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How to move forward?



Roberto Franceschini LFC19 https://indico.ectstar.eu/event/55/

How to move forward?

F U T U R E  C O L L I D E R *

*of any shape

T O P H I G G S

• the least well known 
• the highest mass scale 
• the most central to the origin of EW scale
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How to move forward?
• All projects under discussion are “slow” (decades to run them) 

• All projects require different dedicated runs to achieve each of 
the several “goals” 

• All the projects are somewhat similar to 20th century machines* 
… which is good and bad!

*except maybe CLIC and its drive-beam accelerator
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Challenges we can see already  from here

Crystal Ball: on the Future High Energy Colliders Vladimir Shiltsev 

6 

αβγ-model Eq.(1), the cost of 100 km long accelerator facility with some 400MW of site power and based 

on today’s SC magnets can be estimated as TPC=2×(100/10)1/2+2×(100 TeV/1TeV)1/2+2×(400/100)1/2 

=30.3B$±9B$. As the biggest share of the TPC is for the magnets, the primary goal of the long-term R&D 

program should be development of ~16T SC dipole magnets which will be significantly (by a factor 3-5) 

more cost effective per TeV (or Tesla-meter) then those of, say, LHC – see Fig.2.   

 

While talking about frontier colliders, one should take into account the availability of experts. A simple 

“rule of thumb” (also know as “Oide-principle” [19]) based on statistics of construction projects in Japan 

and Europe and widely accepted in the accelerator community states that “one accelerator expert can spend 

intelligently 1 M$ in one year”. One can estimate that the world-wide community of accelerator physicists 

and experienced engineers does not exceed 1500 people and the total accelerator personnel (all scientists, 

engineers, technicians, drafters, etc) is about 4,000-4,500. Therefore, any plans for a really big facility at 

the scale of few B$ to 10B$ should take into account that significant time will be needed to get the required 

number of the people together. Another comment deals with the fact that due to extremely cpmplex nature 

of the fronrtier accelerators it takes time to get to design luminosity - often as long as 3-7 years [20] – and 

that should also be taken into account in any realistic plans.  

 
Fig.3: “Luminosity vs Energy” paradigm shift (see text) 

 
Finally, one can try to assess options for  “far future” post-FCC energy frontier collider facility with 

c.o.m. energies (20-100 times the LHC (300-1000 TeV). We surely know that for the same reason the 

circular e+e- collider energies do not extend beyond the Higgs factory range (~0.25 TeV), there will be no 

circular proton-proton colliders beyond 100 TeV because of unacceptable synchrotron radiation power – 

they will have to be linear. It is also appreciated that even in the linear accelerators electrons and positrons 

become impractical above about 3 TeV due to beam-strahlung (radiation due to interaction at the IPs) and 

about 10 TeV due to radiation in the focusing channel (<10 TeV). That leaves only μ+μ- or pp for the “far 

future” colliders. If we further limit ourselves to affordable options and request such a flagship machine not 

1705.02011 - Shiltsev
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ℒ ⋅ σ(ab → cd) ∼ const

not up to date
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Key issues

• Time 

•



• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what is the dark matter in the Universe? 

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

Open Questions on the “big picture” on 
fundamental physics circa 2020

EFT

EFT } end of  “The Boltzmann Way”

?
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Key issues

• Time 

• Need to understand the EW interactions
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How to move forward?

• quantum structure of 
the proton exposed at 
short time-scale 

• anything appears in the 
beam at sufficiently 
large momentum 
transfer

• “never” collide at full center-
of-mass energy

• “light” particles can be made 
very easily, e.g. gg → h

pp
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How to move forward?

• quantum structure of 
the lepton exposed at 
short time-scale 

ℓℓ

• anything appears in the 
beam at sufficiently 
large momentum 
transfer

• “always” collide at full 
center-of-mass energy

• “light” particles can be made 
very easily, e.g. WW → h

• no “overwhelming” QCD 
background
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• quantum structure of 
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short time-scale 

ℓℓ

• anything appears in the 
beam at sufficiently 
large momentum 
transfer

• “always” collide at full 
center-of-mass energy

• “light” particles can be made 
very easily, e.g. WW → h

y e t  w h e n  w e  s a y  e +e -  w e  t h i n k  L E P  a n d  Z - p o l e

• no “overwhelming” QCD 
background
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H I G H  E N E R G Y  
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Direct Production

D A R K  M AT T E R  



When does the transition 
happen?
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B E A M  S T R U C T U R E  E X P O S E D ℓ ⁺ℓ ⁻  @ Te V

 ℓ⁺ℓ⁻→ ν ν+X
6 Future opportunities

that follows focuses on the motivation for a 10 TeV electron-positron collider.
The centre-of-mass energy dependence in the range up to 30 TeV for many important Standard

Model processes in electron-positron collisions is shown in Figure 57. Above the kinematic threshold,
the cross sections for Higgsstrahlung and two-fermion production (e.g. e+e� ! tt) scale as 1/s. A
similar energy dependence is visible for W-boson pair production. This is a first indication that the
desired integrated luminosities at 10 TeV would exceed those for the baseline CLIC energy stages.
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Figure 57: Cross section as a function of centre-of-mass energy for the main Standard Model processes
at a very high-energy e+e� collider. The values shown correspond to unpolarised beams and
include the effect of Initial State Radiation (ISR). (image credit: CLICdp)

On the other hand, the rate of events with final states produced in WW or ZZ boson fusion rises
approximately as log(s). For example, the cross section of the dominant contribution to double-Higgs
production, e+e� ! HHnene , is about a factor 4 larger at 10 TeV compared to 3 TeV. Although the
dependence of the cross section on the Higgs self-coupling decreases somewhat with energy, a significant
improvement of the knowledge of the Higgs self-coupling is expected for an integrated luminosity of a
few ab�1 at 10 TeV. Even higher centre-of-mass energies of a few tens of TeV would also give access to
triple Higgs production.

The indirect sensitivity to New Physics of Higgs and W+W� production is illustrated using Stand-
ard Model effective field theory (see also Section 2.4). In Figure 58(a) the sensitivities of the three
baseline energy stages of CLIC are compared to 4 ab�1 collected at a 10 TeV e+e� collider. The sens-
itivies to the scales of four dimension-6 operator coefficients, defined as L/

p
c, are shown. The results

are based on the fit described in [159], with the linear dependence on the coefficients now computed
more accurately. The projections used as input are largely obtained from benchmark analyses based
on full detector simulations [15]. The projections for 3 TeV are extrapolated to 10 TeV assuming that
the shape of the beamstrahlung spectrum is the same for both energies. Generally, new physics scales
well beyond the centre-of-mass energy of the collider can be probed. The 10 TeV stage enhances the
reach for some operators by almost a factor 2 compared with 3 TeV. In particular, the measurement of
the Higgsstrahlung cross section at the highest possible energy is important for the reach on c̄W � c̄B,
c̄HW and c̄HB. The reach on c̄3W shown here decreases at higher energy due to helicity suppression of
the linear interference term, but will also grow with energy at the quadratic level or if the interference is
recovered by suitable differential measurements.
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Top-quark physics

Processes of interest
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Proposed Lepton Colliders (Granada)

CLIC can reach 3 TeV

• Cost estimate 18 GCHF
• Largely main linac, i.e. energy

• Power 590 MW
• Part in luminosity, a part in 

energy

• Similar to FCC-hh (24 GCHF, 580 MW)

Technically possible to go higher in energy

But is it affordable?

Luminosity per facility

  

Lµ Psynrad Ecm
- 3.5 Lµ PRF

D. Schulte 4Muon Colliders, EPS, July 2019
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R&D required towards higher energies (or improvement of 3 TeV)
• Reduction of cost per GeV (improved NC acceleration, novel acceleration technologies
• Improved power consumption (higher RF to beam efficiency, higher beam quality)

https://indico.cern.ch/event/577856/contributions/3420383/

B L E S S I N G  A N D  C U R S EH I G H - E N E R G Y

The luminosity challenge

ℒ ∝
N2f
σ

beam phase-space spread

beam population frequency 
of beam crossing

Number of events = ℒ ⋅ σ(ab → cd) tends to decrease

σ ∝ 1/E2
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B L E S S I N G  A N D  C U R S EM A S S  A N D  L I F E T I M E

Muon colliders
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Muon Colliders, EPS, July 2019

Luminosity Comparison

D. Schulte Muon Colliders, EPS, July 2019 7

The luminosity per beam 
power is about constant in 
linear colliders

It can increase in proton-
based muon colliders
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Strategy CLIC:
Keep all parameters at IP constant
(charge, norm. emittances, betafunctions, bunch length)
� Linear increase of luminosity with energy (beam size reduction)

Strategy muon collider:
Keep all parameters at IP constant
With exception of bunch length and betafunction
� Quadratic increase of luminosity with energy (beam size reduction)
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C H A L L E N G EM U O N  C O L L I D E R

μμ→ new physics?
https://indico.cern.ch/event/801616/ https://indico.cern.ch/event/831718/

https://indico.cern.ch/event/801616/
https://indico.cern.ch/event/831718/
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C H A L L E N G EM U O N  C O L L I D E R

μμ→ new physics?
https://indico.cern.ch/event/801616/ https://indico.cern.ch/event/831718/

Muon Source
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 ℓ⁺ℓ⁻→ hν ν
Buttazzo, RF, Wulzer

6 Future opportunities

that follows focuses on the motivation for a 10 TeV electron-positron collider.
The centre-of-mass energy dependence in the range up to 30 TeV for many important Standard

Model processes in electron-positron collisions is shown in Figure 57. Above the kinematic threshold,
the cross sections for Higgsstrahlung and two-fermion production (e.g. e+e� ! tt) scale as 1/s. A
similar energy dependence is visible for W-boson pair production. This is a first indication that the
desired integrated luminosities at 10 TeV would exceed those for the baseline CLIC energy stages.

 [TeV]s
0 10 20 30

 [f
b]

σ

4−10

3−10

2−10

1−10
1

10

210

310

410
eνeνH 

-e+H e

H Z

H H Z
 Htt 

eνeνH H 

tt 

-W+W

eνeν 
-W+W

eνeνHHH 

-e+H H e

Figure 57: Cross section as a function of centre-of-mass energy for the main Standard Model processes
at a very high-energy e+e� collider. The values shown correspond to unpolarised beams and
include the effect of Initial State Radiation (ISR). (image credit: CLICdp)

On the other hand, the rate of events with final states produced in WW or ZZ boson fusion rises
approximately as log(s). For example, the cross section of the dominant contribution to double-Higgs
production, e+e� ! HHnene , is about a factor 4 larger at 10 TeV compared to 3 TeV. Although the
dependence of the cross section on the Higgs self-coupling decreases somewhat with energy, a significant
improvement of the knowledge of the Higgs self-coupling is expected for an integrated luminosity of a
few ab�1 at 10 TeV. Even higher centre-of-mass energies of a few tens of TeV would also give access to
triple Higgs production.

The indirect sensitivity to New Physics of Higgs and W+W� production is illustrated using Stand-
ard Model effective field theory (see also Section 2.4). In Figure 58(a) the sensitivities of the three
baseline energy stages of CLIC are compared to 4 ab�1 collected at a 10 TeV e+e� collider. The sens-
itivies to the scales of four dimension-6 operator coefficients, defined as L/

p
c, are shown. The results

are based on the fit described in [159], with the linear dependence on the coefficients now computed
more accurately. The projections used as input are largely obtained from benchmark analyses based
on full detector simulations [15]. The projections for 3 TeV are extrapolated to 10 TeV assuming that
the shape of the beamstrahlung spectrum is the same for both energies. Generally, new physics scales
well beyond the centre-of-mass energy of the collider can be probed. The 10 TeV stage enhances the
reach for some operators by almost a factor 2 compared with 3 TeV. In particular, the measurement of
the Higgsstrahlung cross section at the highest possible energy is important for the reach on c̄W � c̄B,
c̄HW and c̄HB. The reach on c̄3W shown here decreases at higher energy due to helicity suppression of
the linear interference term, but will also grow with energy at the quadratic level or if the interference is
recovered by suitable differential measurements.

75

ℒ ∼ E2σ ∼ log(s) ≃ const

σ ⋅ ℒ ⇒ 108 h

• ultra-rare Higgs decays 

• differential distribution 

• off-shell Higgs bosons 

• rare production modes

s = 30 TeV
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 ℓ⁺ℓ⁻→ hν ν
Buttazzo, RF, Wulzer

• most Higgs decays in acceptance 

• O(10⁴)   H→μ+μ- decays! 

• clean decays where systematic may be 
small will be a key. E.g. 4ℓ, ℓℓ Z, γγ, Zγ 

σ(ℓ+ℓ− → νν(h → bb)) = 1 pb at 30 TeV

ℒ ≃ 90 ⋅ (
s

30 TeV )
2

ab−1

1 0 0×M E G A - H I G G S  FA C T O RY1 0 8 H I G G S  B O S O N S
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“The size of the Higgs boson”
it matters because being “point-like” is the source of all the theoretical questions on the Higgs boson and weak scale 

… and if it is not … well, that is physics beyond the Standard Model!
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L O W  E N E R G Y  C I R C U L A R  C O L L I D E R

L O W  E N E R G Y  L I N E A R  C O L L I D E R

Looking ahead
The size of the Higgs boson
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L O W  E N E R G Y  L I N E A R  C O L L I D E R

Looking ahead
The size of the Higgs boson

{ℓHiggs ∼ f−1
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L E S S O N  F R O M  L H CE F T  E P O C H

Lumi vs. Energy

mW, mZ, sin θW, Awhatever
FB , h → Zγ, h → ZZ, t → bτν

dσ
dpT

measurements dominated by a single mass scale measurements sensitive to a range of mass scales

New Physics may fit well in a EFT (new contact interactions)
• effects grow at larger energies like νe-→νe- in Fermi Theory

• dominant energy scale is low 
• measurement is simple to grasp 
• progress is easy to measure (in)significant digits

• sensitive to a range of energy scales 
• measurement of a spectrum (not so?!?) simple to grasp 
• progress is easy to measure: bounds on new Fermi constants
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1% at mZ is worse than 10% at 1 TeV

as NP effects may grow quadratically with energy 

ΔO = ONP − OSM ∼ ( E
v )

2
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S T R O N G LY  I N T E R A C T I N G  L I G H T  H I G G Sh ~π

Effects of the size of the Higgs boson
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737

The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741

Higgs and vector boson production analysed in Sections 2.1, 2.4 and 2.3 are affected by OW , OB ,1742

OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743

contribution to the modification of hgg and h�� interactions comes not from OGG and OBB , but from1744

OH and a non-universal operator Oyt .1745

Using the projected sensitivities presented in the listed sections, we derive the sensitivities to the1746

strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747

ure 35. The sensitivity of the combined fit to the Higgs and diboson data is dominated by cH , cyt and cyb1748

at high g⇤, and by cW,B at low g⇤. For each category of measurement, regions probed in pessimistic and1749

optimistic cases are respectively indicated in dark and light colour shades. To derive them we indepen-1750

dently vary, in the [�2, �1/2] [ [1/2, 2] range, the numerical factors up to which the power counting for1751

each operator is satisfied. In the pessimistic case, a point in the (m⇤, g⇤) plane is considered to be within1752

reach only if it is expected to be probed for any choice of numerical factor within the specified range. In1753

the optimistic case instead, we require the point to be probed for at least one choice of parameters within1754

that range. This procedure aims at covering various possible CH model realizations.1755
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Top compositeness effects1757

The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759
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where q and t in the following refer to the SM third-generation left-handed quark doublet and right-1760

handed singlet, respectively. We consider two representative scenarios: featuring an equal degree of1761

compositeness for both chiralities, ✏q = ✏t = (yt/g⇤)
1/2, and a totally composite top right [125], ✏t =1762

1, ✏q = yt/g⇤. For a consistent treatment of top-quark compositeness effects, we write down all possible1763
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tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736
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The Higgs self-coupling measurements of Section 2.2.1 are a unique probe of O6, while the other1738

operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741

Higgs and vector boson production analysed in Sections 2.1, 2.4 and 2.3 are affected by OW , OB ,1742

OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743

contribution to the modification of hgg and h�� interactions comes not from OGG and OBB , but from1744

OH and a non-universal operator Oyt .1745

Using the projected sensitivities presented in the listed sections, we derive the sensitivities to the1746

strong sector parameters g⇤ and m⇤ from the most relevant channels. The results are displayed in Fig-1747
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The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759
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where q and t in the following refer to the SM third-generation left-handed quark doublet and right-1760

handed singlet, respectively. We consider two representative scenarios: featuring an equal degree of1761

compositeness for both chiralities, ✏q = ✏t = (yt/g⇤)
1/2, and a totally composite top right [125], ✏t =1762

1, ✏q = yt/g⇤. For a consistent treatment of top-quark compositeness effects, we write down all possible1763
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 ℓ⁺ℓ⁻→ W⁻W⁺
Buttazzo, RF, Wulzer
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r̂ goes in the positive x direction or, equivalently, such
that the y axis (for left-handed orientation of the x-y-z
system) is parallel to the cross-product between the V

1

direction and r̂. For a 2 ! 2 production process, r̂ coin-
cides with the collision axis, oriented in the direction of
the parton that carried the larger energy in the lab frame.
In the special frame the collision thus occurs in a rather
special configuration, where the initial states move in the
x-z plane while the intermediate bosons happen to be pro-
duced exactly parallel to the z-axis.

x

z

y

r̂

V1

V2

f 2
+

f 1
+
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�

f 2
�

✓1✓2

'2

'1

⇥

Figure 1: Definition of the decay angles for the diboson system.

The reader might be confused by the fact that the spe-
cial reference system depends on the kinematical configu-
ration of the event, i.e. di↵erent systems are employed for
the calculation of the amplitude at di↵erent phase-space
points. The amplitude obtained in this way does not in-
deed coincide with the one evaluated directly in the lab
frame. To obtain the latter out of the former one has to
act with the phase-space dependent Lorentz transforma-
tion that connects the special frame with the lab, introduc-
ing in this way an additional and complicated dependence
on the kinematical variables. However the physical exter-
nal states of the process are the massless helicity eigenstate
fermions, and Lorentz transformations act as multiplica-
tive phase factors on massless states helicity amplitudes.
Therefore this additional dependence on the kinematics
drops from the amplitude modulus square and is unobserv-
able. Stated di↵erently, the amplitude for each kinemati-
cal configuration corresponds to one individual quantum-
mechanically distinguishable process. As such, each one
can be safely computed in its own frame.

In the special frame the amplitude reads

A / g1g2

X

h1,2

Ah1h2e
ih1'1e

ih2'2dh1(✓1)dh2(✓2) , (1)

where g1(2) are the couplings responsible for the V
1(2) de-

cays and Ah1h2 denotes the amplitude for the produc-
tion of on-shell vector bosons with helicities h1 and h2,
evaluated in the special frame. Normalizations and '1,2-
dependent overall phases, that will drop from the ampli-
tude modulus square, have been absorbed in the propor-
tionality factor. The above equation relies on the narrow-
width approximation for the decaying bosons only to the

extent to which it ignores possible Feynman diagrams where
the fermion pairs do not originate from the virtual vector
bosons, and by the fact that the “hard” amplitude Ah1h2 is
computed with exactly on-shell bosons. Its validity does
not require the fermion pairs invariant masses being ex-
actly equal to the pole mass of the corresponding bosons,
though the amplitude is peaked around this configuration,
because of the usual Breit-Wigner factors that we reab-
sorbed in the normalization factor.

The variables ✓1(2) 2 [0,⇡] are the polar decay angles of
each boson in its rest frame, oriented in the direction that
goes from the 3-momentum of the V

1(2) boson to the one

of the right-handed fermion f
1(2)
+ produced in its decay. In

the special frame they are obtained from the rapidities ⌘

of the final state fermions by the relations

cos ✓1 = tanh
⌘
s(f1

+)� ⌘
s(f1

�)

2
,

cos ✓2 = tanh
⌘
s(f2

�)� ⌘
s(f2

+)

2
, (2)

where the “ s ” subscript denotes spacial frame quantities.
The azimuthal variables '1(2) 2 [0, 2⇡] are defined in the
center of mass frame of the diboson system (see fig. 1) as
the angles between the decay plane of each boson and the
x-z plane of the special coordinate system. The orienta-
tion of the decay plane is taken in the direction that goes

from V
1(2) to f

1(2)
+ . In the special frame, '1(2) are simply

the azimuthal angles � of the final state fermions. More
precisely

'1 = �
s(f1

+) = �
s(f1

�) + ⇡ ,

'2 = ��
s(f2
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s(f2

�) , (3)

modulo 2⇡. Notice that our seemingly asymmetric defi-
nition of the decay angles for the two bosons is actually
what is needed to describe their decay symmetrically in
their own rest frames. Indeed it produces 1 $ 2 symmet-
rical angular factors in eq. (1).

With these definitions, eq. (1) is easily obtained by
direct calculation or by applying the Jacob–Wick partial
wave decomposition formula [18] to the case of a J = 1,
m = h particle decaying to two particles with helicity dif-
ference � = �1 � �2 = +1.1 Partial wave decomposition
determines the '1(2)-dependent phase factors in eq. (1) (up
to the previously mentioned overall phases) and gives us
dh(✓) equal to the d

J
m,� Wigner function, i.e.

d±1(✓) =
1± cos ✓

2
, d0(✓) =

sin ✓
p
2

. (4)

Our azimuthal angles '1(2) are similar to those defined
in Higgs to 4 leptons decay analyses [20, 21]. There is how-
ever one important di↵erence, namely the fact that their

1The result does depend on conventions in the definition of the
vector boson polarization vectors: di↵erent definitions can produce
phases in the vector boson decay amplitudes, that compensate for
the extra phases that will emerge from the diboson amplitude calcu-
lation. The standard HELAS conventions [19] are employed here.
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A N G L E  D I S T R I B U T I O NA Z I M U T H A L

 ℓ⁺ℓ⁻→ W⁻W⁺
Buttazzo, RF, Wulzer
r̂ goes in the positive x direction or, equivalently, such
that the y axis (for left-handed orientation of the x-y-z
system) is parallel to the cross-product between the V

1

direction and r̂. For a 2 ! 2 production process, r̂ coin-
cides with the collision axis, oriented in the direction of
the parton that carried the larger energy in the lab frame.
In the special frame the collision thus occurs in a rather
special configuration, where the initial states move in the
x-z plane while the intermediate bosons happen to be pro-
duced exactly parallel to the z-axis.
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Figure 1: Definition of the decay angles for the diboson system.

The reader might be confused by the fact that the spe-
cial reference system depends on the kinematical configu-
ration of the event, i.e. di↵erent systems are employed for
the calculation of the amplitude at di↵erent phase-space
points. The amplitude obtained in this way does not in-
deed coincide with the one evaluated directly in the lab
frame. To obtain the latter out of the former one has to
act with the phase-space dependent Lorentz transforma-
tion that connects the special frame with the lab, introduc-
ing in this way an additional and complicated dependence
on the kinematical variables. However the physical exter-
nal states of the process are the massless helicity eigenstate
fermions, and Lorentz transformations act as multiplica-
tive phase factors on massless states helicity amplitudes.
Therefore this additional dependence on the kinematics
drops from the amplitude modulus square and is unobserv-
able. Stated di↵erently, the amplitude for each kinemati-
cal configuration corresponds to one individual quantum-
mechanically distinguishable process. As such, each one
can be safely computed in its own frame.

In the special frame the amplitude reads

A / g1g2

X

h1,2

Ah1h2e
ih1'1e

ih2'2dh1(✓1)dh2(✓2) , (1)

where g1(2) are the couplings responsible for the V
1(2) de-

cays and Ah1h2 denotes the amplitude for the produc-
tion of on-shell vector bosons with helicities h1 and h2,
evaluated in the special frame. Normalizations and '1,2-
dependent overall phases, that will drop from the ampli-
tude modulus square, have been absorbed in the propor-
tionality factor. The above equation relies on the narrow-
width approximation for the decaying bosons only to the

extent to which it ignores possible Feynman diagrams where
the fermion pairs do not originate from the virtual vector
bosons, and by the fact that the “hard” amplitude Ah1h2 is
computed with exactly on-shell bosons. Its validity does
not require the fermion pairs invariant masses being ex-
actly equal to the pole mass of the corresponding bosons,
though the amplitude is peaked around this configuration,
because of the usual Breit-Wigner factors that we reab-
sorbed in the normalization factor.

The variables ✓1(2) 2 [0,⇡] are the polar decay angles of
each boson in its rest frame, oriented in the direction that
goes from the 3-momentum of the V

1(2) boson to the one

of the right-handed fermion f
1(2)
+ produced in its decay. In

the special frame they are obtained from the rapidities ⌘

of the final state fermions by the relations

cos ✓1 = tanh
⌘
s(f1

+)� ⌘
s(f1

�)

2
,

cos ✓2 = tanh
⌘
s(f2

�)� ⌘
s(f2

+)

2
, (2)

where the “ s ” subscript denotes spacial frame quantities.
The azimuthal variables '1(2) 2 [0, 2⇡] are defined in the
center of mass frame of the diboson system (see fig. 1) as
the angles between the decay plane of each boson and the
x-z plane of the special coordinate system. The orienta-
tion of the decay plane is taken in the direction that goes

from V
1(2) to f

1(2)
+ . In the special frame, '1(2) are simply

the azimuthal angles � of the final state fermions. More
precisely

'1 = �
s(f1

+) = �
s(f1

�) + ⇡ ,

'2 = ��
s(f2

+) = ⇡ � �
s(f2

�) , (3)

modulo 2⇡. Notice that our seemingly asymmetric defi-
nition of the decay angles for the two bosons is actually
what is needed to describe their decay symmetrically in
their own rest frames. Indeed it produces 1 $ 2 symmet-
rical angular factors in eq. (1).

With these definitions, eq. (1) is easily obtained by
direct calculation or by applying the Jacob–Wick partial
wave decomposition formula [18] to the case of a J = 1,
m = h particle decaying to two particles with helicity dif-
ference � = �1 � �2 = +1.1 Partial wave decomposition
determines the '1(2)-dependent phase factors in eq. (1) (up
to the previously mentioned overall phases) and gives us
dh(✓) equal to the d

J
m,� Wigner function, i.e.

d±1(✓) =
1± cos ✓

2
, d0(✓) =

sin ✓
p
2

. (4)

Our azimuthal angles '1(2) are similar to those defined
in Higgs to 4 leptons decay analyses [20, 21]. There is how-
ever one important di↵erence, namely the fact that their

1The result does depend on conventions in the definition of the
vector boson polarization vectors: di↵erent definitions can produce
phases in the vector boson decay amplitudes, that compensate for
the extra phases that will emerge from the diboson amplitude calcu-
lation. The standard HELAS conventions [19] are employed here.
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C O L L I D E RW  B O S O N

 ℓ⁺ℓ⁻→ hh
High-Energy lepton collider has large flux of “partonic” W bosons

s = 3 TeV ξ =
v2

f 2
< 0.01ℒ = 3 ab−1

1309.7038 

ξ < 2 ⋅ 10−4 at s = 30 TeV

✦ E = 3 TeV,  L = 3 ab-1:


✦ Rescale to higher energies:

Double Higgs production

★★

★★

� � �� �� �� �� ��

��× ��-�

��-�
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�����

� [���]

ξ
(�
�%

��
��
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��
��
��
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��→ ��� ���� � ���

������ �� ���-��

ℒ = � ��-�

ℒ ∝ �

����

μ-��������
�� ���� �� ��-�

High-energy WW → hh 
becomes more sensitive 
than Higgs pole physics 
at energies > 14 TeV

Contino et al. 1309.7038

⇠ / 1

E2

1p
Nbkg

/ 1

E2

1p
L/E2

=
1

E
p
L

⇠ = v2/f2 . 0.01

(assumption: cuts rescaled with E, and bkg composition unchanged)

⇠ < 10�3

p
s = 14TeV, L = 20 fb�1

f > 8TeV

p
s = 30TeV, L = 90 fb�1

⇠ < 2⇥ 10�4 f > 17TeV

need large pT Higgs bosons

⇒ upper bound on ξ ∼
1

E ℒ

less powerful than Zh in general on m* but tests different operators, e.g. OH

Buttazzo, RF, Wulzer

m⋆ ≳ 14 ⋅ g⋆ TeV
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L E S S O N  F R O M  L H CE F T  E P O C H

 ℓ⁺ℓ⁻→ VV

Cross-Section @ 30 TeV m* 95% CL
HH non trivial c&c analysis 60 TeV (g*/4) O_H
WW pTW>7.5TeV: 180 ab 84 ⊕ 76 TeV ≃113 TeV A_3q
ZH inclusive: 13 ab 120 TeV A_1q
ff angular analysis 120 TeV (4/g*) W,Y
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Buttazzo, RF, Wulzer

J
H
E
P
0
2
(
2
0
1
8
)
1
1
1

Amplitude High-energy primaries Low-energy primaries

ūLdL → WLZL,WLh
√
2a(3)q

√
2

g2

m2
W

[
cθW (δgZuL − δgZdL)/g − c2θW δgZ1

]

ūLuL → WLWL
a(1)q + a(3)q − 2g2

m2
W

[
YLt

2
θW δκγ + T uL

Z δgZ1 + cθW δgZdL/g
]

d̄LdL → ZLh

d̄LdL → WLWL
a(1)q − a(3)q − 2g2

m2
W

[
YLt

2
θW δκγ + T dL

Z δgZ1 + cθW δgZuL/g
]

ūLuL → ZLh

f̄RfR → WLWL, ZLh af − 2g2

m2
W

[
YfRt

2
θW δκγ + T fR

Z δgZ1 + cθW δgZfR/g
]

Table 2. Parameter combinations (in the high- and in the low-energy primary bases) that control
E2-enhanced effects in each polarized longitudinal diboson production process. Here, T f

Z = T f
3 −

Qfs2θW and YL,fR is the hypercharge of the left-handed and right-handed quark (e.g., YL = 1/6).

g gg∗ g g

a) b) c) d)

g∗g∗
g

Figure 3. Contributions to longitudinal diboson processes from different BSM scenarios: strongly-
coupled quarks and Higgs (a), strongly-coupled Higgs and transverse vectors (b), and “Weak” type
models (c,d).

scales as a ∼ (coupling)2/M2. As we have seen in the introduction, the actual product of

couplings entering this relation depends on the particular BSM scenario we have in mind.

We now discuss this aspect in more detail.

In BSM scenarios where some or all the SM particles are strongly coupled to the

new dynamics (for instance because they are composite objects), the relevant couplings

can be large. This implies that the relative departures from the SM, which are roughly

controlled by ABSM/ASM ∼ aE2/g2 ∼ (coupling/g)2 (E/M)2, can be larger than one, even

for E ≪ M . The coexistence of the weakly coupled SM with a strongly-coupled BSM at

the scale M , can be natural if we postulate the presence of approximate global symmetries

in the BSM sector, weakly broken by the SM couplings. Explicit examples include models

of fermions compositeness (standard [32] or pseudo-Goldstini [14, 34]), or models where

the gauge bosons have strong multipolar interactions (called Remedios) [14].

Among these classes, models where both fermions and the Higgs are strongly coupled

generate large HEP, a ∼ g2∗/M
2 (illustrated in figure 3a), where g∗ > g is the coupling

associated with the new dynamics. If g∗ is maximal, g∗ ∼ 4π, we obtain the scenario de-

noted “Fully Strong” in the introduction. Such a scenario, where light quarks are strongly

coupled, is however of limited interest in light of strong constraints on light-quark compos-

iteness from di-jet measurements [33–35].

In Remedios models [14], the transverse polarizations of the SM gauge bosons can

have strong interactions, generating large Wilson coefficients in operators involving the

– 9 –

All-round progress up to m* ~ 103 mHiggs  

𝒪H
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q
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q

ℒ [ab−1]
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Looking ahead
The size of the Higgs boson

https://indico.ectstar.eu/event/55/contributions/1354/

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

Composite Higgs
m

*
: mass scale

g
*
: coupling

ILC at 250 GeV and CLIC at 380 GeV 
already significantly better than HL-LHC

FCC-all and 3 TeV CLIC similar

80 120 160

30 TeV ℓ+ℓ-
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Looking ahead
The size of the Higgs boson

Very High Energy Lepton Collider

Reach on Higgs Compositeness:

(very) tentative   [Buttazzo, Franceschini, AW. in prog.]
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Looking ahead
The size of the Higgs boson

Very High Energy Lepton Collider

Reach on Higgs Compositeness:

(very) tentative   [Buttazzo, Franceschini, AW. in prog.]
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Very High Energy Lepton Collider
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H I G H  A N D  L O W  M O M E N T U M  T R A N S F E R R E DE L E C T R O - W E A K

Top quark production
can be attained at machines operating around the threshold for the Drell-Yan
production.

The large flux of partons that can produce top quark pairs is therefore suffi-
cient to retain a full fledge program “at the pole” of the top quark. The increase
of luminosity with energy guarantees an approximatively constant number of top
quarks produced hence constant statistical uncertainty and, for energy-growing
effects, an increased potential to probe new physics at high energy.

p
s �(`+`� ! tt̄) L � · L

0.5 TeV 548 fb 4/ab 2.2M
3 TeV 19 fb 2.5/ab 47K
30 TeV 0.19 fb 90/ab 17K

p
s �(`+`� ! ⌫⌫tt̄) L � · L

0.5 TeV 0.23 fb 4/ab 0.9K
3 TeV 5.4 fb 5/ab 27K
30 TeV 31 fb 90/ab 2.7M

6.1 High-energy top quarks

Remarkably, the availability of a large center of mass energy makes possible
to study top quarks at high momentum transferred, significantly extending the
new physics reach of the low energy program of precision studies of top quark
decays and other interactions at momentum transferred close to the top quark
threshold.

6.1.1 e+e� ! tth and yt

�(`+`� ! tt̄h) L � · L
��

�
at 68% CL �yt

yt
at 68% CL

1.5 TeV
3 TeV 410 ab 5 ! 2.5/ab 1500 2.5% 1.25%
30 TeV 7 ab 90/ab 630 4.0% 2.0%

6.1.2 Contact operators

Top quark contact operator belong to the high energy, but there is a flux of W
bosons that may produce abundantly

• e+e� ! ⌫⌫bbtt including effects of  4
top

contact interactions, but is the W
flux too much low energy?

6.2 Low-energy top quarks

6.2.1 e+e� ! ⌫⌫h⇤
! ⌫⌫ (tt)

h⇤

The tt final states depends on yt and on Vtb, as well as other Higgs boson
couplings e.g. the hWW coupling.

11

low momentum transfer

large momentum transfer

• large number of top quarks for “pole precision” (e.g. mass, Vtb, rare decays, …) 

• large enough number for “tail precision” (contact interactions)
B O T H
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I L C - C L I C - F C C - L I K E  T O P  Q U A R K  P R O G R A MM E G A - T O P

1 million top quarks

• top quark mass (off-threshold, reasonable target 100 MeV) 

• rare production modes ℓ+ ℓ- → t c ν ν 

• rare decays e.g. t → H c, φ c, γ c 

• contact interaction “intensity studies”

e.g. 1807.02441, 1903.01629, CERN-ACC-2018-0056
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P R O D U C T I O N  E V E RY W H E R EE L E C T R O - W E A K

Each top is a “single top”
Vtb & gZtt, yt, ghWW intertwined in many processes
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P R O D U C T I O N  E V E RY W H E R EE L E C T R O - W E A K

Each top is a “single top”
Vtb & gZtt, yt, ghWW intertwined in many processes
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Lots of new studies!

http://clicdp.web.cern.ch/content/wg-physics-potential

1812.02093 - The CLIC potential for new physics - CERN Yellow Rep. Monogr. Vol. 3 (2018) 
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L E P T O N SVA L E N C E

 ℓ⁺ℓ⁻→ new physics

Can produce heavy new physics (colored or not)

Buttazzo, RF, Wulzer

Compares pretty well with a pp collider

in principle can probe directly new states at O(10) TeV scale!

Find equivalent √sp for proton coll. have same cross-section as μ coll. 
for reactions at E~√sμ. Use that        is nearly constant in τ.

Lepton coll. operating at energy √sμ.

Cross section for reaction at E~√sμ

(e.g., production of BSM at M=E)

Proton coll. operating at energy √sp.

Cross section for reaction at E.

Parton Luminosity suppression

2. Physics Opportunities

Ideally, a muon collider might useful in three ways: as a Higgs pole machine aimed
at studying the Higgs line shape in µ+µ� ! H; as a more compact version of e+e�

colliders below 500 GeV aimed at Higgs and top measurements; as a high energy machine
well above the TeV. However the luminosity and the energy spread performances of the
LEMMA scheme are insu�cient for the two former applications, hence in what follows
we focus on the latter, which is arguably also the most interesting one. Specifically, we
consider a “Very High Energy” option, well above 10 TeV, and a “Multi-TeV” one. The
Very High Energy muon collider would be a discovery machine, with a direct reach on
new physics in the same ballpark as the one of a 100 TeV proton-proton machine, but
it would also have an astonishingly high indirect reach on new physics. The Multi-TeV
one would compete with 3 TeV CLIC, it would address some aspects of Higgs physics
(notably, the Higgs trilinear coupling), and it would indirectly probe new physics in the
electroweak sector deep in the 10 TeV mass range.

Notice however that the conclusions above are the result of a preliminary semi-quantitative
investigation of the muon collider physics performances. The physics case should be
developed in much greater details in parallel with the accelerator feasibility studies.

2.1. Very High Energy

The possibility of reaching center of mass collision energies above 10 TeV makes the muon
collider a discovery machine, aimed at an order-of-magnitude progress in the experimental
exploration of the energy frontier. Such an experimental progress is perceived by many
[4] as essential for fundamental physics. The most ambitious project in this direction is
the one of a 100 TeV proton-proton collider. A very high energy muon collider might have
comparable or superior physics potential, as illustrated in the left panel of Fig. 1. The
figure shows a rough estimate of the center of mass energy,

p
sH , required for a hadronic

proton-proton collider to have equivalent sensitivity of a leptonic one, with energy
p
sL,

to physics at the E ⇠ p
sL energy scale. The estimate is obtained by comparing the

hadron collider cross-section, for a given process occurring at E ⇠ p
sL, with the one for

the “analogous” process (e.g., the production of the same heavy BSM particles pair) at
the lepton collider

�H(E, sH) =
1

sH

Z 1

E2/sH

d⌧

⌧

dL

d⌧
[ŝ�̂]

H
, �L(sL) =

1

sL
[ŝ�̂]

L
. (1)

PRELIMINARY DOCUMENT 6 Not for distribution

QCD-coloured BSM can easily 
have much larger partonic XS.            

Comparison even more favourable 
for QCD-neutral BSM

Simple Things First

5 10 15 20 25 30
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s p
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]

σμ(sμ) = 1
sμ

[ ̂s ̂σ]μ σp(E, sp) = 1
sp ∫

1

E2/sp

dτ
τ

dL
dτ

[ ̂s ̂σ]p

[ ̂s ̂σ]p = [ ̂s ̂σ]μ
[ ̂s ̂σ]p = 10 [ ̂s ̂σ]μ

It is enough to remember the shape of pdf’s !

σ(pp)=σ(μμ)

σ(pp)=0.1σ(μμ)

14 TeV μμ roughly equivalent to 100 TeV pp
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“Accidental” Dark Matter

� / m� [TeV] DM HL-LHC HE-LHC FCC-100 CLIC-3 Muon-14

(1, 2, 1/2)DF 1.1 – – – 0.4 0.6
(1, 3, ✏)CS 1.6 – – – 0.2 0.2
(1, 3, ✏)DF 2.0 – 0.6 1.5 0.8 & [1.0, 2.0] 2.2 & [6.3, 7.1]
(1, 3, 0)MF 2.8 – – 0.4 0.6 & [1.2, 1.6] 1.0
(1, 5, ✏)CS 6.6 0.2 0.4 1.0 0.5 & [0.7,1.6] 1.6
(1, 5, ✏)DF 6.6 1.5 2.8 7.1 3.9 11
(1, 5, 0)MF 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
(1, 7, ✏)CS 16 0.6 1.3 3.2 2.4 2.5 & [3.5, 7.4]
(1, 7, ✏)DF 16 2.1 4.0 11 6.4 18

Table 1: Pure higgsino/wino-like DM and MDM candidates, together with the corresponding
masses saturating the DM relic density (second column) and the projected 95% CL exclusion
limits from EW precision tests at HL-LHC, HE-LHC, FCC-100, CLIC-3 and Muon-14 (see text
for details about center-of-mass energies and luminosities). In the last two columns the numbers
in square brackets stand for a mass interval exclusion. The cases where the DM hypothesis could
be fully tested are emphasized in light red.

The MDM framework was extended in Ref. [24] to contemplate the possibility of a milli-
charge ✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence
no bearings for collider phenomenology, but it ensures the (exact) stability of the lightest
particle in the EW multiplet due to the SM gauge symmetry, in the same spirit of the original
MDM formulation. A notable feature of the milli-charged scenario is that the contribution of
the complex multiplet to the relic density gets doubled compared to the case of a single real
component (thus making the thermal mass roughly a factor

p
2 smaller). On the other hand,

the number of degrees of freedom are also doubled, thus improving the indirect testability of
those scenarios via EW precision tests at colliders.

The MDM candidates (including for completeness also the higgsino-like (1, 2, 1/2)DF and
wino-like (1, 3, 0)MF DM, which require a stabilization mechanism beyond the SM gauge sym-
metry) are summarized in Table 1, together with their thermal mass saturating the DM relic
density4 and the projected 95% confidence level (CL) exclusion limits of five representative fu-
ture colliders: HL-LHC (

p
s = 14 TeV and L = 3/ab), HE-LHC (

p
s = 28 TeV and L = 10/ab),

FCC-100 (
p
s = 100 TeV and L = 20/ab), CLIC-3 (

p
s = 3 TeV and L = 4/ab), Muon-14

(
p
s = 14 TeV and L = 20/ab). The details of the analysis will be presented in Sects. 4–5.
We can anticipate here some results of our analysis. The HL-LHC and the HE-LHC are not

able to test any of the DM candidates for masses which allow these multiplets to saturate the
whole DM relic density. The FCC-100, on the other hand, could fully test the (1, 5, ✏)DF candi-
date and would come close to test the interesting mass range for the (1, 3, ✏)DF and (1, 7, ✏)DF

multiplets. Lepton colliders are usually better at testing small multiplets, which are di�cult
to probe at hadron colliders. CLIC-3 and Muon-14 could fully test the (1, 3, ✏)DF multiplet.
Muon-14 would also surpass the FCC-100 sensitivity on both the (1, 5, ✏)DF and the (1, 7, ✏)DF

4The thermal masses in the ✏ = 0 cases are extracted from Ref. [25] which takes into account both Sommerfeld
enhancement and bound state formation e↵ects. In the cases ✏ 6= 0 we quote instead the results from Ref. [24],
which however do not include e↵ects from bound state formation that are expected to sizeably for n & 5 (e.g. in
the case of (1, 5, 0)MF the inclusion of bound state e↵ects leads to a 20% increase of the thermal mass [25]).
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χ  is heavy/light new physics

1810.10993 - Di Luzio, Grober, Panico
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Figure 7. Sensitivies at 95% C.L. in the plane (m�, sin
2 �) of very high energy hadron and muon colliders:

HE-LHC at
p
s = 27 TeV with and FCC-hh at

p
s = 100 TeV with 3 ab�1, in � ! ZZ, vs LEMMA with

p
s = 6/14 TeV and 6/14 ab�1, in � ! hh(4b). We have fixed BR�!hh = BR�!ZZ = 25%.

3.4 Muon colliders

We determine the sensitivity of futuristic muon colliders to resonances decaying to hh(4b) only at
the Madgraph level, because of the present lack of knowledge of the detectors that will be used at
those machines. We simulate the background processes µ+µ�

! ⌫⌫̄hh and impose the cut |⌘h| < 2
on the pseudo-rapidity of each Higgs boson, which roughly corresponds to | cos ✓h| < 0.95. For every
signal mass m� that we want to test, we then take the fraction of background events that satisfies
mhh = m�±15%. Finally we assume an additional e�ciency of 30% (as a rough estimate b identification
and other e↵ects), and we determine the 95%CL sensitivities according to Eq. (18), using as usual
systematics of 2%, and of course taking into account the branching ratio of h ! bb̄. For the signals,
we compute the total `+`� ! ⌫⌫̄� cross-sections at LO with Madgraph, at all the machines of our
interest. We then just impose the same e�ciency of 30%, assuming it will capture the e↵ects of the
various cuts (this assumption is to some extent supported by the study in Section 3.1).

We find that this procedure reproduces extremely well, at both 1.5 and 3 TeV, the results of the
more careful detector study of Section 3.1, at least for mhh & 700 GeV. We report in Appendix B
more details on the validation above, as well as the sensitivities both on the mixing angle and on the
production cross-section of a generic resonance decaying to hh, at lepton machines from 1.5 TeV to 14
TeV of center-of-mass energy.

Here, we show in Figure 7 the sensitivities in the plane (m�, sin
2 �) at

p
s = 6 TeV and 14 TeV for

6 ab�1 and 14 ab�1 respectively. We also compare the reach of muon colliders to the one of high-energy
hadron collider proposals such as HE-LHC and FCC-hh. The take-home message of this comparison
is that HELCs in the very high energy regime could become very powerful discovery machines, even
stronger than future hadronic colliders, at least for New Physics mostly coupled to the Higgs sector.
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Massive Neutrinos
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Linverse “ ´Y⌫L�̃⌫R ´ MR⌫c

R
X ´ 1

2
µXXcX ` h.c.

with mD “ Y⌫v ,M
⌫ “

¨

˝
0 mD 0

m
T

D 0 MR

0 M
T

R µX

˛

‚

m⌫ « m
2
D

M
2
R

µX

mN1,N2 « ¯MR ` µX

2 2 scales: µX and MR

Decouple neutrino mass generation from active-sterile mixing
Inverse seesaw: Y⌫ „ Op1q and MR „ 1 TeV
ñ within reach of colliders and low energy experiments
Cédric Weiland (Pitt-PACC) WWH production LCWS 2018 6 / 16

0

2

4

6

8

10

12

3 5 301 10
√
s [TeV]

σ(e+e− → W+W−H) [fb]

0.6
0.7
0.8
0.9
1

1.1
1.2

0.38 1.5 3 5

SM unpolarized

ISS unpolarized

SM polarized

ISS polarized

0.5

1

1.5

2

2.5

3

3.5

4

2 4 6 8 10 12 14 16 18 20

∆BSM [%]

|Y
ν
|

M
R

[TeV]

∆BSM map for σ(e+e− → W+W−H)
√
s = 3 TeV

−40

−35

−30

−25

−20

−15

−10

−5

0

-2
5
%

-3
0
%

-3
5
% -3
5
%

-3
0%

-2
5%

-2
0%

-10
%

E
xc

lu
de

d
by

th
e
co

ns
tr
ai
nt

s

Fig. 98: Left: LO total cross-section �(e+e�
! W+W�H) as a function of the collider energy

p
s.

The solid curves are for the SM predictions while the dashed curves stand for the ISS predictions using
a benchmark scenario defined in the text. The red (blue) curves are for an unpolarized (�80% polarized
electron beam) cross-section. The ratio of the ISS prediction with respect to the SM cross-section is
displayed in the insert up to 5 TeV. Right: Contour map of the neutrino corrections �BSM at the 3 TeV
CLIC, using a �80% polarized electron beam, as a function of the seesaw scale MR and |Y⌫ |. The grey
area is excluded by the constraints.

example, we present a study in the inverse seesaw (ISS) but we expect our results to hold for other
low-seesaw models. More details can be found in the original study [650].

In these models, the heavy neutrinos form pseudo-Dirac pairs that couple to the Standard Model
(SM) particles through their potentially large mixing with SM fields. The calculation of the total cross-
section �(e+e�

! W+W�H) is performed at leading order (LO) [651], comparing the case with
unpolarized beams to the case with a polarized electron beam using Pe� = �80%, based on the Compact
Linear Collider (CLIC) baseline [9]. The SM Higgs boson mass is fixed to MH = 125 GeV while the
other SM parameters are fixed to their Particle Data Group values [168]. Low-energy neutrino data from
the global fit NuFIT 3.0 [652] are used as input of the µX -parametrization [639], that was extended
in [647]. Experimental constraints are dominated by the global fit to electroweak precision observables
and low-energy data [653], see Ref. [650] for the complete list including theoretical constraints as well.

Our results are presented in Figure 98 in terms of deviations with respect to the SM prediction,

�BSM =
�ISS

� �SM

�SM
, (269)

with �ISS being the cross-section calculated in the ISS model. To illustrate the heavy neutrino effects in
the ISS, a diagonal Yukawa texture Y⌫ = |Y⌫ |I3 is used as well as a hierarchical heavy neutrino mass
matrix with MR1

= 1.51MR, MR2
= 3.59MR, and MR3

= MR. Figure 98 (left) presents the variation
of the total production cross-section �(e+e�

! W+W�H) as a function of the collider energy
p

s,
using a benchmark scenario with |Y⌫ | = 1 and MR = 2.4 TeV. We have extended here our previous
results to 30 TeV, in order to provide predictions that could be relevant to future lepton colliders such as
the ALEGRO project or the Low EMittance Muon Accelerator (LEMMA) project (see e.g. [654]. We
emphasize that our results can be directly translated to a muon collider by doing the exchanging MR1
and MR2

values in our calculation, leading to larger deviations at lower collider energies. First, our
results demonstrate the gain in cross-section from using polarized beams. Second, we see that below
MR1

⇡ 3.6 TeV which is the mass of the t-channel heavy neutrino, negative interferences decrease the
total cross-section, leading to a maximum correction of �38% at an energy close to 3 TeV, while for

194

MR = 2.4 TeV Yν = 1

large deviations both at  s ∼ MR and  s > MR
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• The traditional paradigm 
where pp are discovery 
machines and ℓ+ℓ- are 
measurement machines may be 
close to break down.

• Leptons beam structure 
enables qualitatively new 
investigations of the 
electroweak/Higgs sector

• CLIC definitively shows that 
technology is mature to 
consider seriously a machine 
above TeV center-of-mass 
energy

• If muon beams or plasmas can 
deliver even larger energy and 
keep the luminosity on  track 
with                    we can start 
probing fundamental 
interactions  in novel and 
deeper ways.

About to flip page…

ℒ ∝ E2
com
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About to flip page…
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CLIC timeline

• Technology-driven schedule from start of construction

• After go-ahead, at least 5 years are needed before construction can start
→ first beams could be available by 2035

CERN-2018-005-M

CLIC

D’Hondt@LFC19
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Time to push forward! 

New ideas bring us much farther (beam-beam, superconductors,…)
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• Pole Higgs physics statistics 
about 100 times a dedicated 
Higgs factory (108 Higgs)  

• Pole Top quark physics 
comparable to dedicated top 
factory (order 106 Tops) 

• Top, Higgs and NP collecting 
data during the same “stage”

• Probes at high momentum 
transfer hugely enhanced by 
large available energy: e.g. 
Higgs compositeness at 
hundreds of TeV (similar 
advantage for any EFT) 

• Direct reach for “anything”  
with electroweak charge or 
coupled to the Higgs boson in 
the kinematic reach

Unstable and weak:ly charged: 
our future beam
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• Probes at high momentum 
transfer hugely enhanced by 
large available energy: e.g. 
Higgs compositeness at 
hundreds of TeV (similar 
advantage for any EFT) 

• Direct reach for “anything”  
with electroweak charge or 
coupled to the Higgs boson in 
the kinematic reach

Unstable and weakly charged: 
our future beams

• Pole Higgs physics statistics 
about 100 times a dedicated 
Higgs factory (108 Higgs)  

• Pole Top quark physics 
comparable to dedicated top 
factory (order 106 Tops) 

• Top, Higgs and NP collecting 
data during the same “stage”



Thank you!



How to make a muon 
collider
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N U M B E R  A N D  S P R E A D  B A L A N C E

Muon sources

p𝒩 → π± + X → μ± + . . . e+e− → μ+μ−

•large cross-section 

•large spread of muon velocity 

•small cross-section 

•small spread of muon velocity 

M A P L E M M A

ℒ ∝
N2f
σ

beam phase-space spread

beam population frequency 
of beam crossing

Journal of Instrumentation Special Issue https://iopscience.iop.org/journal/1748-0221/page/extraproc46 1803.066961509.04454 1905.05747
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N U M B E R  A N D  S P R E A D  B A L A N C E

Muon sources MAP Conclusion

• Multi-TeV MC a potentially 
only cost-effective route to 
lepton collider capabilities with 
ECM > 5 TeV

• Capability strongly overlaps 
with next generation neutrino
source options, i.e., the 
neutrino factory

• Key technical hurdles have 
been addressed:
– High power target demo (MERIT)
– Realizable cooling channel designs with acceptable performance
– Breakthroughs in cooling channel technology
– Significant progress in collider & detector design concepts

Muon collider capabilities offer unique potential for the future of high energy 
physics research

July 2-3, 2018ARIES MC Workshop47

~200 MeV
MICE 160(240 MeV

3(4 GeV

νSTORM 3.8 GeV
4(10 GeV

NuMAX9(Initial) 4(6 GeV
NuMAX+ 4(6 GeV

IDS(NF9Design 10 GeV
~126 GeV-CoM
~126 GeV(CoM
>-1 TeV-CoM

Opt.91 1.5 TeV9CoM
Opt.92 3 TeV9CoM
Opt.93 6 TeV9CoM

Energy-Scale

Energy-Frontier-µ-Collider

Accelerator
Cooling-Channel

Muon-Storage-Ring

Intensity-Frontier-ν-Factory

s-Channel(µ(Collider
Higgs-Factory

*(Decays(of(an(individual(species((ie,(µ+(or(µ−)

1.2x1034cm(2s(1

4.4x1034cm(2s(1

12x1034cm(2s(19

Performance
Emittance-Reduction

Useable-µ decays/yr*

Useable-µ decays/yr*

Avg.-Luminosity

Higgs/107s
3,500-13,500

3x1017

5x1020

8x1019

5x1020

5%
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p𝒩 → π± + X → μ± + . . .

•large cross-section 

•large spread of muon velocity 

M A P
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muon rate:
p on target option

3 x 1013 m/s
e+ on target option
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neutrino dose 
equivalent/fluence
[J.D. Cossairt, N.L. Grossman 

and  E.T . Marshall, Health Phys. 
73 (1997), 894-898.] 

p on target 

e+ on target 

(updated by M.Antonelli)
MAP design for a 6 TeV MC
(500 m depth) TIS-RP/IR/98-34 (1998)

M. Boscolo, Padova, 2 July 2018

(Beam energy)

Journal of Instrumentation Special Issue https://iopscience.iop.org/journal/1748-0221/page/extraproc46

p𝒩 → π± + X → μ± + . . .

•large cross-section 

•large spread of muon velocity 

M A P
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N U M B E R  A N D  S P R E A D  B A L A N C E

Muon sources
Cross-section, muons beam divergence and energy spread 

as a function of the e+ beam energy

M. Boscolo, Padova, 2 July 2018
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Cross-section, muons beam divergence and energy spread 
as a function of the e+ beam energy

M. Boscolo, Padova, 2 July 2018
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nμμ ≃ 10−5ne+

ne+ ≃ 25 ⋅ ne+,ILC

e+e− → μ+μ−

•small cross-section 

•small spread of muon velocity 

L E M M A

1509.04454 1803.06696 1905.05747
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N U M B E R  A N D  S P R E A D  B A L A N C E

Muon sources
nμμ ≃ 10−5ne+

ne+ ≃ 25 ⋅ ne+,ILC

Figure 8: Embedded source scheme.
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Figure 9: Fraction of e+ matching all quality cuts (see text)
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its thickness.

MAIN POSITRON RING
The PR at 45 GeV should have small beam emittance,

mostly round beams, and a large energy acceptance in order
to be able to accommodate the “spent” beam coming back
after the muon production. Damping time should not be
an issue since on-axis injection is foreseen and the “fresh”
positron beam from the source can be cooled in a Damping
Ring (DR).

The choice of the final lattice will be based on the one
showing the larger energy acceptance, since it is mandatory
that possibly all the “spent” beam from the muon production
be successfully re-injected in the PR to be later decelerated
and re-injected in the DR for cooling.

A large circumference can accommodate a large number
of bunches with less important synchrotron losses. In order
to accommodate the requested 1000 bunches with 5x1011

e+/bunch a 27 km LHC-like was preferred. However a so-
lution for a 100 km ring FCC-like could increase the muon
collider luminosity by a factor of 3 at least.

At present several 27 km long lattices have been studied,
with a horizontal emittance ranging from 0.7 to 20 nm. Their

energy acceptance ranges from ±2 to ±8 %, and work is in
progress to improve it. The lattices are all inspired to the
ESRF upgrade hybrid multi-bend achromat lattice [14], with
di�erent number of cells (64 or 32) and with di�erent dipoles
length in order to tune emittance and damping time. This
design is based on increasing the number of dipoles/cell, in
order to decrease the emittance, long and weaker to decrease
the emitted synchrotron radiation. Dipoles in one cell have
di�erent lengths and this parameter can be adjusted in order
to tune damping time and horizontal emittance to desired
values. Fig.12 shows, for the 64 cells 0.7 nm lattice, the
behavior of horizontal damping time, horizontal emittance
and energy acceptance as a function of the reduction of the
dipoles total length in one cell (844 m long). Table 2 shows
a PR reduced parameter list for three lattice designs with
di�erent horizontal emittance. As an example, in Fig.13 (top
plots) the optical functions, dynamic aperture and energy
acceptance along the ring for the 0.7 nm horizontal emittance
lattice are shown.

Table 2: 45 GeV PR parameters for 3 di�erent emittances

Parameter 0.7 nm 6 nm 10 nm
Circumference [km] 27 27 27
N. cells 64 32 32
Ib [A] 0.89 0.89 0.89
Npart /bunch 5x1011 5x1011 5x1011

N. bunches 1000 1000 1000
Eloss/turn [GeV] 0.12 0.12 0.19
Nat. �z [mm] 1.9 3.6 3.8
↵c 2.9x10�5 1x10�4 1.1x10�4
Energy spread 7x10�4 7x10�4 9x10�4

⌧x,y [ms] 68 66 42
Energy acceptance [%] ± 8 ±6 ± 2
SR power [MW] 106 109 170

DAMPING RING
The introduction of a DR into the muon source chain is

advisable, so relaxing the requests on the PR. The DR should
provide fast cooling of the e+ produced by the source. A

E M B E D D E D  P O S I T R O N  S O U R C E

e+e− → μ+μ−

•small cross-section 

•small spread of muon velocity 

L E M M A

1905.057471803.066961509.04454
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W O R K  I N  P R O G R E S SM U O N  S O U R C E

A possible design

Figure 1: Layout of Scheme III for µ production via 45 GeV e+ beam.

to damping wigglers. After the cooling, the e+ beam is
extracted from the DR, accelerated in a SC Linac or ERL
to 45 GeV and injected in the PR in 10 msec, with a pulsed
current of the injector Linac of 8 mA. In the meantime the PS
can continue to top-up the DR. Once 1000 bunches are stored
in the PR, they are extracted to collide with the targets in the
TL for µ production. This process can take 410 µsec. After
µ production, degraded e+ bunches are sent back to the PR
with a reduced injection e�ciency, estimated to 70% due to
the high energy spread generated in the targets interactions.
With a slow extraction (⇠20 msec) the “spent” e+ bunches
are slowly extracted from the PR, decelerated to 5 GeV in
the SC Linac, and sent back to the DR. At the same time
the produced µ bunches are extracted and accelerated to
the final collider energy in a separate accelerators chain. In
the following 30 msec the DR provides for cooling of both
the e+ produced by the PS and those coming back from
the PR. The cycle is then repeated at 20 Hz. Since the PR
is not circulating any beam during the DR cooling phase,
the synchrotron radiation emission duty cycle is reduced,
decreasing also the total synchrotron power budget.

POSITRON SOURCE
The e+ source has to provide trains of 1000 bunches with

5x1011 e+/bunch to inject in the DR. With an e+ source like
the ILC [5] or CLIC one [6], which produce 1014 e+/sec, 5
sec are needed to fill the DR. However, the source which
needs to replace the e+ lost in the µ production process is
challenging, since the time available to produce, damp and
accelerate the e+ is very short. We assume that ⇠70% of
the “spent” e+ can be recovered, injected in the PR, slowly
extracted and decelerated and injected back in the DR. There-
fore only 30% of the required e+ need to be produced in a
time cycle tcycle = 50 msec, corresponding to the 20 Hz
repetition frequency. We assume to inject the bunches in
the DR during 20 msec and to store them for 30 msec to
damp the emittance. The required e+ production rate is then
3x1015 e+/sec. In order to achieve such a high rate of e+
production we need to explore all the techniques developed
for the future linear colliders like hybrid targets (crystal tar-
get + tungsten target) [6] and rotating targets [5] and we will

develop an R&D program on new targets. The required en-
ergy acceptance for the DR is demanding: it has to be of the
order of ±10%. An optimization of the e+ capture system
in order to take advantage of the large energy acceptance
could improve the e+ yield. Another possibility to reduce
the requested e+ rate is to increase the energy acceptance
of the PR, so reducing the fraction of lost e+ to be replaced
by the source. The option to use a Linac to compress the
“spent” e+ beam, so to be able to re-inject at least 90% of
the spent beam into the PR, is being also studied. Moreover,
since the 45 GeV e+ passing through the µ targets produce a
large number of high energy photons, the feasibility of an
“embedded” source [7] that uses these � to produce new e+
impinging on a 5 radiation length (5X0) tungsten target is
under study.

POSITRON RINGS
The 45 GeV PR should have small beam emittance, mostly

round beams, and a large energy acceptance in order to be
able to accommodate also the “spent” beam coming back af-
ter the µ production. In order to store the 1000 bunches with
5x1011 e+/bunch with less important synchrotron losses, a
27 Km LHC-like ring was chosen.

Table 1: 45 GeV PR Parameters for 3 Di�erent Emittances

Parameter 0.7 nm 6 nm 10 nm
Circumference [Km] 27 27 27
N. cells 64 32 32
Ib [A] 0.89 0.89 0.89
Npart /bunch 5x1011 5x1011 5x1011

N. bunches 1000 1000 1000
Nat. �z [mm] 1.9 3.6 3.8
Energy spread 7x10�4 7x10�4 9x10�4

⌧x,y [ms] 68 66 42
Energy acceptance [%] ± 8 ± 6 ± 2
SR power [MW] 106 109 170

At present several lattices have been studied, with hori-
zontal emittances ranging from 0.7 to 20 nm (see Table 1).
Their energy acceptance ranges from ±2 to ±8 %, and work
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W O R K  I N  P R O G R E S SM U O N  S O U R C E

A possible design

KEEP COOL AFTER OPENING
BEST BEFORE 2µs

Low Emitta
nce



High Lumi
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P R O D U C T I O N  M O D E SR A R E

 ℓ⁺ℓ⁻→ b b̅ h
Buttazzo, RF, Wulzer

D i re c t  M e a s u re m e n t  o f  Y b



Gotchas
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Not as usual
• Muons radiate EW  

• Most cτ0 ∼ μm live for 

fractions of  meter in the 

lab (b,c,τ … ) 

• Calo: δ E / E ∼ ~1/√E 

• Tracker: δ p/p ∼ c

For 30 TeV, this is

PW (z)dz ⇡ 0.06 Q2 1

z
dz . (8)

Then approximately 30% of directly produced left-handed leptons or quarks will appear with a
change of flavor (for example, µ ! ⌫µ), accompanied by a W boson that, typically, will decay
hadronically to two jets. The analysis of events from the ALIC collider will need to take this into
account.

The second e↵ect comes from the correspondingly high probability of W emission in the initial
state. In e+e� collision and even more strongly in �� collisions, the initial particles can exchange
a W boson Regge pole, leading to a cross section for multiple W and Z production that grows as a
power of the center of mass energy. The W and Z bosons are produced with transverse momenta
mW with respect to the beam axis. Multiple Higgs bosons can also be emitted in this cascade. The
most important e↵ect of this multiple boson emission is to provide additional SM backgrounds to
new physics reactions that one might wish to study. To reconstruct these multiply produced vector
bosons, it will be very important for the detector at the ALIC collider to reconstruct hadronically
decaying W and Z bosons with high e�ciency and also to distinguish these from one another.

The third e↵ect is a simple consequence of the boosting of emitted quarks and leptons. Typical
decay lengths become

b c ⌧
40 cm 20 cm 74 cm

(9)

assuming that ⌧ leptons are directly produced from the hard reaction and B and D mesons are
produced with a typical momentum fraction z of 0.2 in b and c jets. Thus, an important task of the
detector at the ALIC collider will be to identify highly displaced secondary vertices and to measure
their properties.

[A more extended discussion of the W , Z Regge pole should follow.]

3.3 A detector of e+e� and �� collisions at 30 TeV

In this section, we will present a possible design of a particle detector adapted for the ALIC
collider.

[Discussion of the detector, and simulation of SM events.]

3.4 Novel physics scenarios at 30 TeV

Beyond the possibility of discovering new particles that hint at new physics, a 30 TeV e+e�

or �� collider o↵ers the possibility that the qualitative nature of the processes that dominate the
total cross section may change from the SM expectation. In this section, we will present several
possible scenarios with this property.

• Thermalization: The electroweak sector of the SM is a weakly-coupled field theory, and
so one might expect that the qualitative features of electroweak scattering would remain
the same up to very high energy. However, this is not obvious, and actually the point has
been debated since the 1980’s [32–37]. The electroweak theory contains a nonperturbative
solution, the sphaeleron, which has a mass of about 9 TeV. It has been argued that processes

7
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E X T R A P O L AT I O N  F R O M  C L I CS T U B - T R A C K S

Degenerate EW multiplets
• Heavily subject to detector design issues 

• Even in CLIC needs full detector simulation
• Heavy n-plet of SU(2) 

• Mass splitting ~ αw mW ~ 0.1 GeV - GeV
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“Accidental” Dark Matter

� / m� [TeV] DM HL-LHC HE-LHC FCC-100 CLIC-3 Muon-14

(1, 2, 1/2)DF 1.1 – – – 0.4 0.6
(1, 3, ✏)CS 1.6 – – – 0.2 0.2
(1, 3, ✏)DF 2.0 – 0.6 1.5 0.8 & [1.0, 2.0] 2.2 & [6.3, 7.1]
(1, 3, 0)MF 2.8 – – 0.4 0.6 & [1.2, 1.6] 1.0
(1, 5, ✏)CS 6.6 0.2 0.4 1.0 0.5 & [0.7,1.6] 1.6
(1, 5, ✏)DF 6.6 1.5 2.8 7.1 3.9 11
(1, 5, 0)MF 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
(1, 7, ✏)CS 16 0.6 1.3 3.2 2.4 2.5 & [3.5, 7.4]
(1, 7, ✏)DF 16 2.1 4.0 11 6.4 18

Table 1: Pure higgsino/wino-like DM and MDM candidates, together with the corresponding
masses saturating the DM relic density (second column) and the projected 95% CL exclusion
limits from EW precision tests at HL-LHC, HE-LHC, FCC-100, CLIC-3 and Muon-14 (see text
for details about center-of-mass energies and luminosities). In the last two columns the numbers
in square brackets stand for a mass interval exclusion. The cases where the DM hypothesis could
be fully tested are emphasized in light red.

The MDM framework was extended in Ref. [24] to contemplate the possibility of a milli-
charge ✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence
no bearings for collider phenomenology, but it ensures the (exact) stability of the lightest
particle in the EW multiplet due to the SM gauge symmetry, in the same spirit of the original
MDM formulation. A notable feature of the milli-charged scenario is that the contribution of
the complex multiplet to the relic density gets doubled compared to the case of a single real
component (thus making the thermal mass roughly a factor

p
2 smaller). On the other hand,

the number of degrees of freedom are also doubled, thus improving the indirect testability of
those scenarios via EW precision tests at colliders.

The MDM candidates (including for completeness also the higgsino-like (1, 2, 1/2)DF and
wino-like (1, 3, 0)MF DM, which require a stabilization mechanism beyond the SM gauge sym-
metry) are summarized in Table 1, together with their thermal mass saturating the DM relic
density4 and the projected 95% confidence level (CL) exclusion limits of five representative fu-
ture colliders: HL-LHC (

p
s = 14 TeV and L = 3/ab), HE-LHC (

p
s = 28 TeV and L = 10/ab),

FCC-100 (
p
s = 100 TeV and L = 20/ab), CLIC-3 (

p
s = 3 TeV and L = 4/ab), Muon-14

(
p
s = 14 TeV and L = 20/ab). The details of the analysis will be presented in Sects. 4–5.
We can anticipate here some results of our analysis. The HL-LHC and the HE-LHC are not

able to test any of the DM candidates for masses which allow these multiplets to saturate the
whole DM relic density. The FCC-100, on the other hand, could fully test the (1, 5, ✏)DF candi-
date and would come close to test the interesting mass range for the (1, 3, ✏)DF and (1, 7, ✏)DF

multiplets. Lepton colliders are usually better at testing small multiplets, which are di�cult
to probe at hadron colliders. CLIC-3 and Muon-14 could fully test the (1, 3, ✏)DF multiplet.
Muon-14 would also surpass the FCC-100 sensitivity on both the (1, 5, ✏)DF and the (1, 7, ✏)DF

4The thermal masses in the ✏ = 0 cases are extracted from Ref. [25] which takes into account both Sommerfeld
enhancement and bound state formation e↵ects. In the cases ✏ 6= 0 we quote instead the results from Ref. [24],
which however do not include e↵ects from bound state formation that are expected to sizeably for n & 5 (e.g. in
the case of (1, 5, 0)MF the inclusion of bound state e↵ects leads to a 20% increase of the thermal mass [25]).

5

χ  is heavy/light new physics

1810.10993 - Di Luzio, Grober, Panico
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Figure 7. Sensitivies at 95% C.L. in the plane (m�, sin
2 �) of very high energy hadron and muon colliders:

HE-LHC at
p
s = 27 TeV with and FCC-hh at

p
s = 100 TeV with 3 ab�1, in � ! ZZ, vs LEMMA with

p
s = 6/14 TeV and 6/14 ab�1, in � ! hh(4b). We have fixed BR�!hh = BR�!ZZ = 25%.

3.4 Muon colliders

We determine the sensitivity of futuristic muon colliders to resonances decaying to hh(4b) only at
the Madgraph level, because of the present lack of knowledge of the detectors that will be used at
those machines. We simulate the background processes µ+µ�

! ⌫⌫̄hh and impose the cut |⌘h| < 2
on the pseudo-rapidity of each Higgs boson, which roughly corresponds to | cos ✓h| < 0.95. For every
signal mass m� that we want to test, we then take the fraction of background events that satisfies
mhh = m�±15%. Finally we assume an additional e�ciency of 30% (as a rough estimate b identification
and other e↵ects), and we determine the 95%CL sensitivities according to Eq. (18), using as usual
systematics of 2%, and of course taking into account the branching ratio of h ! bb̄. For the signals,
we compute the total `+`� ! ⌫⌫̄� cross-sections at LO with Madgraph, at all the machines of our
interest. We then just impose the same e�ciency of 30%, assuming it will capture the e↵ects of the
various cuts (this assumption is to some extent supported by the study in Section 3.1).

We find that this procedure reproduces extremely well, at both 1.5 and 3 TeV, the results of the
more careful detector study of Section 3.1, at least for mhh & 700 GeV. We report in Appendix B
more details on the validation above, as well as the sensitivities both on the mixing angle and on the
production cross-section of a generic resonance decaying to hh, at lepton machines from 1.5 TeV to 14
TeV of center-of-mass energy.

Here, we show in Figure 7 the sensitivities in the plane (m�, sin
2 �) at

p
s = 6 TeV and 14 TeV for

6 ab�1 and 14 ab�1 respectively. We also compare the reach of muon colliders to the one of high-energy
hadron collider proposals such as HE-LHC and FCC-hh. The take-home message of this comparison
is that HELCs in the very high energy regime could become very powerful discovery machines, even
stronger than future hadronic colliders, at least for New Physics mostly coupled to the Higgs sector.
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6 Future opportunities

that follows focuses on the motivation for a 10 TeV electron-positron collider.
The centre-of-mass energy dependence in the range up to 30 TeV for many important Standard

Model processes in electron-positron collisions is shown in Figure 57. Above the kinematic threshold,
the cross sections for Higgsstrahlung and two-fermion production (e.g. e+e� ! tt) scale as 1/s. A
similar energy dependence is visible for W-boson pair production. This is a first indication that the
desired integrated luminosities at 10 TeV would exceed those for the baseline CLIC energy stages.
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Figure 57: Cross section as a function of centre-of-mass energy for the main Standard Model processes
at a very high-energy e+e� collider. The values shown correspond to unpolarised beams and
include the effect of Initial State Radiation (ISR). (image credit: CLICdp)

On the other hand, the rate of events with final states produced in WW or ZZ boson fusion rises
approximately as log(s). For example, the cross section of the dominant contribution to double-Higgs
production, e+e� ! HHnene , is about a factor 4 larger at 10 TeV compared to 3 TeV. Although the
dependence of the cross section on the Higgs self-coupling decreases somewhat with energy, a significant
improvement of the knowledge of the Higgs self-coupling is expected for an integrated luminosity of a
few ab�1 at 10 TeV. Even higher centre-of-mass energies of a few tens of TeV would also give access to
triple Higgs production.

The indirect sensitivity to New Physics of Higgs and W+W� production is illustrated using Stand-
ard Model effective field theory (see also Section 2.4). In Figure 58(a) the sensitivities of the three
baseline energy stages of CLIC are compared to 4 ab�1 collected at a 10 TeV e+e� collider. The sens-
itivies to the scales of four dimension-6 operator coefficients, defined as L/

p
c, are shown. The results

are based on the fit described in [159], with the linear dependence on the coefficients now computed
more accurately. The projections used as input are largely obtained from benchmark analyses based
on full detector simulations [15]. The projections for 3 TeV are extrapolated to 10 TeV assuming that
the shape of the beamstrahlung spectrum is the same for both energies. Generally, new physics scales
well beyond the centre-of-mass energy of the collider can be probed. The 10 TeV stage enhances the
reach for some operators by almost a factor 2 compared with 3 TeV. In particular, the measurement of
the Higgsstrahlung cross section at the highest possible energy is important for the reach on c̄W � c̄B,
c̄HW and c̄HB. The reach on c̄3W shown here decreases at higher energy due to helicity suppression of
the linear interference term, but will also grow with energy at the quadratic level or if the interference is
recovered by suitable differential measurements.
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Figure 7. Sensitivies at 95% C.L. in the plane (m�, sin
2 �) of very high energy hadron and muon colliders:

HE-LHC at
p
s = 27 TeV with and FCC-hh at

p
s = 100 TeV with 3 ab�1, in � ! ZZ, vs LEMMA with

p
s = 6/14 TeV and 6/14 ab�1, in � ! hh(4b). We have fixed BR�!hh = BR�!ZZ = 25%.

3.4 Muon colliders

We determine the sensitivity of futuristic muon colliders to resonances decaying to hh(4b) only at
the Madgraph level, because of the present lack of knowledge of the detectors that will be used at
those machines. We simulate the background processes µ+µ�

! ⌫⌫̄hh and impose the cut |⌘h| < 2
on the pseudo-rapidity of each Higgs boson, which roughly corresponds to | cos ✓h| < 0.95. For every
signal mass m� that we want to test, we then take the fraction of background events that satisfies
mhh = m�±15%. Finally we assume an additional e�ciency of 30% (as a rough estimate b identification
and other e↵ects), and we determine the 95%CL sensitivities according to Eq. (18), using as usual
systematics of 2%, and of course taking into account the branching ratio of h ! bb̄. For the signals,
we compute the total `+`� ! ⌫⌫̄� cross-sections at LO with Madgraph, at all the machines of our
interest. We then just impose the same e�ciency of 30%, assuming it will capture the e↵ects of the
various cuts (this assumption is to some extent supported by the study in Section 3.1).

We find that this procedure reproduces extremely well, at both 1.5 and 3 TeV, the results of the
more careful detector study of Section 3.1, at least for mhh & 700 GeV. We report in Appendix B
more details on the validation above, as well as the sensitivities both on the mixing angle and on the
production cross-section of a generic resonance decaying to hh, at lepton machines from 1.5 TeV to 14
TeV of center-of-mass energy.

Here, we show in Figure 7 the sensitivities in the plane (m�, sin
2 �) at

p
s = 6 TeV and 14 TeV for

6 ab�1 and 14 ab�1 respectively. We also compare the reach of muon colliders to the one of high-energy
hadron collider proposals such as HE-LHC and FCC-hh. The take-home message of this comparison
is that HELCs in the very high energy regime could become very powerful discovery machines, even
stronger than future hadronic colliders, at least for New Physics mostly coupled to the Higgs sector.
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Mediator of  Neutrino mass mechanism
in total rate e+e- → W+ W-  h
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Fig. 98: Left: LO total cross-section �(e+e�
! W+W�H) as a function of the collider energy

p
s.

The solid curves are for the SM predictions while the dashed curves stand for the ISS predictions using
a benchmark scenario defined in the text. The red (blue) curves are for an unpolarized (�80% polarized
electron beam) cross-section. The ratio of the ISS prediction with respect to the SM cross-section is
displayed in the insert up to 5 TeV. Right: Contour map of the neutrino corrections �BSM at the 3 TeV
CLIC, using a �80% polarized electron beam, as a function of the seesaw scale MR and |Y⌫ |. The grey
area is excluded by the constraints.

example, we present a study in the inverse seesaw (ISS) but we expect our results to hold for other
low-seesaw models. More details can be found in the original study [650].

In these models, the heavy neutrinos form pseudo-Dirac pairs that couple to the Standard Model
(SM) particles through their potentially large mixing with SM fields. The calculation of the total cross-
section �(e+e�

! W+W�H) is performed at leading order (LO) [651], comparing the case with
unpolarized beams to the case with a polarized electron beam using Pe� = �80%, based on the Compact
Linear Collider (CLIC) baseline [9]. The SM Higgs boson mass is fixed to MH = 125 GeV while the
other SM parameters are fixed to their Particle Data Group values [168]. Low-energy neutrino data from
the global fit NuFIT 3.0 [652] are used as input of the µX -parametrization [639], that was extended
in [647]. Experimental constraints are dominated by the global fit to electroweak precision observables
and low-energy data [653], see Ref. [650] for the complete list including theoretical constraints as well.

Our results are presented in Figure 98 in terms of deviations with respect to the SM prediction,

�BSM =
�ISS

� �SM

�SM
, (269)

with �ISS being the cross-section calculated in the ISS model. To illustrate the heavy neutrino effects in
the ISS, a diagonal Yukawa texture Y⌫ = |Y⌫ |I3 is used as well as a hierarchical heavy neutrino mass
matrix with MR1

= 1.51MR, MR2
= 3.59MR, and MR3

= MR. Figure 98 (left) presents the variation
of the total production cross-section �(e+e�

! W+W�H) as a function of the collider energy
p

s,
using a benchmark scenario with |Y⌫ | = 1 and MR = 2.4 TeV. We have extended here our previous
results to 30 TeV, in order to provide predictions that could be relevant to future lepton colliders such as
the ALEGRO project or the Low EMittance Muon Accelerator (LEMMA) project (see e.g. [654]. We
emphasize that our results can be directly translated to a muon collider by doing the exchanging MR1
and MR2

values in our calculation, leading to larger deviations at lower collider energies. First, our
results demonstrate the gain in cross-section from using polarized beams. Second, we see that below
MR1

⇡ 3.6 TeV which is the mass of the t-channel heavy neutrino, negative interferences decrease the
total cross-section, leading to a maximum correction of �38% at an energy close to 3 TeV, while for

194

MR = 2.4 TeV Yν = 1

large deviations both at  s ∼ MR and  s > MR
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