of
the large energy.

High energy scattering processes are as unique the-
oretically as they are experimentally [11, 23, 61]. They
give direct access to the interactions among SM par-
ticles with 10 TeV energy, which in turn provide indi-
rect 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 measure-
ments 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 inves-
tigate flavor non-universal phenomena, as we will see in
Section 5.3.

This mechanism is not novel. Major progress in par-
ticle physics always came from raising the available col-
lision energy, producing either direct or indirect discov-
eries. Among the most relevant discoveries that did not
proceed through the resonant production of new parti-
cles, there is the one of the inner structure of nucleons.
This discovery could be achieved [62] only when the
transferred energy in electron scattering could reach a
significant fraction of the proton compositeness scale
⇤qcd = 1/rp = 300 MeV. Proton-compositeness effects
became sizeable enough to be detected at that energy,
precisely because of the quadratic enhancement mech-
anism we described above.

Figure 7 illustrates the tremendous reach on new
physics of a 10 TeV MuC with 10 ab�1 integrated lu-
minosity. The left panel (green contour) is the sensitiv-
ity to a scenario that explains the microscopic origin

of the Higgs particle and of the scale of EW symme-
try 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 pro-
duces additional signatures that extend the muon col-
lider 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 corre-
sponds 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 inter-
mediate g⇤, a 10 TeV MuC 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 centre of mass energy of the muon
collider.

The figure also reports, as blue dash-dotted lines de-
noted 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, summarised in Ref. [24].
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 facto-
ries. These measurements are not competitive because
new physics at ⇤ ⇠ 100 TeV produces unobservable
one part per million effects on 100 GeV energy pro-
cesses. High-energy measurements at a 100 TeV proton
collider are also included in the dash-dotted lines. They
are not competitive either, because the effective parton
luminosity at high energy is much lower than the one
of a 10 TeV MuC, as explained in Section 2.1. For ex-
ample the cross-section for the production of an e+e�
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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

Fig. 5 Left panel: schematic representation of vector boson fusion or scattering processes. The collinear V bosons emitted
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processes at a muon collider with variable Ecm and luminosity scaling as in eq. (1).

are copiously produced at a muon collider. The electric
charge mismatch with the neutral µ+µ� initial state is
compensated by the emission of soft and collinear W
bosons, which occurs with high probability because of
the large energy.

High energy scattering processes are as unique the-
oretically as they are experimentally [11, 23, 61]. They
give direct access to the interactions among SM par-
ticles with 10 TeV energy, which in turn provide indi-
rect 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 measure-
ments 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 inves-
tigate flavor non-universal phenomena, as we will see in
Section 5.3.

This mechanism is not novel. Major progress in par-
ticle physics always came from raising the available col-
lision energy, producing either direct or indirect discov-
eries. Among the most relevant discoveries that did not
proceed through the resonant production of new parti-
cles, there is the one of the inner structure of nucleons.
This discovery could be achieved [62] only when the
transferred energy in electron scattering could reach a
significant fraction of the proton compositeness scale
⇤qcd = 1/rp = 300 MeV. Proton-compositeness effects
became sizeable enough to be detected at that energy,
precisely because of the quadratic enhancement mech-
anism we described above.

Figure 7 illustrates the tremendous reach on new
physics of a 10 TeV MuC with 10 ab�1 integrated lu-
minosity. The left panel (green contour) is the sensitiv-
ity to a scenario that explains the microscopic origin

of the Higgs particle and of the scale of EW symme-
try 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 pro-
duces additional signatures that extend the muon col-
lider 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 corre-
sponds 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 inter-
mediate g⇤, a 10 TeV MuC 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 centre of mass energy of the muon
collider.

The figure also reports, as blue dash-dotted lines de-
noted 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, summarised in Ref. [24].
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 facto-
ries. These measurements are not competitive because
new physics at ⇤ ⇠ 100 TeV produces unobservable
one part per million effects on 100 GeV energy pro-
cesses. High-energy measurements at a 100 TeV proton
collider are also included in the dash-dotted lines. They
are not competitive either, because the effective parton
luminosity at high energy is much lower than the one
of a 10 TeV MuC, as explained in Section 2.1. For ex-
ample the cross-section for the production of an e+e�

σ = ∫ dτ
dℒ
dτ
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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
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Fig. 5 Left panel: schematic representation of vector boson fusion or scattering processes. The collinear V bosons emitted
from the muons participate to a process with hardness

p
ŝ ⌧ Ecm. Right panel: number of expected events for selected SM

processes at a muon collider with variable Ecm and luminosity scaling as in eq. (1).

are copiously produced at a muon collider. The electric
charge mismatch with the neutral µ+µ� initial state is
compensated by the emission of soft and collinear W
bosons, which occurs with high probability because of
the large energy.
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⇤qcd = 1/rp = 300 MeV. Proton-compositeness effects
became sizeable enough to be detected at that energy,
precisely because of the quadratic enhancement mech-
anism we described above.
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physics of a 10 TeV MuC with 10 ab�1 integrated lu-
minosity. The left panel (green contour) is the sensitiv-
ity to a scenario that explains the microscopic origin

of the Higgs particle and of the scale of EW symme-
try breaking by the fact that the Higgs is a composite
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be composite as well, which in turn explains its large
mass and suggest a “partial compositeness” origin of
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mediate g⇤, a 10 TeV MuC 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 centre of mass energy of the muon
collider.

The figure also reports, as blue dash-dotted lines de-
noted 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, summarised in Ref. [24].
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possible future e+e� Higgs, electroweak and Top facto-
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one part per million effects on 100 GeV energy pro-
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from the muons participate to a process with hardness

p
ŝ ⌧ Ecm. Right panel: number of expected events for selected SM

processes at a muon collider with variable Ecm and luminosity scaling as in eq. (1).

are copiously produced at a muon collider. The electric
charge mismatch with the neutral µ+µ� initial state is
compensated by the emission of soft and collinear W
bosons, which occurs with high probability because of
the large energy.

High energy scattering processes are as unique the-
oretically as they are experimentally [11, 23, 61]. They
give direct access to the interactions among SM par-
ticles with 10 TeV energy, which in turn provide indi-
rect 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 measure-
ments 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 inves-
tigate flavor non-universal phenomena, as we will see in
Section 5.3.

This mechanism is not novel. Major progress in par-
ticle physics always came from raising the available col-
lision energy, producing either direct or indirect discov-
eries. Among the most relevant discoveries that did not
proceed through the resonant production of new parti-
cles, there is the one of the inner structure of nucleons.
This discovery could be achieved [62] only when the
transferred energy in electron scattering could reach a
significant fraction of the proton compositeness scale
⇤qcd = 1/rp = 300 MeV. Proton-compositeness effects
became sizeable enough to be detected at that energy,
precisely because of the quadratic enhancement mech-
anism we described above.

Figure 7 illustrates the tremendous reach on new
physics of a 10 TeV MuC with 10 ab�1 integrated lu-
minosity. The left panel (green contour) is the sensitiv-
ity to a scenario that explains the microscopic origin

of the Higgs particle and of the scale of EW symme-
try 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 pro-
duces additional signatures that extend the muon col-
lider 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 corre-
sponds 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 inter-
mediate g⇤, a 10 TeV MuC 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 centre of mass energy of the muon
collider.

The figure also reports, as blue dash-dotted lines de-
noted 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, summarised in Ref. [24].
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 facto-
ries. These measurements are not competitive because
new physics at ⇤ ⇠ 100 TeV produces unobservable
one part per million effects on 100 GeV energy pro-
cesses. High-energy measurements at a 100 TeV proton
collider are also included in the dash-dotted lines. They
are not competitive either, because the effective parton
luminosity at high energy is much lower than the one
of a 10 TeV MuC, as explained in Section 2.1. For ex-
ample the cross-section for the production of an e+e�
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FCC-hh

Fig. 6 Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV MuC with 10 ab�1, compared
with HL-LHC. The effect of measurements from a 250 GeV e

+
e
� Higgs factory is also reported. Right panel: sensitivity to

�� for different Ecm. The luminosity is as in eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of
2 ab�1) is assumed. More details in Section 5.1.1.

pair with more than 9 TeV invariant mass at the FCC-
hh is only 40 ab, while it is 900 ab at a 10 TeV muon
collider. Even with a somewhat higher integrated lumi-
nosity, the FCC-hh just does not have enough statistics
to compete with a 10 TeV MuC.

The right panel of Figure 7 considers a simpler new
physics scenario, where the only BSM state is a heavy
Z 0 spin-one particle. The “Others” line also includes
the sensitivity of the FCC-hh from direct Z 0 produc-
tion. The line exceeds the 10 TeV MuC sensitivity con-
tour (in green) only in a tiny region with MZ0 around
20 TeV and small Z 0 coupling. This result substantiates
our claim in Section 2.2 that a reach comparison based
on the 2 ! 1 single production of the new states is
simplistic. Single 2 ! 1 production couplings can pro-
duce indirect effect in 2 ! 2 scattering by the virtual
exchange of the new particle, and the muon collider is
extraordinarily sensitive to these effects. Which collider
wins is model-dependent. In the simple benchmark Z 0

scenario, and in the motivated framework of Higgs com-
positeness that future colliders are urged to explore, the
muon collider is just a superior device.

We have seen that high energy measurements at
a muon collider enable the indirect discovery of new
physics at a scale in the ballpark of 100 TeV. However
the muon collider also offers amazing opportunities for
direct discoveries at a mass of several TeV, and unique
opportunities to characterise the properties of the dis-
covered particles, as emphasised in Section 2.2. High en-
ergy measurements will enable us take one step further
in the discovery characterisation, by probing the inter-
actions of the new particles well above their mass. For
instance in the Composite Higgs scenario one could first

discover Top Partner particles of few TeV mass, and
next study their dynamics and their indirect effects on
SM processes. This might be sufficient to pin down the
detailed theoretical description of the newly discovered
sector, which would thus be both discovered and theo-
retically characterised at the same collider. Higgs cou-
pling determinations and other precise measurements
that exploit the enormous luminosity for vector boson
collisions, described in Section 2.3, will also play a ma-
jor role in this endeavour.

We can dream of such glorious outcome of the project,
where an entire new sector is discovered and charac-
terised in details at the same machine, only because
energy and precision are simultaneously available at a
muon collider.

2.5 Electroweak radiation

The novel experimental setup offered by lepton colli-
sions at 10 TeV energy or more outlines possibilities
for theoretical exploration that are at once novel and
speculative, yet robustly anchored to reality and to phe-
nomenological applications.

The muon collider will probe for the first time a
new regime of EW interactions, where the scale mw ⇠

100 GeV of EW symmetry breaking plays the role of
a small IR scale, relative to the much larger collision
energy. This large scale separation triggers a number of
novel phenomena that we collectively denote as “EW
radiation” effects. Since they are prominent at muon
collider energies, the comprehension of these phenom-
ena is of utmost importance not only for developing a

single Higgs triple Higgs
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Figure 1: Diagrammatic contributions to the qq ! q�q�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

Fig. 5 Left panel: schematic representation of vector boson fusion or scattering processes. The collinear V bosons emitted
from the muons participate to a process with hardness

p
ŝ ⌧ Ecm. Right panel: number of expected events for selected SM

processes at a muon collider with variable Ecm and luminosity scaling as in eq. (1).

are copiously produced at a muon collider. The electric
charge mismatch with the neutral µ+µ� initial state is
compensated by the emission of soft and collinear W
bosons, which occurs with high probability because of
the large energy.

High energy scattering processes are as unique the-
oretically as they are experimentally [11, 23, 61]. They
give direct access to the interactions among SM par-
ticles with 10 TeV energy, which in turn provide indi-
rect 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 measure-
ments 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 inves-
tigate flavor non-universal phenomena, as we will see in
Section 5.3.

This mechanism is not novel. Major progress in par-
ticle physics always came from raising the available col-
lision energy, producing either direct or indirect discov-
eries. Among the most relevant discoveries that did not
proceed through the resonant production of new parti-
cles, there is the one of the inner structure of nucleons.
This discovery could be achieved [62] only when the
transferred energy in electron scattering could reach a
significant fraction of the proton compositeness scale
⇤qcd = 1/rp = 300 MeV. Proton-compositeness effects
became sizeable enough to be detected at that energy,
precisely because of the quadratic enhancement mech-
anism we described above.

Figure 7 illustrates the tremendous reach on new
physics of a 10 TeV MuC with 10 ab�1 integrated lu-
minosity. The left panel (green contour) is the sensitiv-
ity to a scenario that explains the microscopic origin

of the Higgs particle and of the scale of EW symme-
try 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 pro-
duces additional signatures that extend the muon col-
lider 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 corre-
sponds 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 inter-
mediate g⇤, a 10 TeV MuC 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 centre of mass energy of the muon
collider.

The figure also reports, as blue dash-dotted lines de-
noted 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, summarised in Ref. [24].
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 facto-
ries. These measurements are not competitive because
new physics at ⇤ ⇠ 100 TeV produces unobservable
one part per million effects on 100 GeV energy pro-
cesses. High-energy measurements at a 100 TeV proton
collider are also included in the dash-dotted lines. They
are not competitive either, because the effective parton
luminosity at high energy is much lower than the one
of a 10 TeV MuC, as explained in Section 2.1. For ex-
ample the cross-section for the production of an e+e�
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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.
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Fig. 5 Left panel: schematic representation of vector boson fusion or scattering processes. The collinear V bosons emitted
from the muons participate to a process with hardness

p
ŝ ⌧ Ecm. Right panel: number of expected events for selected SM

processes at a muon collider with variable Ecm and luminosity scaling as in eq. (1).

are copiously produced at a muon collider. The electric
charge mismatch with the neutral µ+µ� initial state is
compensated by the emission of soft and collinear W
bosons, which occurs with high probability because of
the large energy.

High energy scattering processes are as unique the-
oretically as they are experimentally [11, 23, 61]. They
give direct access to the interactions among SM par-
ticles with 10 TeV energy, which in turn provide indi-
rect 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 measure-
ments 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 inves-
tigate flavor non-universal phenomena, as we will see in
Section 5.3.

This mechanism is not novel. Major progress in par-
ticle physics always came from raising the available col-
lision energy, producing either direct or indirect discov-
eries. Among the most relevant discoveries that did not
proceed through the resonant production of new parti-
cles, there is the one of the inner structure of nucleons.
This discovery could be achieved [62] only when the
transferred energy in electron scattering could reach a
significant fraction of the proton compositeness scale
⇤qcd = 1/rp = 300 MeV. Proton-compositeness effects
became sizeable enough to be detected at that energy,
precisely because of the quadratic enhancement mech-
anism we described above.

Figure 7 illustrates the tremendous reach on new
physics of a 10 TeV MuC with 10 ab�1 integrated lu-
minosity. The left panel (green contour) is the sensitiv-
ity to a scenario that explains the microscopic origin

of the Higgs particle and of the scale of EW symme-
try 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 pro-
duces additional signatures that extend the muon col-
lider 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 corre-
sponds 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 inter-
mediate g⇤, a 10 TeV MuC 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 centre of mass energy of the muon
collider.

The figure also reports, as blue dash-dotted lines de-
noted 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, summarised in Ref. [24].
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 facto-
ries. These measurements are not competitive because
new physics at ⇤ ⇠ 100 TeV produces unobservable
one part per million effects on 100 GeV energy pro-
cesses. High-energy measurements at a 100 TeV proton
collider are also included in the dash-dotted lines. They
are not competitive either, because the effective parton
luminosity at high energy is much lower than the one
of a 10 TeV MuC, as explained in Section 2.1. For ex-
ample the cross-section for the production of an e+e�
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The opportunities for Higgs physics at a muon col-704

lider are summarised extensively in Section 5.1.1. In705

Figure 6 we report for illustration the results of a 10-706

parameter fit to the Higgs couplings in the -framework707

at a 10 TeV MuC, and the sensitivity projections on708

the anomalous Higgs trilinear coupling ��. The table709

shows that a 10 TeV MuC will improve significantly and710

broadly our knowledge of the properties of the Higgs711

boson. The combination with the measurements per-712

formed at an e+e� Higgs factory, reported on the third713

column, does not a↵ect the sensitivity to several cou-714

plings appreciably, showing the good precision that a715

muon collider alone can attain. However, it also shows716

complementarity with an e+e� Higgs factory program.717

On the right panel of the figure we see that the per-718

formances of muon colliders in the measurement of ��719

are similar or much superior to the one of the other720

future colliders where this measurement could be per-721

formed. In particular, CLIC measures �� at the 10%722

level [33], and the FCC-hh sensitivity ranges from 3.5723

to 8% depending on detector assumptions [34]. A de-724

termination of �� that is way more accurate than the725

HL-LHC projections is possible already at a low energy726

stage of a muon collider with Ecm = 3 TeV as discussed727

in Section 5.1.1.728

The potential of a muon collider as a vector bo-729

son collider has not been explored fully. In particular a730

systematic investigation of vector boson scattering pro-731

cesses, such as WW !WW , has not been performed.732

The key role played by the Higgs boson to eliminate733

the energy growth of the corresponding Feynman am-734

plitudes could be directly verified at a muon collider735

by means of di↵erential measurements that extend well736

above one TeV for the invariant mass of the scattered737

vector bosons. Along similar lines, di↵erential measure-738

ments of the WW ! HH process has been studied739

in [14, 28] (see also [12]) as an e↵ective probe of the740

composite nature of the Higgs boson, with a reach that741

is comparable or superior to the one of Higgs coupling742

measurements. A similar investigation was performed743

in [12,13] (see also [12]) for WW!tt, aimed at probing744

Higgs-top interactions.745

2.4 High-energy measurements746

Direct µ+µ� annihilation, such as HZ and tt produc-747

tion displays a number of expected events of the order748

of several thousands, reported in Figure 5. These are749

much less than the events where a Higgs or a tt pair750

are produced from VBF, but they are sharply di↵er-751

ent and easily distinguishable. The invariant mass of752

the particles produced by direct annihilation is indeed753

sharply peaked at the collider energy Ecm, while the754

invariant mass rarely exceeds one tenth of Ecm in the755

VBF production mode.756

The good statistics and the limited or absent back-757

ground thus enables percent of few-percent level mea-758

surements of SM cross sections for hard scattering pro-759

cesses of energy Ecm = 10 TeV at the 10 TeV MuC.760

An incomplete list of the many possible measurements761

is provided in Ref. [35], including the resummed e↵ects762

of EW radiation on the cross section predictions. It is763

worth emphasising that also charged final states such as764

WH or `⌫ are copiously produced at a muon collider.765

The electric charge mismatch with the neutral µ+µ�
766

initial state is compensated by the emission of soft and767

collinear W bosons, which occurs with high probability768

because of the large energy.769

High energy scattering processes are as unique the-770

oretically as they are experimentally [8, 14, 35]. They771
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sible for the matter-antimatter asymmetry in the Uni-
verse. Following [27] (see also [26]), we illustrate below
the muon collider potential to probe this scenario.

In the left panel of Figure 87, the coloured solid
curves show the muon collider 95% C.L. direct exclu-
sion reach in the plane formed by the singlet mass
and the product sin2 � ⇥ BR(S ! hh).9 The points
marked on the figure are obtained from a scan over
the microscopic parameters of the specific model con-
sidered in Ref. [27], and they correspond to configura-
tions where the EWPT is of the first order and strong
enough for electroweak baryogenesis. The 3 TeV MuC
covers several of the relevant points, while the 10 TeV
MuC enables an almost complete coverage. The points
marked in red or in green (unlike those in blue) could
perhaps also produce observable gravitation waves at
LISA. Strong first order EWPT requires a modification
of the Higgs potential. Therefore sizeable departures of
the trilinear Higgs coupling with respect to the SM are
expected in this scenario. This is shown on the right
panel of Figure 87, in the plane formed by a universal
modifier � that affects all the single-Higgs couplings,
and the trilinear coupling modifier ��. We see that the
muon collider, already at the 3 TeV stage, has consider-
able chances to be sensitive to the predicted single- or
triple-Higgs coupling modifications. It is in fact likely
to observe correlated modifications in both couplings.

9The latter quantity, and not only sin
2

�, is what controls the
events yield in the di-Higgs final state. The branching ratio is
set to 1/4 in Figure 86, which is a good approximation when
the singlet is heavy but not so in the mass range of Figure 87.

Two Higgs Doublet Model
Models with two Higgs doublets (2HDM) are another
important target for muon colliders. 10 While much
work is still to be done for the detailed assessment of the
muon collider potential, a rather complete characteri-
sation of the relevant phenomenology was provided in
Ref. [48], whose findings are briefly summarised below.
Like in the case of the singlet model, very significant
progress on the 2HDM parameters space is possible al-
ready at the first 3 TeV stage of the muon collider. In
what follows we stick to this energy for definiteness.
At the higher energies muon colliders, which are also
considered in [48], the performances improve.

The scalar sector of the 2HDM consists of 5 physical
particles: the SM-like Higgs h with mh = 125 GeV and
the non-SM ones H, A, H±. The tree-level couplings of
the Higgs bosons are determined by the mixing angle
between the neutral CP-even Higgs bosons, ↵, and by
a second parameter tan � = v2/v1, with v1,2 being the
vacuum expectation value for two Higgs doublets. The
dominant couplings of the Higgses with the SM gauge
bosons typically involve two non-SM Higgses, for ex-
ample, ZHA or W±H⌥H. The Yukawa couplings of
the non-SM like Higgses with the SM fermions depends
on how the two Higgs doublets are coupled to the lep-
tons and quarks via Yukawa couplings. Four different
patterns of Yukawa couplings are typically considered
in the literature, giving rise to four different types of

10Other extensions of the Higgs sector, in particular those
featuring a doubly-charged scalar, were studied in [51,52]

model with 1st order EWphTr

Opportunity for Higgs-coupled BSM
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Figure 1: Diagrammatic contributions to the qq ! q�q�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

Fig. 5 Left panel: schematic representation of vector boson fusion or scattering processes. The collinear V bosons emitted
from the muons participate to a process with hardness

p
ŝ ⌧ Ecm. Right panel: number of expected events for selected SM

processes at a muon collider with variable Ecm and luminosity scaling as in eq. (1).

are copiously produced at a muon collider. The electric
charge mismatch with the neutral µ+µ� initial state is
compensated by the emission of soft and collinear W
bosons, which occurs with high probability because of
the large energy.

High energy scattering processes are as unique the-
oretically as they are experimentally [11, 23, 61]. They
give direct access to the interactions among SM par-
ticles with 10 TeV energy, which in turn provide indi-
rect 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 measure-
ments 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 inves-
tigate flavor non-universal phenomena, as we will see in
Section 5.3.

This mechanism is not novel. Major progress in par-
ticle physics always came from raising the available col-
lision energy, producing either direct or indirect discov-
eries. Among the most relevant discoveries that did not
proceed through the resonant production of new parti-
cles, there is the one of the inner structure of nucleons.
This discovery could be achieved [62] only when the
transferred energy in electron scattering could reach a
significant fraction of the proton compositeness scale
⇤qcd = 1/rp = 300 MeV. Proton-compositeness effects
became sizeable enough to be detected at that energy,
precisely because of the quadratic enhancement mech-
anism we described above.

Figure 7 illustrates the tremendous reach on new
physics of a 10 TeV MuC with 10 ab�1 integrated lu-
minosity. The left panel (green contour) is the sensitiv-
ity to a scenario that explains the microscopic origin

of the Higgs particle and of the scale of EW symme-
try 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 pro-
duces additional signatures that extend the muon col-
lider 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 corre-
sponds 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 inter-
mediate g⇤, a 10 TeV MuC 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 centre of mass energy of the muon
collider.

The figure also reports, as blue dash-dotted lines de-
noted 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, summarised in Ref. [24].
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 facto-
ries. These measurements are not competitive because
new physics at ⇤ ⇠ 100 TeV produces unobservable
one part per million effects on 100 GeV energy pro-
cesses. High-energy measurements at a 100 TeV proton
collider are also included in the dash-dotted lines. They
are not competitive either, because the effective parton
luminosity at high energy is much lower than the one
of a 10 TeV MuC, as explained in Section 2.1. For ex-
ample the cross-section for the production of an e+e�
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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.
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Fig. 5 Left panel: schematic representation of vector boson fusion or scattering processes. The collinear V bosons emitted
from the muons participate to a process with hardness

p
ŝ ⌧ Ecm. Right panel: number of expected events for selected SM

processes at a muon collider with variable Ecm and luminosity scaling as in eq. (1).

are copiously produced at a muon collider. The electric
charge mismatch with the neutral µ+µ� initial state is
compensated by the emission of soft and collinear W
bosons, which occurs with high probability because of
the large energy.

High energy scattering processes are as unique the-
oretically as they are experimentally [11, 23, 61]. They
give direct access to the interactions among SM par-
ticles with 10 TeV energy, which in turn provide indi-
rect 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 measure-
ments 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 inves-
tigate flavor non-universal phenomena, as we will see in
Section 5.3.

This mechanism is not novel. Major progress in par-
ticle physics always came from raising the available col-
lision energy, producing either direct or indirect discov-
eries. Among the most relevant discoveries that did not
proceed through the resonant production of new parti-
cles, there is the one of the inner structure of nucleons.
This discovery could be achieved [62] only when the
transferred energy in electron scattering could reach a
significant fraction of the proton compositeness scale
⇤qcd = 1/rp = 300 MeV. Proton-compositeness effects
became sizeable enough to be detected at that energy,
precisely because of the quadratic enhancement mech-
anism we described above.

Figure 7 illustrates the tremendous reach on new
physics of a 10 TeV MuC with 10 ab�1 integrated lu-
minosity. The left panel (green contour) is the sensitiv-
ity to a scenario that explains the microscopic origin

of the Higgs particle and of the scale of EW symme-
try 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 pro-
duces additional signatures that extend the muon col-
lider 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 corre-
sponds 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 inter-
mediate g⇤, a 10 TeV MuC 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 centre of mass energy of the muon
collider.

The figure also reports, as blue dash-dotted lines de-
noted 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, summarised in Ref. [24].
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 facto-
ries. These measurements are not competitive because
new physics at ⇤ ⇠ 100 TeV produces unobservable
one part per million effects on 100 GeV energy pro-
cesses. High-energy measurements at a 100 TeV proton
collider are also included in the dash-dotted lines. They
are not competitive either, because the effective parton
luminosity at high energy is much lower than the one
of a 10 TeV MuC, as explained in Section 2.1. For ex-
ample the cross-section for the production of an e+e�
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Figure 7: Left: 95% C.L. reach on ⇠ ⌘ CHv2 (blue contours), and isolines of S/B (black contours)
as a function of collider luminosity and energy. The baseline luminosity in eq. (1) is highlighted
as a white line. Right: Combined constraints at 68% C.L. in the (CH , C6) plane from double
Higgs production, for Ecm = 3 (gray), 6 (green), 10 (blue) and 14 (orange), and 30 TeV (red).

a function of Mhh and pT,h, and we perform a di↵erential analysis dividing the phase space in 9
bins – three bins in each variable – chosen in order to maximize the sensitivity to the new physics
coe�cients. Furthermore, we require the Higgs bosons to be in the central region with rapidity
⌘h < 2 (i.e., around 15�). The cuts that define the bin of highest invariant mass and pT are
reported in Table 8, together with the corresponding `+`� ! hh⌫⌫̄ cross-sections as functions of
CH and C6, for the di↵erent collider benchmarks. This bin is the one that dominates the single-
operator CH sensitivity for CH > 0. The other bins are important for the global sensitivity in
the (C6, CH) plane. Notice that the optimal cuts in (Mhh, pT,h) scale roughly linearly with the
collider energy, as one would näıvely expect in the very high energy regime where all the masses
can be neglected. Also note that the SM cross-section decreases with increasing Ecm since no
logarithmic enhancement is present in the high-mass region. We then compute the overall event
yield, including the hadronic dijet decay modes h ! bb̄, cc̄, gg, that add up to BRh!jj = 70%.
We do not include hadronic WW , ZZ and ⌧⌧ modes, but they could also be considered in order
to increase the number of events. The di-Higgs tagging e�ciency is taken to be ✏hh = 30%. The
resulting number of reconstructed SM events is reported in the fifth column of Table 8.

The single-operator sensitivity to CH (assuming CH > 0) is given in the last column of
Table 8, expressed in terms of the 95% C.L. bound on the parameter ⇠ ⌘ v2/f2

⌘ CHv2, which
is related to the sigma-model scale f in theories where the Higgs is a composite pseudo-Goldstone
boson [24]. The ⇠ parameter (i.e., CH) also controls single-Higgs coupling modifications � =
�⇠/2 (see eq. (18)), that can be probed at the permille level at future Higgs factories such as
CLIC, FCCee and ILC [25]. A similar sensitivity to ⇠ can be achieved already at the 10 TeV
VHEL by “directly” measuring the e↵ect of OH in double Higgs production. The 14 and
30 VHEL sensitivity on ⇠ exceeds the one of Higgs factories. For instance a the 30 VHEL
sensitivity corresponds to Higgs coupling modification of �VHEL30

2�
' 2⇥10�4, which would

require exquisite experimental and theoretical precision to be detected. The “direct” VHEL
sensitivity is instead obtained from measurements with O(10%) precision in the di-Higgs high
mass tail, thanks to the enhancement of the new physics e↵ect. The left panel of Figure 7
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Which Cross-Section? 
๏Can include or to exclude as much radiation we like in XS we define/compute/measure 

Extremes are “Exclusive” or “Semi-Inclusive” 
๏Amount of radiation modulates interference between different hard “processes”: 

complementary BSM probes from different XS 
๏ Interesting corollaries: 

➡ Charged current ~ as large as neutral. Useful for BSM resonance as well  
➡ BSM and SM physics cannot just stay on their own
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Unexplored 
options in 
between

(a) Inclusive Zh (red) and fiducial WW
(blue) rates for unpolarized beams;

(b) Polarized inclusive Zh (L: red, R: or-

ange) and fiducial WW (L: blue, R: purple);

(c) Same as panel (a), but with di↵erential

WW rate (blue) for unpolarized beams.

(d) Same as panel (a), combined with fidu-

cial WWh (green) for unpolarized beams;

Figure 4: �2 profiles in the (CB, CW ) plane at a
p
s = 10 TeV muon collider. The four panels

combine di↵erent inclusive and di↵erential measurements with polarized and unpolarized beams.
Solid filled contours are for the combination of the �2 relevant for each panel. The iso-lines are
for ��2 values equivalent to 67%, 95%, and 99% confidence level. For completeness of display,
we add the inset in the lower-left corner to show the same quantities on a bigger scale.

available statistics, for which a handful of events are found in each bin. Unbinned techniques
such as the Matrix Element method could be studied to assess the optimality.

The fully di↵erential cross-section of the process could be obtained analytically by exploiting
the narrow-width approximation and the high-energy (Ecm � mW ) limit. While these are
excellent approximations, we instead employed exact tree-level predictions for the cross-section
in the bins as a function of CW and CB. They have been obtained using MadGraph [15], with
the EFT operators in eq. (2) implemented via FeynRules [34].

The result is shown in panel (c) of Figure 4, for unpolarized beams. After combining with
the Zh cross-section measurement, the di↵erential analysis eliminates the second solution and
allows for a better simultaneous determination of CW and CB as reported in Table 4.

2.3 High-energy tri-bosons

We have seen above that a di↵erential analysis of the W+W� process can resolve the degeneracy
between CW and CB and improve their global determination. However, it is important to
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Figure 5: 95% CL sensitivities to the W and Y parameters of the 30 TeV muon collider. Exclusive
and “with radiation” (i.e., semi-inclusive minus exclusive) cross-section measurements of the cc
process are considered in the left panel. The right panel shows the impact of e+e� (exclusive
and “with radiation”) and e⌫ (that only exists at the semi-inclusive level) final states.

The final results of our analysis including all channels are summarized in Figure 6 and
in Table 4. The figure displays the sensitivity contours of exclusive measurements as dotted
lines, and the combined impact of charged and of neutral “with radiation” cross-sections, in
dashed. The combination of all measurements is also shown. The table reports the results for
3, 10, 14 and 30 TeV, comparing the sensitivity of exclusive cross-sections alone with the total
combination.

At the High-Luminosity LHC (HL-LHC), it will be possible to probe the W and Y parameters
at the level of 4 · 10�5 and 8 · 10�5, respectively, at 95% CL [70, 78, 79]. Table 4 shows
that the 3 TeV muon collider would improve by one order of magnitude or more, and the
sensitivity improves quadratically with the muon collider energy. Among the other future collider
projects [80], CLIC at 3 TeV has the best sensitivity, of around 4 ·10�6 for both parameters [65].
This is of course comparable with the 3 TeV muon collider sensitivity, and a factor 10 worst
than that of the muon collider at 10 TeV. The comparison with FCC-hh projections is even
more favorable to the muon collider.

3.2 Diboson operators

The setup for this analysis is similar to that of Ref. [7]. Namely we consider the SILH operators
OW and OB, we convert them into the current-current interactions O0

W and O0

B as in Table 2,
and we study their e↵ect on the production of high-energy vector bosons and Higgs. Notice
that, by the equivalence theorem, O0

W and O0

B only significantly a↵ect the production of longi-
tudinally polarized vector bosons. We are therefore here studying the production of high-energy
longitudinally vector bosons and Higgs, with the production of transversely polarized vector
bosons playing merely the role of background. Since the e↵ects are quadratically enhanced by
the energy, such high-energy di-boson processes are by far the best probe of these operators at
the muon collider [7].

We thus consider, among those in Table 3, the following final states

• Zh : Following Ref. [7], we consider an e�ciency of 26% for tagging the two hard and
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The setup for this analysis is similar to that of Ref. [7]. Namely we consider the SILH operators
OW and OB, we convert them into the current-current interactions O0

W and O0

B as in Table 2,
and we study their e↵ect on the production of high-energy vector bosons and Higgs. Notice
that, by the equivalence theorem, O0

W and O0

B only significantly a↵ect the production of longi-
tudinally polarized vector bosons. We are therefore here studying the production of high-energy
longitudinally vector bosons and Higgs, with the production of transversely polarized vector
bosons playing merely the role of background. Since the e↵ects are quadratically enhanced by
the energy, such high-energy di-boson processes are by far the best probe of these operators at
the muon collider [7].

We thus consider, among those in Table 3, the following final states

• Zh : Following Ref. [7], we consider an e�ciency of 26% for tagging the two hard and
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Which Cross-Section? 
๏Can include or to exclude as much radiation we like in XS we define/compute/measure 

Extremes are “Exclusive” or “Semi-Inclusive” 
๏Amount of radiation modulates interference between different hard “processes”: 

complementary BSM probes from different XS 
๏ Interesting corollaries: 

➡ Charged current ~ as large as neutral. Useful for BSM resonance as well  
➡ BSM and SM physics cannot just stay on their own!
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Table 2: The operators under consideration in their “SILH” [73] form and, after using the
equations of motion, expressed as a linear combination of Warsaw [74] operators. Yf is the
hypercharge of the fermionic field f . In the operators involving the 3rd family the fields t and q
denote respectively the right-handed and left-handed top quark.
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T ZT — 2345 23%

Table 3: The exclusive and semi-inclusive processes employed for the sensitivity projections.
The operators that give a growing-with-energy contribution to each operator are labeled with a
check mark. The expected number of events (before e�ciencies) is for Ecm = 10 TeV with the
integrated luminosity (35). 21
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Challenges I: the accuracy of EVA

Effective Vector (or, W) Approximation is EW PDF at tree-level
14

5 10 15 20 25 30
20

50

100

200

500

s� [TeV]

s p
[T
eV

]

5 10 15 20 25 30
20

50

100

200

500

s� [TeV]

s p
[T
eV

]

5 10 15 20 25 30
20

50

100

200

500

s� [TeV]

s p
[T
eV

]

q
q�

q

q�

V1

V2

1a

q
q�

q

q�
1b

Figure 1: Diagrammatic contributions to the qq ! q�q�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

Fig. 5 Left panel: schematic representation of vector boson fusion or scattering processes. The collinear V bosons emitted
from the muons participate to a process with hardness

p
ŝ ⌧ Ecm. Right panel: number of expected events for selected SM

processes at a muon collider with variable Ecm and luminosity scaling as in eq. (1).

are copiously produced at a muon collider. The electric
charge mismatch with the neutral µ+µ� initial state is
compensated by the emission of soft and collinear W
bosons, which occurs with high probability because of
the large energy.

High energy scattering processes are as unique the-
oretically as they are experimentally [11, 23, 61]. They
give direct access to the interactions among SM par-
ticles with 10 TeV energy, which in turn provide indi-
rect 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 measure-
ments 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 inves-
tigate flavor non-universal phenomena, as we will see in
Section 5.3.

This mechanism is not novel. Major progress in par-
ticle physics always came from raising the available col-
lision energy, producing either direct or indirect discov-
eries. Among the most relevant discoveries that did not
proceed through the resonant production of new parti-
cles, there is the one of the inner structure of nucleons.
This discovery could be achieved [62] only when the
transferred energy in electron scattering could reach a
significant fraction of the proton compositeness scale
⇤qcd = 1/rp = 300 MeV. Proton-compositeness effects
became sizeable enough to be detected at that energy,
precisely because of the quadratic enhancement mech-
anism we described above.

Figure 7 illustrates the tremendous reach on new
physics of a 10 TeV MuC with 10 ab�1 integrated lu-
minosity. The left panel (green contour) is the sensitiv-
ity to a scenario that explains the microscopic origin

of the Higgs particle and of the scale of EW symme-
try 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 pro-
duces additional signatures that extend the muon col-
lider 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 corre-
sponds 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 inter-
mediate g⇤, a 10 TeV MuC 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 centre of mass energy of the muon
collider.

The figure also reports, as blue dash-dotted lines de-
noted 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, summarised in Ref. [24].
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 facto-
ries. These measurements are not competitive because
new physics at ⇤ ⇠ 100 TeV produces unobservable
one part per million effects on 100 GeV energy pro-
cesses. High-energy measurements at a 100 TeV proton
collider are also included in the dash-dotted lines. They
are not competitive either, because the effective parton
luminosity at high energy is much lower than the one
of a 10 TeV MuC, as explained in Section 2.1. For ex-
ample the cross-section for the production of an e+e�

Validity requires nearly on-shell V in hard process: 
 

No way can work if, e.g., 
m2

V − k2
V ≪ ̂s
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Figure 1: Diagrammatic contributions to the qq ! q�q�WW process. On the left, the scattering
topology. On the right, one representative “radiation” diagram.
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to gain sensitivity to the relevant physics.

In this paper we shall analyze in detail the applicability of EWA. We will find, not
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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
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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
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processes at a muon collider with variable Ecm and luminosity scaling as in eq. (1).

are copiously produced at a muon collider. The electric
charge mismatch with the neutral µ+µ� initial state is
compensated by the emission of soft and collinear W
bosons, which occurs with high probability because of
the large energy.

High energy scattering processes are as unique the-
oretically as they are experimentally [11, 23, 61]. They
give direct access to the interactions among SM par-
ticles with 10 TeV energy, which in turn provide indi-
rect 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 measure-
ments 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 inves-
tigate flavor non-universal phenomena, as we will see in
Section 5.3.

This mechanism is not novel. Major progress in par-
ticle physics always came from raising the available col-
lision energy, producing either direct or indirect discov-
eries. Among the most relevant discoveries that did not
proceed through the resonant production of new parti-
cles, there is the one of the inner structure of nucleons.
This discovery could be achieved [62] only when the
transferred energy in electron scattering could reach a
significant fraction of the proton compositeness scale
⇤qcd = 1/rp = 300 MeV. Proton-compositeness effects
became sizeable enough to be detected at that energy,
precisely because of the quadratic enhancement mech-
anism we described above.

Figure 7 illustrates the tremendous reach on new
physics of a 10 TeV MuC with 10 ab�1 integrated lu-
minosity. The left panel (green contour) is the sensitiv-
ity to a scenario that explains the microscopic origin

of the Higgs particle and of the scale of EW symme-
try 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 pro-
duces additional signatures that extend the muon col-
lider 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 corre-
sponds 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 inter-
mediate g⇤, a 10 TeV MuC 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 centre of mass energy of the muon
collider.

The figure also reports, as blue dash-dotted lines de-
noted 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
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one part per million effects on 100 GeV energy pro-
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(a) (b)

Figure 3. (a) The invariant mass distribution M(HH) of the process W+
W

� ! HH, as predicted
by the full 2 ! 4 ME (solid) and the EVA W

+
0 W

�
0 ! HH ME (dash) at

p
s = 4 TeV (lower light

curves) and 14 TeV (upper dark curves). (b) Same but for the M(���) distribution of the process
W

+
W

� ! ���, assuming the fiducial cuts in Eq. (4.4), and for the W
+
T W

�
T ! ��� ME in the

EWA with µf = M(���) (dash) and µf = M(���)/4 (dots).

more dramatic at the differential level for M(HH) & 1.5 TeV due to the significant open-
ing of phase space. In this regime, we also find good agreement with the normalization
and shape between the EWA and full MEs. At lower invariant masses, particularly for
M(HH) . 500 GeV, we find that the EWA overestimates the full ME in the same manner
as observed in the previous section. In this regime, the EWA distributions increase more
quickly with rising

p
s than the full ME distributions: in the lowest M(HH) bins, the EWA

ME overestimates the full ME by about a factor of 3 � 5 at
p
s = 4 TeV and by about

3.4� 4.7 at 30 TeV. As longitudinal weak boson PDFs do not contain collinear logarithms,
the enhancements in Fig. 3(a) are driven exclusively by soft logarithms. This implies that
the EWA favors the production of relatively softer W

±
0

, and hence lower M(HH), a phe-
nomenon that is sometimes [4] described as “ultra collinear enhancements.” Consequentially,
increasing the collider energy reinforces the sensitivity to (M2

W
/M

2(HH)) power correc-
tions, which must be negative. Despite this, the distributions show that regardless of

p
s

the EWA converges to the full ME computation for M(HH) & 1 TeV.
Turning to the M(���) distribution in Fig. 3(b), we observe several of the same char-

acteristics. Foremost we find that the full ME distribution consistently sits within the EVA
scale uncertainty band for M(���) & 750 GeV� 1 TeV, for all

p
s = 4� 30 TeV. Though,

for increasing
p
s we find that the full ME expectation migrates away from the µf =

p
s/4

boundary and towards the envelope’s center. For a fixed M(���), we find that the thick-
nesses of the µf uncertainty bands remain about the same for increasing

p
s, with changes

just outside MC statistical uncertainties. This is consistent with the ratio expression of
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Challenges II: systematic accurate resummation

Figure 3: Impact of radiative corrections on the production of two up quarks at the VHEL. The
solid lines represent di↵erent predictions for the exclusive cross-section. The dashed lines are
double-logarithm semi-inclusive cross-sections resummed (in black) or at one loop (in orange).

neutral-current processes in Table 1 receive SL corrections that are proportional to Born charged-
current amplitudes. Therefore it should be kept in mind the SL terms in eq. (26), which we
normalized to the Born cross-section of the process, depend on the ratio between charged and
neutral current Born amplitudes. We evaluated the amplitude ratio within the SM to produce the
results in Table 1. However the amplitude ratio depends on the new physics contact interactions
we consider in Section 3, entailing a dependence of the SL terms on the new physics parameters.
This is not the case for the double logarithms, which are completely universal and insensitive
to short-distance physics. The single logarithms also carry a non-trivial dependence on the
scattering angle ✓⇤, as explicitly indicated in eq. (26). In Table 1 they are evaluated at central
angle ✓⇤ = ⇡/2, where they are always positive. They can become negative, and typically increase
in magnitude, in the forward and backward scattering regions, which we however exclude with
the central cut ✓⇤ 2 [30�, 150�]. Finally, notice that the SL terms are a↵ected by the sizable
mass of the top quark, which we do include in the tt̄ production process.

The impact of EW radiation e↵ects on the total (unpolarized) cross-section in the central
region, relative to the Born, is displayed in Figure 3 as a function of Ecm. The production of
two light up-type quarks is considered for illustration, but the results for the other final states
are similar. The blue line is the one-loop DL prediction without exponentiation, while in red we
report the resummed DL prediction in eq. (25). The green line (labeled DL1+SL1) represents
the fixed-order one loop DL plus SL, while in black we report the SL-improved prediction
in eq. (26). The dashed lines are semi-inclusive cross-sections computed below. We notice a
significant cancellation between double and single logarithmic terms. However this cancellation
is not expected to be structural and to survive at higher orders in perturbation theory.

We do not try to assign theoretical uncertainties to our predictions. However an upper
bound can be obtained by considering the orange line in the figure, in which the resummed
DL are combined additively with the SL (i.e., as eDL + SL), rather than multiplicatively. An
alternative estimate of the uncertainties could be obtained by varying the scale of the EW
couplings employed for the evaluation of the radiation terms DL and SL. Varying this scale from
mw (which we employ for our predictions) to Ecm, the relative change of the radiation e↵ects is
rather small, typically at the 10% level or less.

Semi-inclusive processes

The semi-inclusive cross-sections are the diagonal ↵ = ↵̄ entries of the semi-inclusive density
matrix in eq. (22), with the appropriate Ki exponential factors for each external leg. The factors

15

Figure 4: Same as Figure 3, but for di-boson production. As explained in Section 3.2, the
cross-sections for W+W� production are integrated in the angular region ✓⇤ 2 [67�, 150�].

associated with the hard processes

`+
�1/2(k1)`

�

+1/2(k1) ! H̄(k3, ↵d̄
3)H(k4, ↵d

4) ,

¯̀
+1/2(k1, ↵

d̄
1)`�1/2(k2, ↵

d
2) ! H̄(k3, ↵

d̄
3)H(k4, ↵

d
4) , (32)

for, respectively, L-handed and R-handed production.12 For the gauge group indices we employ
the same notation as in eq. (3), supplemented by the superscripts d (d̄) to indicate that the indices
belong to the doublet (conjugate-doublet) representation. With a slight abuse of notation we are
denoting as `�1/2 = (⌫`,�1/2, `

�
�1/2)

t the lepton doublet with �1/2 helicity and with `+1/2 the
conjugate-doublet with helicity +1/2. Notice that final states with two H or two H̄ need not to
be included because they are power-like suppressed at high energy by hypercharge conservation.

The relevant density matrices are obtained as a straightforward application of the results
in Section 2.1. The need for employing H and H̄ as external states does not pose any addi-
tional di�culty (relative to the di-fermion processes) in the evaluation of exclusive cross-sections.
That is because the double logs are mere multiplicative factors in front of the Born-level den-
sity matrix (23). Therefore the exclusive cross-sections still take the form of eq. (25) and are
proportional to the corresponding Born-level predictions. For the semi-inclusive cross-section,
we can proceed as for di-fermions in the determination of the Ki exponential factors, using in
particular eq. (82) which also holds in the present case because H and H̄ are doublets. However
in order to apply eq. (22) we must first express the D↵↵̄

si density matrix, which is written in the
isospin basis (H and H̄), in the physical basis of the charge and CP eigenstates h, Z0 = ⇡0 and
W±

0 = ⇡±. This is achieved by simply inverting eq. (78). The final result can again be expressed
in terms of the Born-level cross-sections in the form of eq. (27).

The results display the same qualitative features as di-fermions. In particular we observe
the same interplay between short-distance physics a↵ecting the neutral- and the charged-current
Born amplitudes, which we investigate in Section 3 in details. Also at the quantitative level,
the relative impact of radiation radiation is similar, as expected because SU(2)L doublets are
involved also in these processes. This is shown in the left panel of Figure 4, where we show the
exclusive and semi-inclusive cross-section predictions for W+

0 W�

0 . The di↵erent predictions are
obtained as explained in the previous section for the di-fermion processes. Notice in particular
the exclusive predictions that include one-loop single logarithms as in eq. (26). We employ these
predictions for exclusive cross-section in the phenomenological studies of Section 2.1.

12
The production from opposite-chirality leptons is negligible, both in the SM and in the presence of the new

contact interactions we investigate in the following section.

18

One-loop double logs range from large to huge 
๏Estimate:   
๏Resummation of DL needed 
๏Precise resummation needed: goal is %-level meas./predictions 
๏Single-logs resummation might be needed as well

g2/16π2 log2(E2
cm/m2

w) × Casimir
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Challenges II: systematic accurate resummation

Resummation Strategies: 
๏Asymptotic Dynamics: 

➡ Fully inclusive, at double log 
๏Infrared Evolution Equation: 

➡ Exclusive and semi-inclusive (new), at double log  
๏Soft-Collinear Effective Theory: 

➡ From what I read, it might give everything(?), at all logs(?) 
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Challenges III: Markus’ plot
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Challenges III: Markus’ plot

EW Restoration? 
๏We can definitely observe and illustrate consequences of linearly-realised 

EW group. Corrections will be tiny power-like: .  
But, is this the point?

mW /E ∼ 10−2
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1 Introduction1

Colliders are microscopes that explore the structure2

and the interactions of particles at the shortest pos-3

sible length scale. Their goal is not to chase discoveries4

that are inevitable or perceived as such based on cur-5

rent knowledge. On the contrary, their mission is to6

explore the unknown in order to acquire radically novel7

knowledge.8

The current experimental and theoretical situation9

of particle physics is particularly favourable to collider10

exploration. No inevitable discovery diverts our atten-11

tion from pure exploration, and we can focus on the ba-12

sic questions that best illustrate our ignorance. Why is13

electroweak symmetry broken and what sets the scale?14

Is it really broken by the Standard Model Higgs or by15

a more rich Higgs sector? Is the Higgs an elementary16

or a composite particle? Is the top quark, in light of its17

large Yukawa coupling, a portal towards the explana-18

tion of the observed pattern of flavor? Is the Higgs or19

the electroweak sector connected with dark matter? Is20

it connected with the origin of the asymmetry between21

baryons and anti-baryons in the Universe?22

The next collider should deepen our understand-23

ing of the questions above, and offer broad and varied24

opportunities for exploration to enable radically unex-25

pected discoveries. A comprehensive exploration must26

exploit the complementarity between energy and pre-27

cision. Precise measurements allow us to study the dy-28

namics of the particles we already know, looking for29

the indirect manifestation of yet unknown new physics.30

With a very high energy collider we can access the new31

physics particles directly. These two exploration strate-32

gies are normally associated with two distinct machines,33

either colliding electrons/positrons (ee) or protons (pp).34

With muons instead, both strategies can be effec-35

tively pursued at a single collider that combines the36

advantages of ee and of pp machines. Moreover, the37

simultaneous availability of energy and precision offers38

unique perspectives of indirect sensitivity to very heavy39

new physics, as well as unique perspectives for the char-40

acterisation of new heavy particles discovered at the41

muon collider itself.42

This is the picture that emerges from the investiga-43

tions of the muon colliders physics potential performed44

so far, to be reviewed in this document in Sections 245

and 5. These studies identify a Muon Collider (MuC),46

with 10 TeV energy or more in the centre of mass and47

sufficient luminosity, as an ideal tool for a substantial48

ambitious jump ahead in the exploration of fundamen-49

tal particles and interactions. Assessing its technologi-50

cal feasibility is thus a priority for the future of particle51

physics.52
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Fig. 1 A conceptual scheme of the muon collider.

Muon collider concept53

Initial ideas for muon colliders were proposed long54

ago [1–4]. Subsequent studies culminated in the Muon55

Accelerator Program (MAP) in the US (see [5–8] for an56

overview). The MAP concept for the muon collider fa-57

cility is displayed in Figure 1. The proton complex pro-58

duces a short, high-intensity proton pulse that hits the59

target and produces pions. The decay channel guides60

the pions and collects the muons from their decay into61

a bunching and phase rotator system to form a muon62

beam. Several cooling stages then reduce the longitu-63

dinal and transverse emittance of the beam using a se-64

quence of absorbers and radiofrequency (RF) cavities65

in a high magnetic field. A system of a linear accelera-66

tors (linac) and two recirculating linacs accelerate the67

beams to 60 GeV. They are followed by one or more68

rings to accelerate them to higher energy, for instance69

one to 300 GeV and one to 1.5 TeV, in the case of a70

3 TeV centre of mass energy MuC. In the 10 TeV col-71

lider an additional ring from 1.5 to 5 TeV follows. These72

rings can be either fast-pulsed synchrotrons or Fixed-73

Field Alternating gradients (FFA) accelerators. Finally,74

the beams are injected at full energy into the collider75

ring. Here, they will circulate to produce luminosity76

until they are decayed. Alternatively they can be ex-77

tracted once the muon beam current is strongly reduced78

by decay. There are wide margins for the optimisation79

of the exact energy stages of the acceleration system,80

taking also into account the possible exploitation of the81

intermediate-energy muon beams for muon colliders of82

lower centre of mass energy.83

The concept developed by MAP provides the base-84

line for present and planned work on muon colliders,85

reviewed in Section 3. Three main reasons sparked this86

renewed interest in muon colliders. First, the focus on87

high collision energy and luminosity where the muon88

collider is particularly promising and offers the perspec-89

tive of revolutionising particle physics. Second, the ad-90

vances in technology and muon colliders design. Third,91

the difficulty of envisaging a radical jump ahead in the92

high-energy exploration with ee or pp colliders.93
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EW Radiation 
๏Just count as much real radiation emitted? Check that  almost as large as ? 
๏Sudakov is: 

               
The 10 TeV MuC is right at the threshold for radiation being order one.

νμ μμ

exp [−g2/16π2 log2(E2
cm/m2

w) × Casimir] ≈ exp[−1]
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Conclusions

EW radiation challenges are in fact additional opportunities 
๏New theoretical understanding of QFT questions too long set aside 

➡ In fully calculable context with physical mass gap 
➡ Questions ultimately related with nature and “composition” of particles 

๏New phenomena provide guaranteed outcome 
➡ BSM-only narrative has always been partial and inadequate 
➡ Today, is proven inadequate as well   

๏Connects MuC with “calculation” community 
➡ EW radiation is “our QCD” 
➡ We must encourage that
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Thank You !


