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• 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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How we got there

V(φ)|Dφ|²

? ? ? ? ?
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How we get out of there?
? ? ? ? ?

L= c + m2 H2 + l H4

Cosmological Constant
(galaxy formation)

 Fermi constant
(periodic table)

Higgs boson mass
(meta-)stability of the Universe

arXiv:hep-ph/9707380 Agrawal et al. -  If !> 5⋅!SM  periodic table disappears! (neutron decay too fast)
Steven Weinberg Phys. Rev. Lett. 59, 2607 - If c >  200 cMisurato  galaxies would ne be able to form (matter-domination phase too short)

arXiv:1205.6497 - Degrassi et al. - If mHiggs grew by 1%, Universe would be unstable (in the SM)

Coincidences ?

Rev. Mod. Phys. 68, 951 - Cahn, Robert N. - The eighteen arbitrary parameters of the standard model in your everyday life

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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C U R S E  O R  B L E S S I N G ?S Y M M E T RY

Beyond LO all the way

•Standard Model calculations have been improved 
beyond lowest order and can be automated in basically 
all cases at NLO (EW may still resist though). 
•General agreement confirms SM in total rates 
•Differential distributions may need NNLO, not easy but 
slowly coming 
•In any event, amplitudes in a gauge theory beyond 
lowest order:

‣become too many 
‣develop complicated divergences structure

๏play with/remove gauge principle seems to help to 
simplify these issues (the “too many” problem for sure)
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of single Higgs processes upon l3 via loop effects. It was first applied to ZH production at an e+e�

collider in Ref. [7] and later to Higgs production and decay modes at the LHC [8–10]. Recently it
was also applied to the case of precision observables, where the dependence upon l3 arises at the
two-loop level in the vector boson self-energies [11, 12].

2. Working framework and assumptions

In order to implement this strategy one considers a Beyond-the-Standard-Model (BSM) sce-
nario, described at low energy by the SM Lagrangian with a modified scalar potential. Further-
more it is assumed that only Higgs self couplings are affected by this modified potential while the
strength of the couplings of the Higgs to fermions and vector bosons is not going to change with
respect to its SM value. This scenario can be described by a Lagrangian of the form

Ll3 ⌘ LSM �
N

Â
n=3

c2n(F†F)n , F =

✓
f+

1p
2
(v+H + if2)

◆
, (2.1)

where N is an unspecified integer and the coefficients c2n are arbitrary, namely no constraint on the
size of c2n is assumed. The Lagrangian Ll3 actually differs from a standard SM Effective Field
Theory (EFT) Lagrangian

LEFT ⌘ LSM +
1

L2 L
D=6 + . . . (2.2)

with L the scale of NP, in two aspects: i) it does not contain all possible D=6, D=8 etc. operators;
ii) the coefficients c2n do not exhibit an EFT scaling, i.e. c2n+2 ⇠ c2n/L2, that is instead present in
the coefficients of the operators of different dimensionality in eq.(2.2). The latter point is important
in order to assess the range of values of l3 that the Lagrangians in eq.(2.1) and eq.(2.2) can probe.
Defining kl = l3/l SM

3 one obtains from the two Lagrangians

Ll3 : kl = 1+
2v2

2m2
H

N

Â
n=1

c2n n(n�1)(n�2)
✓

v2

2

◆n�2

, LEFT : kl = 1+c6
2v2

m2
H

v2

L2 + .... (2.3)

where the dots in the right part of eq.(2.3) represents terms suppressed by 1/L4. Eq.(2.3) tells us
that while kl obtained from Ll3 has no restriction in size, kl obtained from LEFT can be at most
O(±5). Values of kl ⇠ ±5 are not going to be experimentally probed in the near future. In this
situation a more pragmatic and less ambitious approach can be taken: use Ll3 instead of LEFT in
order to obtain a bound on l3.

Let me state what are the “boundaries” of a similar approach. We want to probe “large”
values of kl via perturbative calculations based on Ll3 . This implies that kl cannot be “too”
large otherwise perturbativity can be lost. In our set of observables we are just considering the
loop contributions in which the modified Higgs self-couplings appear for the first time. Then these
contributions are finite and gauge-invariant and moreover depend only upon l3. However Ll3 is a
not-renormalizable Lagrangian. Therefore we expect that higher-order contributions are going to
depend on L as well as on quartic, quintic etc. Higgs self-interactions. We must assume that these
contributions are under control, i.e. they are subdominant with respect to the effects we compute.
This implies that these higher-order contributions should not contain any large amplifying factor
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Figure 2: Left: c2 obtained combining information from single Higgs processes and precision physics. The
meaning of the horizontal lines is as in fig.1.

where Fc2
(n)
(c2(kl )) is the cumulative distribution function for a c2 distribution with n degrees of

freedom, computed at c2(kl ).
Limits on kl from inclusive single Higgs processes1 are obtained using the signal strength

parameters µ f
i . These parameters are defined combining observables as:

µ f
i ⌘ µi ⇥µ f =

s(i)
s(i)SM ⇥ BR( f )

BRSM( f )
, (3.4)

where the quantities µi are the Higgs production cross section, s(i), of the i type and µ f are the
branching ratio in the f channel, BR( f ), normalized to their SM values, respectively. In the fit
we taken for i the gluon fusion (ggF) and vector boson fusion (VBF) productions, the associated
production with W and Z bosons (WH, ZH) and tt̄H production, while for f the gg,ZZ,WW,bb̄,tt
decay channels.

In fig.1 the result of a c2 fit to the signal strength parameters obtained using an increasing
number of production channels is presented. The most stringent bound on kl comes from gluon-
fusion and VBF data or

kbest
l =�0.24 , k1s

l = [�5.6,11.2] , k2s
l = [�9.4,17.0] (3.5)

where the kbest
l is the best value and k1s

l , k2s
l are respectively the 1s and 2s intervals. The 1s

and 2s intervals are identified assuming a c2 distribution.
The information on kl from single Higgs processes can be combined with that coming from

precision physics. In fig.2 the result of the fit obtained considering the signal strength parameter
for single Higgs production in ggF and VBF together with the two precision observables mW and
sin2 q lep

eff is presented. One finds

kbest
l = 0.5 , k1s

l = [�4.7,8.9] , k2s
l = [�8.2,13.7] , (3.6)

The comparison between the numbers in eq. (3.6) and the corresponding ones for the ggF+VBF
case, eq.(3.5), shows that the inclusion of the precision observables reduces the allowed range for

1Limits on kl from differential distributions are presented in Refs. [10, 14].
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kl . Similarly, looking at the solid black line in the p-value part of fig. 2, we can exclude at more
than 2s the regions kl <�13.3 and kl > 20.0.

We conclude remarking that this range of kl obtained using information coming from loop
effects in single Higgs processes and precision physics is actually very competitive with the present
bounds obtained from the direct searches of Higgs pair production.
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Figure 1: Two-loop �3-and-�4-dependent diagrams in the W self-energy,
in the unitary gauge. The dark blob represent the insertion of the modified
diagrams in the one-loop Higgs self energy, shown in the second row. The
black point represents either an anomalous �3 or �4.

The new contribution in the self energies in eqs. (7,8) can be parametrized
just by a modification of the trilinear coupling as described in eq. (2). In
order to correctly identify the e↵ects related to the �3

1 interaction we follow
Ref. [22] and work in the unitary gauge. Here we discuss the W self energy
but an identical analysis can be done also for the Z self energy.

The two-loop diagrams in the W self energy that are sensitive to a mod-
ification of the Higgs self couplings are depicted in fig. 1. The dark blob in
diagrams 1a), 1d) represents the one-loop Higgs self energy or the one-loop
Higgs mass counterterm that in our scenario gets modified with respect to
the SM result in the unitary gauge by the diagrams in fig. 1e). The am-
plitudes of the diagrams in fig. 1 were generated using the Mathematica
package FeynArts [31] and reduced to scalar Master Integrals using private
codes and the packages FeynCalc [32, 33] and Tarcer [34]. After the reduc-
tion to scalar integrals we were left with the evaluation of two-loop vacuum
integrals and two-loop self-energy diagrams at external momenta di↵erent
from zero. The former integrals were evaluated analytically using the results
of Ref. [35]. The latter ones were instead reduced to the set of loop-integral
basis functions introduced in Ref. [36]. For their numerical evaluation we
used the C program TSIL [37]. Our results are expressed in terms of the OS
Higgs mass that specifies the Higgs mass counterterm.

Few observations are in order: i) the insertion of the “cactus” diagram
e2) in diagrams a) and d) in fig. 1 gives rise to a contribution proportional to
the quartic Higgs self couplings on which we did not make any assumption.
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Figure 5: Diagrams contributing to the C1 coe�cient in �(H ! ��). The
diagrams in the second row have multiplicity 2.

mass up to and including O(m6
H
/m

6
t ) terms. The two expansions are equiv-

alent up to the first threshold encountered in the diagrams that defines the
range of validity of the Taylor expansion. In our case, the first threshold in
the diagrams of Fig.4 occurs at q

2 = 4m2
H

and both expansions are valid
for mH ' 125 GeV. The asymptotic expansion was performed following the
strategy described in Ref. [45] and the result for C1 is presented in Ap-
pendix A. We checked our asymptotic expansion against the corresponding
expression obtained by the Taylor expansion finding, as expected, very good
numerical agreement.

The computation of the EW corrections to the partial decay width of a
Higgs boson into two photons in the SM was performed in a R⇠ gauge in
Refs. [46, 47]. As mentioned above, the identification of the contributions
to the C1 coe�cient is straightforward in the unitary gauge. In this gauge,
neither unphysical scalars nor ghosts are present and the propagator of the
massive vector bosons is i(�gµ⌫ + kµk⌫/M

2

V
)/(k2 �M

2

V
+ i✏). The unitary

gauge is a very special gauge. It can be defined as the limit when the
gauge parameter ⇠ is sent to infinity of a R⇠ gauge. When a calculation is
performed in the unitary gauge one is actually interchanging the order of
the operations limit ⇠ ! 1 with the integration, i.e., the limit ⇠ ! 1 is
performed first and then one does the integration while the correct order is
the opposite. Because some of the vertices that arise from the gauge-fixing
function contain a ⇠ factor, this exchange is not always an allowed operation
and in order to check the correctness of our approach we recomputed1 the
full two-loop EW corrections to �(H ! ��) in the unitary gauge. The

1To our knowledge this is the first-ever two-loop computation of a physical observable
performed in the unitary gauge.
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3

-dependent diagrams in tt̄H production.
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Figure 4: Diagrams contributing to the C1 coe�cient in the gluon-gluon-
fusion Higgs production. The one on the right has a multiplicity factor
2.

in M
1

�
SM
3

have a common structure, see Fig.2. In the case of the tt̄H pro-

duction the sensitivity to �3 comes from the one-loop corrections to the tt̄H
vertex and from one-loop box and pentagon diagrams. A sample of diagrams
containing these �3-dependent contributions is shown in Fig.3.

The presence of triangles, boxes and pentagons in the case of tt̄H pro-
duction provides an intuitive explanation of why the �3 contributions cannot
be captured by a local rescaling, of the type that a standard -framework
would assume. Similarly, not all the contributions given by the corrections
to the HV V vertex can be described by a scalar modification of its SM value
via a V factor.

The computation of �(gg ! H), the related �(H ! gg), and of �(H !

��) is much more challenging and deserves a more detailed discussion. These
observables receive the first non-zero contributions from one-loop diagrams,
which do not feature �3, so that the computation of C1 requires the evalu-
ation of two-loop diagrams.

The two-loop EW corrections to �(gg ! H) in the SM were obtained
in Refs. [42–44]. In our computation of the C1 coe�cient we followed the
approach of Ref. [43] where the corrections have been computed via a Taylor
expansion in the parameters q2/(4m2

t ), q
2
/(4m2

H
) where q

2 is the virtuality
of the external Higgs momentum, to be set to m

2
H

at the end of the com-
putation. However, at variance with Ref. [43] we computed the diagrams
contributing to C1, see Fig.4, via an asymptotic expansion in the large top
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containing these �3-dependent contributions is shown in Fig.3.

The presence of triangles, boxes and pentagons in the case of tt̄H pro-
duction provides an intuitive explanation of why the �3 contributions cannot
be captured by a local rescaling, of the type that a standard -framework
would assume. Similarly, not all the contributions given by the corrections
to the HV V vertex can be described by a scalar modification of its SM value
via a V factor.

The computation of �(gg ! H), the related �(H ! gg), and of �(H !

��) is much more challenging and deserves a more detailed discussion. These
observables receive the first non-zero contributions from one-loop diagrams,
which do not feature �3, so that the computation of C1 requires the evalu-
ation of two-loop diagrams.

The two-loop EW corrections to �(gg ! H) in the SM were obtained
in Refs. [42–44]. In our computation of the C1 coe�cient we followed the
approach of Ref. [43] where the corrections have been computed via a Taylor
expansion in the parameters q2/(4m2

t ), q
2
/(4m2

H
) where q

2 is the virtuality
of the external Higgs momentum, to be set to m

2
H

at the end of the com-
putation. However, at variance with Ref. [43] we computed the diagrams
contributing to C1, see Fig.4, via an asymptotic expansion in the large top
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{more reasonable BSM
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BSM is missing Tuning often quoted, but beware tuning is a plastic material 
shrinks under heat (unlike “normal” solid)
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EFT from heavy new physics

σ ∼ E2G2
F ∼

E2

v4
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EFT from heavy new physics

σ ∼ E2G2
BSM ∼

E2
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EFT from heavy new physics

σ = σSM + σBSM ∼ σSM ⋅ (1 + E2GBSM + E4G2
BSM)
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Light exceptional cases



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



How to move forward?



“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!



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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Looking ahead
The size of the Higgs boson
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Table 46: Centre-of-mass energies and integrated luminosities of the CLIC prototype at different operational
stages.

Stage Ia Ib II IIIp
s 350 GeV 380 GeV 1500 GeV 3000 GeV

L 100 fb�1 500 fb�1 1500 fb�1 3000 fb�1

Both low-energy facilities and hadronic machines can only be sensitive to combinations of DCS5511

Yukawa couplings. Instead, the CLIC could explore both individual �-couplings and combinations via5512

lepton pair-production processes with a DCS exchanged in the t-channel at the tree level.5513

Since the DCS of Eq. (272) only couples to right-handed currents, an adequate polarisation of the5514

beams would enhance the production cross sections. This option is available in the CLIC [4], where the5515

electron beam can be polarised up to P
e
� = ±80%.5516

Fig. 106: Significance contours for the processes e+e�
! e+e� (left) and e+e�

! µ+µ� (right) plotted
in the {�, mS} plane. The initial-state electron is right-handed polarised. For the electron-positron pair
production, the restriction | cos ✓|  0.5 is also applied. Limits from the current LHC data (black-dashed
line) and the future HL phase (blue-dashed line) are displayed.

7.3.3 Opposite-sign di-lepton channel5517

In Figure 106, the significance92 contours for discovery, ⌃ = 5, and exclusion, ⌃ = 2, are shown as5518

functions of the DCS mass and couplings, at various CLIC operational stages and their related luminosi-5519

ties, for the channels e+e�
! e+e� (left panel) and e+e�

! µ+µ� (right panel). We applied the cuts5520

of Eq. 276 on the integrated cross sections, plus the stronger cut | cos ✓|  0.5 in case of electron final5521

states to control the large SM background (as suggested in [680]). Limits from the current Large Hadron5522

Collider (LHC) data and future high-luminosity (HL) phase 93 are also plotted. The main results are5523

summarised in Table 47, where we show the minimum values of the couplings �11 and �12 for which5524

92We adopted a definition of the significance, ⌃ ⌘ S/
p

S + B =
p

L �S/
p

�S + �B , that does not include systematic
errors. Although advisable for a better quantitative estimate of the limits, their inclusion should not change the qualitative
outcome of the present document.

93The LHC limits have been obtained by recasting the 13 TeV CMS search [175] for pair production of a doubly charged
scalar decaying into same-sign leptons and considering results for the S

±±
! 2e

± decay channel, with the inclusion of both
the qq̄- and ��-initiated processes. The limits are weakly dependent on �S due to the specific cuts of the CMS search, and
especially to the requirement of having same-sign leptons with an invariant mass within a small window around mS . Limits
for the 2µ

± and the mixed e
±

µ
± decay channels are estimated to be similar to the 2e

± case.
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Introduction: the doubly charged scalar

The doubly Charged SU(2)L-singlet scalar

Zee-Babu model

SM + 2 SU(2)L-singlet scalars:

a singly charged scalar which couples to left-handed leptons: h±

a doubly charged scalar which couples to right-handed leptons: k±±

It generates mass terms for the neutrinos at two loops:

h
�

eR

k
��

⌫L eR

eL eL

⌫L

h
�

hHi hHi

A. Zee, Nucl. Phys. B 264 (1986) 99

K. S. Babu, Phys. Lett. B 203, 132 (1988)

M. Nebot, J. F. Oliver, D. Palao and A. Santamaria, Phys. Rev. D 77 (2008) 093013
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the electroweak-symmetry-breaking (EWSB) mechanism. Any form of new physics contributing to the5454

value of mS and �S (e.g., heavier degrees of freedom dynamically contributing to mS , or undetected5455

decay modes affecting �S not directly incorporated in Eq. 272) is intended to be represented by the5456

ellipsis.5457

The Lagrangian in Eq. (272) allows for a plethora of phenomenological consequences. In this5458

Section we focus on the lepton sector and two peculiar signatures at CLIC:5459

– opposite-sign di-lepton final states: such final state is produced through a DCS exchange in the5460

t-channel [680] and the CLIC will display a unique power to explore this effect (even for very high5461

DCS mass scales);5462

– on-shell single production of the DCS: this channel is open when the centre-of-mass energies are5463

in the reach of the DCS mass: the DCS is produced in association with same-sign leptons with5464

same or different flavours and subsequently decays into boosted same-sign leptons.5465

In our study, we will consider both of these characteristic signatures and, for the latter, we will include5466

finite width effects.5467

7.3.1 Neutrino mass generation and low-energy observables5468

As previously mentioned, DCSs can provide a natural explanation for neutrino masses. In fact, under the5469

assumption that the SU(2)-singlet doubly charged scalar emerges as an accidental low-energy degree of5470

freedom of a Grand-Unified Theory (GUT), then also effective dimension-seven operators are potentially5471

produced at the GUT scale. Furthermore, if the underlying theory allows for a dimension-seven operator5472

like5473

O(7)
⌘

C(7)

⇤
3 S��

h�
DµH

�T
i�2H

i2
+ h.c., (273)

the genuine two-loop diagram in Figure 104 produces neutrino masses just below the GUT scale.

Fig. 104: Genuine two-loop diagram for the neutrino Majorana mass terms triggered by an SU(2)-singlet
doubly charged scalar and an effective dimension-seven operator involving the doubly charged scalar and
W -bosons.

5474

Of course, the extensive computation of the multi-loop Majorana neutrino mass generated in the5475

framework of a dimension-seven theory with the inclusion of a SU(2)-singlet doubly charged scalar at5476

the GUT scale and its evolution down to the neutrino mass scale goes beyond the scope of the present5477

report. However, at the radiative level, it will produce an effective Majorana mass term proportional to5478

m⌫
ab / C(7)�ab

ml
am

l
b

⇤
F (mW , mS , ⇤) , (274)

where ml indicates the lepton mass, a and b are flavour indices, ⇤ is the GUT scale, and F is a dimen-5479

sionless function that depends on the mass of mS , ⇤ and the W -boson mass mW . From Eq. 274 one can5480

infer that even large couplings �ab ⇠ 1 are compatible with the neutrino mass scale, provided that an5481
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λ12

Exclude Type-2 seesaw on the up to 10 TeV for triplet Yukawa ~0.1

in total rate e+e- → ℓ+ ℓ-

Table 45: The statistical significance ns for L = 500 fb
�1 and the required luminosity to achieve 5�

significance. The c.m.energy is
p

s = 3 TeV. In the 2nd column, to derive significance, we consider 2
tagged events for 800-1120 GeV mass range and 3 tagged events for the higher mass range. Here 2-tag
implies two or more than two fat-jet masses are within the window of 60-100 GeV, and the fat-jets are
tagged as W jets. Similar criteria applies for 3-tagged jets.

e+e�
! H++H��

! W+W+W�W�
! Njfat

Masses (GeV) ns (2, 3-tagged L = 500 fb
�1 ) L(fb�1

)( with 2,3-tagged)
800 17.96(2-tag) 38.75
1000 13.95(2-tag) 64.23
1120 11.49(2-tag) 94.68
1350 5.48(3-tag) 416.24
1400 3.95(3-tag) 801.15

800 GeV, resulting in more collimated jets. The produced jets have a very high pT . This motivates5427

implementation of the following selection cuts: a) the number of fat-jets Njfat = 4, b) pTjfat
> 1205428

GeV for all the fat-jets. The background further reduces after reconstruction of the W bosons using the5429

mass-drop tagger [664], that indicates if the fat-jet was initiated by a W boson or a parton. For the signal,5430

the subjets inside a fat-jet are generated from the W . Therefore, as shown in Fig. 103, the distribution of5431

the invariant mass of the sub-jets peaks around the W mass. The largest background from Table. 44) is5432

e+e�
! 4j events with the partonic cross section �p(4j) ⇠ 6.9 fb � �p(signal). The higher transverse5433

momentum cut on jet pT and demanding that 4 fat-jets have a non-trivial substructure (referred to as5434

mass-drop MD in Table. 44) makes the background negligible. The required luminosity ( see Table. 45)5435

to achieve a discovery for 800-1120 GeV doubly-charged Higgs boson is L =39 - 95 fb
�1, with at least5436

2 fat-jets tagged as W-bosons. However, for higher masses, such as 1.4 TeV a minimum 3 tagged jets5437

will be required.5438

7.3 SU(2) singlets and neutrino mass from higher dimensional operators 91
5439

Doubly charged scalars (DCSs) are hypothetical particles [147,148,665–668] introduced in many beyond-5440

Standard-Model (BSM) realisations, often in connection with radiative generation of neutrino masses [669–5441

676].5442

From the phenomenological point of view, a DCS can produce intriguing leptonic signatures at5443

low- and high-energy, such as lepton-number and lepton-flavour violating decays, same-sign boosted5444

lepton pairs in high-energy collisions [677–679]. Hence, this option has to be adequately investigated in5445

present and future experiments.5446

In this Section, we review the phenomenology of a DCS which is singlet under the SU(2) weak5447

symmetry of the SM, with a mass lying in the reach of future collider energies. This setup is realised by5448

adding the following set of operators to the SM Lagrangian:5449

LUV = LSM +

⇣
DµS++

⌘† ⇣
DµS++

⌘
+

⇣
�ab (`R)

c
a (`R)b S++

+ h.c.
⌘

+

+ �2

⇣
H†H

⌘⇣
S��S++

⌘
+ �4

⇣
S��S++

⌘2
+ [. . . ] , (272)

where a and b are flavour indices and �ab is a complex coupling matrix in the flavour space. In general,5450

this Lagrangian introduces 16 parameters: the mass of the DCS mS , six complex Yukawa parameters5451

�ab, a coupling to the Higgs sector �2, the �4 quartic self-coupling, and the DCS width �S . No specific5452

assumption on the origin of mS is made, therefore �2 and mS are understood to be unconstrained by5453

91Based on a contribution by: M. Ghezzi, L. Panizzi, G.M. Pruna
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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 
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• 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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Effects of the size of the Higgs boson

effects and purely gluonic operators):1729
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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

1756

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

yt ' ✏q✏tg⇤ (67)

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

66
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tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737
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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
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OHW , OHB , O3W , OGG, OBB and OH . Here one should emphasize that in CH models the dominant1743
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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
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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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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
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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

1756

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

yt ' ✏q✏tg⇤ (67)

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⇤)
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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
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from EWPO and LEP2 measurements from [41], shown in Eq. (40). As it is apparent, using only the
high energy measurements of e+e�

! ff at CLIC it is not possible to constrain the S and T parameters
better than with current EWPO. On the other hand, due to the access to very high energies compared with
LEP 2, the projected sensitivities for the W and Y parameters can be greatly improved, by several orders
of magnitude, and are comparable to what would be achievable using neutral and charged Drell-Yan at
a future 100 TeV hadron collider with 10 ab�1 of luminosity [43]. For this reason, in what follows we
focus the discussion in these 2 parameters. The results also show the importance of being able to control
the systematic errors below the percent level. Going below permile level, however, does not have any
significant impact in the results, as the errors become statistics dominated.

The effects of polarization are only sizable along the direction W ⇡ �Y . The impact of polariza-
tion is however much more pronounced in the constraints set by each individual difermion channel, as
shown in Figure 17, and it is only washed out in the global fit due to the complementarity between the
different channels. From the figure it is also apparent that the constraints from the Top channel, which
is subject to larger systematics, are fairly irrelevant if systematics on the other channels can be brought
down below 1%. [CHECK SAME FIG WITH 1% ERRORS]. Finally, as shown in Figure 18, and it
is expected from the energy dependence of the new physics contributions, the bounds on W and Y are
dominated by the 3 TeV run. In particular, the measurements at 380 GeV become completely irrelevant.

Fig. 17: Left) 95% C.R. in the W -Y plane, profiling over S and T , for the different final fermion states,
assuming CLIC operation with unpolarized beams. Right). The same in the scenario assuming CLIC
operation with polarized beams.

The results presented above can be interpreted within more definite scenarios, either via matching
of the SMEFT with specific UV completions [] or using power-counting rules for classes of models. For
instance, assuming the Higgs originates from a strongly coupled strongly sector characterized by only
one coupling g? and one scale M? [10, 46]
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One can therefore translate the bounds on W and/or Y into exclusion regions in the g?-M? plane. These
are shown in Figure 19 for �sys = 0.1%, 1%.
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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

yt ' ✏q✏tg⇤ (67)

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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t, W, Z . . .

t, W, Z . . .
h

e+e− → h + … → XX + …
 rate of 

from EWPO and LEP2 measurements from [41], shown in Eq. (40). As it is apparent, using only the
high energy measurements of e+e�

! ff at CLIC it is not possible to constrain the S and T parameters
better than with current EWPO. On the other hand, due to the access to very high energies compared with
LEP 2, the projected sensitivities for the W and Y parameters can be greatly improved, by several orders
of magnitude, and are comparable to what would be achievable using neutral and charged Drell-Yan at
a future 100 TeV hadron collider with 10 ab�1 of luminosity [43]. For this reason, in what follows we
focus the discussion in these 2 parameters. The results also show the importance of being able to control
the systematic errors below the percent level. Going below permile level, however, does not have any
significant impact in the results, as the errors become statistics dominated.

The effects of polarization are only sizable along the direction W ⇡ �Y . The impact of polariza-
tion is however much more pronounced in the constraints set by each individual difermion channel, as
shown in Figure 17, and it is only washed out in the global fit due to the complementarity between the
different channels. From the figure it is also apparent that the constraints from the Top channel, which
is subject to larger systematics, are fairly irrelevant if systematics on the other channels can be brought
down below 1%. [CHECK SAME FIG WITH 1% ERRORS]. Finally, as shown in Figure 18, and it
is expected from the energy dependence of the new physics contributions, the bounds on W and Y are
dominated by the 3 TeV run. In particular, the measurements at 380 GeV become completely irrelevant.

Fig. 17: Left) 95% C.R. in the W -Y plane, profiling over S and T , for the different final fermion states,
assuming CLIC operation with unpolarized beams. Right). The same in the scenario assuming CLIC
operation with polarized beams.

The results presented above can be interpreted within more definite scenarios, either via matching
of the SMEFT with specific UV completions [] or using power-counting rules for classes of models. For
instance, assuming the Higgs originates from a strongly coupled strongly sector characterized by only
one coupling g? and one scale M? [10, 46]

W = 2
g2

g2

?

M2

W

M2

?

, Y = 2
g0 2

g2

?

M2

W

M2

?

. (42)

One can therefore translate the bounds on W and/or Y into exclusion regions in the g?-M? plane. These
are shown in Figure 19 for �sys = 0.1%, 1%.
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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

1756

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

yt ' ✏q✏tg⇤ (67)

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

66

effects and purely gluonic operators):1729

L
d=6
universal = cH

g2
⇤

m2
⇤
OH + cT

Nc✏
4
qg

4
⇤

(4⇡)
2m2

⇤
OT + c6�

g2
⇤

m2
⇤
O6 +

1

m2
⇤

[cW OW + cBOB]

+
g2
⇤

(4⇡)
2m2

⇤
[cHW OHW + cHBOHB] +

y2
t

(4⇡)
2m2

⇤
[cBBOBB + cGGOGG]

+
1

g2
⇤m

2
⇤

h
c2W g2

O2W + c2Bg02
O2B

i
+ c3W

3!g2

(4⇡)
2m2

⇤
O3W

+ cyt

g2
⇤

m2
⇤
Oyt + cyb

g2
⇤

m2
⇤
Oyb (66)

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
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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

yt ' ✏q✏tg⇤ (67)
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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
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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 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
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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
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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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will consider a 3 TeV e+e- collider with L = few 1/ab as an ambitious but feasible option 
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 rate of 

from EWPO and LEP2 measurements from [41], shown in Eq. (40). As it is apparent, using only the
high energy measurements of e+e�

! ff at CLIC it is not possible to constrain the S and T parameters
better than with current EWPO. On the other hand, due to the access to very high energies compared with
LEP 2, the projected sensitivities for the W and Y parameters can be greatly improved, by several orders
of magnitude, and are comparable to what would be achievable using neutral and charged Drell-Yan at
a future 100 TeV hadron collider with 10 ab�1 of luminosity [43]. For this reason, in what follows we
focus the discussion in these 2 parameters. The results also show the importance of being able to control
the systematic errors below the percent level. Going below permile level, however, does not have any
significant impact in the results, as the errors become statistics dominated.

The effects of polarization are only sizable along the direction W ⇡ �Y . The impact of polariza-
tion is however much more pronounced in the constraints set by each individual difermion channel, as
shown in Figure 17, and it is only washed out in the global fit due to the complementarity between the
different channels. From the figure it is also apparent that the constraints from the Top channel, which
is subject to larger systematics, are fairly irrelevant if systematics on the other channels can be brought
down below 1%. [CHECK SAME FIG WITH 1% ERRORS]. Finally, as shown in Figure 18, and it
is expected from the energy dependence of the new physics contributions, the bounds on W and Y are
dominated by the 3 TeV run. In particular, the measurements at 380 GeV become completely irrelevant.

Fig. 17: Left) 95% C.R. in the W -Y plane, profiling over S and T , for the different final fermion states,
assuming CLIC operation with unpolarized beams. Right). The same in the scenario assuming CLIC
operation with polarized beams.

The results presented above can be interpreted within more definite scenarios, either via matching
of the SMEFT with specific UV completions [] or using power-counting rules for classes of models. For
instance, assuming the Higgs originates from a strongly coupled strongly sector characterized by only
one coupling g? and one scale M? [10, 46]
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One can therefore translate the bounds on W and/or Y into exclusion regions in the g?-M? plane. These
are shown in Figure 19 for �sys = 0.1%, 1%.
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will consider a 3 TeV e+e- collider with L = few 1/ab as an ambitious but feasible option 
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 rate of 

from EWPO and LEP2 measurements from [41], shown in Eq. (40). As it is apparent, using only the
high energy measurements of e+e�

! ff at CLIC it is not possible to constrain the S and T parameters
better than with current EWPO. On the other hand, due to the access to very high energies compared with
LEP 2, the projected sensitivities for the W and Y parameters can be greatly improved, by several orders
of magnitude, and are comparable to what would be achievable using neutral and charged Drell-Yan at
a future 100 TeV hadron collider with 10 ab�1 of luminosity [43]. For this reason, in what follows we
focus the discussion in these 2 parameters. The results also show the importance of being able to control
the systematic errors below the percent level. Going below permile level, however, does not have any
significant impact in the results, as the errors become statistics dominated.

The effects of polarization are only sizable along the direction W ⇡ �Y . The impact of polariza-
tion is however much more pronounced in the constraints set by each individual difermion channel, as
shown in Figure 17, and it is only washed out in the global fit due to the complementarity between the
different channels. From the figure it is also apparent that the constraints from the Top channel, which
is subject to larger systematics, are fairly irrelevant if systematics on the other channels can be brought
down below 1%. [CHECK SAME FIG WITH 1% ERRORS]. Finally, as shown in Figure 18, and it
is expected from the energy dependence of the new physics contributions, the bounds on W and Y are
dominated by the 3 TeV run. In particular, the measurements at 380 GeV become completely irrelevant.

Fig. 17: Left) 95% C.R. in the W -Y plane, profiling over S and T , for the different final fermion states,
assuming CLIC operation with unpolarized beams. Right). The same in the scenario assuming CLIC
operation with polarized beams.

The results presented above can be interpreted within more definite scenarios, either via matching
of the SMEFT with specific UV completions [] or using power-counting rules for classes of models. For
instance, assuming the Higgs originates from a strongly coupled strongly sector characterized by only
one coupling g? and one scale M? [10, 46]

W = 2
g2

g2

?

M2

W

M2

?

, Y = 2
g0 2

g2

?

M2

W

M2

?

. (42)

One can therefore translate the bounds on W and/or Y into exclusion regions in the g?-M? plane. These
are shown in Figure 19 for �sys = 0.1%, 1%.

Status: First draft.

– I will re-check everything in the results looking for possible bugs, etc.
– I will continue working in the text. May make some changes in the presentation.
– References missing. Will add more and fill the blanks.
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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 
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Challenges we can see already  from here

Crystal Ball: on the Future High Energy Colliders Vladimir Shiltsev 
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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 
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5 CLIC project implementation

CERN site. The most demanding aspects of transport and handling concern the installation of the
underground equipment in both the two-beam module and klystron designs.

• Safety systems, access systems and radiation protection systems have been studied and are in-
cluded in the schedules, cost and power estimates, covering all areas from injectors to beam-
dumps. A hazard identification and mitigation analysis shows that fire protection is the dominant
safety-related implementation issue.

The above studies, carried out by the CERN civil engineering and infrastructure groups, follow the
standards used for other accelerator implementations and studies at CERN (e.g. HL-LHC, FCC). The
standardisation applies to all items listed above, including their cost, power and schedule estimates.

5.1.2 Annual and integrated luminosities

Estimates of the integrated luminosities are based on an annual operational scenario [54]. After com-
pletion of CLIC commissioning, it is estimated that 185 days per year will be used for operation, with
an average accelerator availability of 75%, thus yielding physics data taking during 1.2 ⇥ 107 seconds
annually. The remaining time is shared between maintenance periods, technical stops and extended shut-
downs as discussed in Section 5.4. The yearly luminosity and the cumulative integrated luminosity for
the three stages of the CLIC programme are shown in Figure 50. A luminosity ramp-up of three years
(10%, 30%, 60%) is assumed for the first stage and two years (25%, 75%) for subsequent stages. Prior to
data-taking at the first stage, commissioning of the individual systems and one full year of commission-
ing with beam are foreseen. These are part of the construction schedule. The beam polarisation foreseen
for the CLIC programme was already introduced in Section 2.1.
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Figure 50: (a) Luminosity and (b) integrated luminosity per year in the proposed staging scenario, for
the total luminosity in blue and the luminosity above 99% of psnom in red. Years are counted
from the start of physics running.

5.2 Construction and operation schedules

The construction schedules presented in this section are based on the same methodologies as those used
for the CLIC CDR [3]. Following input from equipment experts and the CERN civil engineering and
infrastructure groups, small adjustments were made to the construction and installation rates used for the
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5.2.2 380 GeV klystron-driven schedule

In this scheme the RF power is provided by X-band klystrons and modulators, installed underground all
the way along the main linac. The total time for installation is slightly different from the drive-beam
case. The surface buildings and installations are reduced to those exclusively needed for the main beam
and experimental area, reducing the surface construction activities correspondingly. On the other hand,
the installation time in the main tunnel is longer, due to the RF units and the additional infrastructures
required. Even though it is possible to work in parallel in the main linac and in the klystron gallery space
of the tunnel, the overall transport, installation and handling logistics are more time consuming. The
time needed for construction, installation and commissioning is eight years, compared to seven years for
the drive-beam option at the same CLIC energy of 380 GeV.

5.2.3 Schedules for the stages at higher energies and the complete project

In both cases discussed above, the 380 GeV collider is designed to be extended to higher energies. Most
of the construction and installation work can be carried out in parallel with the data-taking at 380 GeV.
However, it is estimated that a stop of two years in accelerator operation is needed between two en-
ergy stages. This time is needed to make the connection between the existing machine and its exten-
sions, to reconfigure the modules used at the existing stage for their use at the next stage, to modify the
beam-delivery system, to commission the new equipment and to commission the entire new accelerator
complex with beam.

As the construction and installation of the 1.5 TeV and subsequent 3 TeV equipment cover periods
of 4.5 years, the decision about the next higher energy stage needs to be taken after ⇠4-5 years of data
taking at the existing stage, based on physics results available at that time. The corresponding scenario
is shown in Figure 52 for the drive-beam based scenario. A more detailed breakdown of the full project
schedule can be found in [66]. The overall upgrade schedule is very similar for the case in which the first
stage will be powered by klystrons.

In a schedule driven by technology and construction, the CLIC project would cover 34 years,
counted from the start of construction. About 7 years are scheduled for construction and commissioning
and a total of 27 years for data-taking at the three energy stages, which includes two 2-year intervals
between the stages.
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Figure 52: Technology-driven CLIC schedule, showing the construction and commissioning period and
the three stages for data taking. The time needed for reconfiguration (connection, hardware
commissioning) between the stages is also indicated.
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Time-scale ( time ⋅10±1  ? )

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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• 1 billion Higgs bosons! 

• High-energy probes at even higher energy! 

• electroweak beam structure exposed 

• WW scattering as a “ordinary” collision 

• thoroughly explore weakly interacting physics one loop factor 
above weak scale 

• WIMP in large SU(2) multiplets in reach 

• directly access the scale of composite states or susy partners 
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Muon Source
Goals
• Neutrino Factories: Rate > 1014 m/sec within the acceptance of a m ring

• Muon Collider:        luminosities >1034/cm-2s-1 at TeV-scale (≈Nm
2 1/em) 

Options
• Tertiary production through proton on target: cooling needed, baseline 

for Fermilab design study 

production Rate > 1013m/sec Nm = 2×1012/bunch (5 108 m/sec today @PSI) 

• e+e- annihilation: positron beam on target: very low emittance and no 

cooling needed, baseline for our proposal here                                                   

production Rate ≈ 1011 m/sec Nm ≈ 5×109/bunch 

• by Gammas (gN→m+m-N): GeV-scale Compton gs
production Rate ≈ 5×1010 m/sec Nm ≈ 106      (Pulsed Linac )

production Rate >1013 m/sec Nm ≈ few×104    (High Current ERL)
see also: W. Barletta and A. M. Sessler NIM A 350 (1994) 36-44 (e-N→m+m- e- N)
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 ℓ⁺ℓ⁻→ Zh

ZH Cross-Section m 95% CL
3  TeV 1362 ab 12 TeV
14 TeV 62 ab 57 TeV
30 TeV 13 ab 120 TeV
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dσ
dθ⋆

1 dθ⋆
2 θ̄1,2

[ab]
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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.
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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.

2



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.

x

z

y

r̂

V1

V2

f 2
+

f 1
+

f 1
�

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
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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
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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
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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.

2

1
cW

⋅
dσ(interf.)

dσ(SM)
ϕu

ϕe



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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������ �� ���-��

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



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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CLIC

Muon Collider?}
Even higher energy colliders can exploit “precise” measurements at the 10% level

Order of magnitude improvement of the bunds on mass scale of new physics is possible
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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* ~ 102 mHiggs   (call it 16 π² mHiggs)

𝒪H
a(3)

q

a(1)
q

ℒ [ab−1]

s
[T

eV
]
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G I G A - H I G G S  FA C T O RY1 0 ⁹  H I G G S  B O S O N S

 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
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• ultra-rare Higgs decays 

• differential distribution 

• off-shell Higgs bosons 

• rare production modes



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



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
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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



P R E C I S I O N  A N D  M A S S  R E A C HC O N C L U S I O N S

• Standard “targets” such as vanilla SUSY, compositeness 

of  Higgs and other states,  sub-TeV WIMPs are all being 

probed and are under a fair amount of  pressure 

• Motivations for new physics to be out there are stronger 

than ever



P R E C I S I O N  A N D  M A S S  R E A C HC O N C L U S I O N S

• Searches for new physics at colliders are shifting towards 

increasingly heavier and subtler signals (both direct and indirect) 

• multi-TeV leptonic colliders can cope well with the ever subtler 

heavy and light new physics signals 

• multi-TeV leptonic colliders, e.g. CLIC, can deliver high-energy and 

high-luminosity ⇒ provide both precision and mass reach for BSM



P R E C I S I O N  A N D  M A S S  R E A C HC O N C L U S I O N S

• a multi-10-TeV muon collider appears as a fantastic 

chance to put high energy physics on a fast lane towards 

substantial advancement of  our understanding of  

fundamental properties of  constituents of  matter and 

their interactions
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Thank You!


