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Fundamental physics at colliders
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The main goal of the collider program is to deepen our knowledge 
of fundamental physics

looking for its possible failures            evidence of New Physics (BSM)

In practical terms, this means testing the SM



Testing the SM
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Complementarity

using different strategies to test the SM predictions 
and to cover different types of new physics

‣ direct vs indirect searches

‣ different collider types (eg.  e+e− vs hh, low-energy vs high-energy, …)

‣ …
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Complementarity

using different strategies to test the SM predictions 
and to cover different types of new physics

Optimality

improve and optimize the new-physics probes to achieve better sensitivity 

‣ direct vs indirect searches

‣ different collider types (eg.  e+e− vs hh, low-energy vs high-energy, …)

‣ …

HL-LHC and future colliders will provide a huge amount of data

Fine details of the SM can be tested with high precision



How to look for new physics
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New physics

• resonant effects in kinematic distributions

• “bump” on top of a smooth SM background 
(that can be often extracted from the data)

Direct searches:

look for signals of production 
of new particles



How to look for new physics

4

�

E

SM

New physics

• resonant effects in kinematic distributions

• “bump” on top of a smooth SM background 
(that can be often extracted from the data)

Limitations:

• new particle must be resonantly produced 
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Direct searches:

look for signals of production 
of new particles

Looking for the tail:    Indirect searches

even if we can not directly produce 
the new particles,

we can test their indirect effects

‣ LEP data at 200 GeV tested new particles with 
masses up to 3 TeV !



Tails are “universal”
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Indirect searches have important 
advantages

“universality”
• deviations from SM exhibit small number of behaviors dictated by symmetries

• simple parametrization in terms of EFT operators

“model independence”
• captures a huge class of new-physics models

“ubiquity”
• deviations are present also in channels with non-resonant new physics production

• can often be seen also in channels where the final state can not be fully reconstructed



The challenges of indirect searches
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Performing indirect searches is a challenging task 
that requires several key ingredients

‣ Accurate theoretical knowledge of the SM and BSM predictions 
(i.e. small theoretical systematic uncertainty)

‣ Accurate experimental measurements 
(i.e. small experimental systematic and statistical uncertainty)

‣ Use of effective search strategies and optimized statistical analysis

needed to compare theoretical expectation with the experimental data

in many cases we expect small deviations with respect to the SM



Precision EW measurements

at Lepton Colliders



Precision at lepton colliders
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Precision measurements at lepton colliders have a long and successful history

example:  oblique parameters at LEP

✦ 0.1% precision possible thanks to very low systematic errors
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Precision measurements at lepton colliders have a long and successful history

example:  oblique parameters at LEP
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✦ can probe new physics at the TeV scale

bounds from S parameter

✦ 0.1% precision possible thanks to very low systematic errors



Precision at lepton colliders

9

Future e+e− lepton colliders can significantly improve the reach

✦ Bounds on oblique parameters will become one order of magnitude stronger

CG - May 19, 2024/ 3852

Improvements of EW measurements
H Consistency of electroweak precision data

Put some text here....
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Figure 18. Constraints on mW and mtop from direct measurements (horizontal and vertical lines)
and indirect constraints (ellipses). In all cases the constraints from current data plus HL-LHC are
compared to the ones expected for the e+e� collider.

I Improvement with respect to HL-LHC

Figures 19 and 20 give a graphic comparison of the improvement with respect to HL-LHC
in the Kappa-3 and SMEFT-ND frameworks. This improvement is shown as the ratio of the
precision at the HL-LHC over the precision at the future collider, with more darker colors
corresponding to larger improvement factors. The kappa-3 result shows large improvements,
up to an order of magnitude, for all future ee colliders for the measurement of the couplings
to Z, W and b and the limits on the invisible branching ratio, and an ’infinite’ improvement

– 97 –

The importance of improved EW measurements is threefold: 
1) improve mass reach in indirect search for NP (S~10-2 → M~70 TeV) 

2) reduced parametric uncertainties for other measurements  
3) reduced degeneracies in a global fit for Higgs couplings

Exquisite measurements of mZ (100 keV) , ΓZ (25 keV), mW (<500 keV), αQED(mZ) (3.10-5) (all unique to FCC-ee)
w/. stat.+ param. + th-exp syst.

Table 37. Comparison of the sensitivity at 68% probability to new physics contributions to
EWPO in the form of the oblique S and T parameters, under different assumptions for the SM
theory uncertainties. We express the results in terms of the usually normalised parameters: S =
4 sin2 ✓wŜ/↵ and T = T̂ /↵.

HL-LHC HL-LHC+

CLIC380 CLIC380 ILC250 ILC250 CEPC FCC-ee

(+GigaZ) (+GigaZ)

S Full ThIntr Unc. 0.053 0.032 0.013 0.015 0.012 0.01 0.0079
No ThIntr Unc. 0.053 0.032 0.011 0.012 0.009 0.0068 0.0038

No ThPar+Intr Unc. 0.052 0.031 0.0091 0.011 0.0067 0.0031 0.0013
T Full ThIntr Unc. 0.041 0.023 0.013 0.015 0.014 0.0094 0.0058

No ThIntr Unc. 0.041 0.023 0.012 0.014 0.013 0.0072 0.0022
No ThPar+Intr Unc. 0.039 0.022 0.01 0.011 0.0091 0.0041 0.0019

2-σ region
HL-LHC
HL+CLIC380
HL+ILC250
HL+CEPC
HL+FCCee
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Figure 17. (Left) 2-� regions in the S � T plane at the different future colliders, combined with
the HL-LHC (including also the LEP/SLD EWPO programme). We express the results in terms
of the usually normalised parameters: S = 4 sin2 ✓wŜ/↵ and T = T̂ /↵. The results include the
future projected parametric uncertainties in the SM predictions of the different EWPO, but not the
intrinsic ones. (Right) The same illustrating the impact of neglecting such intrinsic theory errors.
For each project (including the Giga-Z option for linear colliders) the solid regions show the results
in the left panel, to be compared with the regions bounded by the dashed lines, which include the
full projected theory uncertainty.

– 96 –

stress-test of SM 

ΔmW ~ 0.25 MeV (vs 12 MeV @ LHC)
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Indirect probes of new physics 
can test high energy scales

HL-LHC :   

ILC - CepC :   

FCCee :   

MuC10TeV :   

Λ ∼ 10 TeV

Λ ∼ 20 TeV

Λ ∼ 30 TeV

Λ ∼ 50 − 100 TeV

Electroweak precision constraints at present and future colliders Jorge de Blas

95% prob. bound on ci

L2 [TeV�2]
Operator 1 op. at a time Global

OfWB [�0.009,0.006] —
OfD [�0.031,0.006] —
O

(1)
f l

[�0.006,0.011] [�0.013,0.034]
O

(3)
f l

[�0.012,0.006] [�0.065,0.008]
O

(1)
fe

[�0.017,0.005] [�0.028,0.009]
O

(1)
fq

[�0.025,0.046] [�0.099,0.077]
O

(3)
fq

[�0.011,0.016] [�0.179,0.007]
O

(1)
fu

[�0.065,0.091] [�0.230,0.410]
O

(1)
fd

[�0.159,0.054] [�1.11,�0.110]
Oll [�0.012,0.020] [�0.087,0.026]

Table 6: 95% probability limits on the dimension 6 opera-
tor coefficients entering in EWPD. See text for details.
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Figure 4: Projected sensitivities to dimension 6 in-
teractions at future colliders (1 operator at a time).
Different shades of the same colour denote results
including or neglecting future theory uncertainties.
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Fig. 83 Global fit to the EFT operators in the Lagrangian (37). We show the marginalised 68% probability reach for each
Wilson coefficient ci/⇤

2 in eq. (37) from the global fit (solid bars). The reach of the vertical “T” lines indicate the results
assuming only the corresponding operator is generated by the new physics.

– The di-Higgs invariant mass distribution in µ+µ�
!

⌫̄⌫HH from Ref. [24] (see also [56]), as a probe of
the c� and c6 operators.

In all cases we assume the projected experimental mea-
surements to be centred around the SM prediction. The
assumptions in terms of theory uncertainties follow the
same setup as in [250].

Our analysis ignores the recent CDF determination
of the W mass [266], which is in strong tension with the
SM interpretation of the electroweak data and requires
BSM physics. If confirmed, the CDF anomaly will be-
come a major target for studies of new physics in the
electroweak sector, and in particular for the SM EFT
investigations described in the present section. The spe-
cific opportunities offered by the muon collider for ex-
ploring a possible BSM origin of the CDF anomaly have
not been studied yet.

The results of these EFT fits are summarised in Ta-
ble 8 and Figure 83. Relative to the HL-LHC, a reach
improvement of one order of magnitude is found at the

10 TeV MuC for several operators, among which O�

and O6, as shown in the lower panel of the figure. The
improvement on the O� operator stems from the accu-
rate measurements of the single-Higgs couplings (dom-
inantly, HZZ and HWW ) and on the measurement
of the invariant mass in VBF double-Higgs production,
where O� induces an energy-growing deformation. The
improvement on the O6 operator simply follows from
the accurate determination of ��. As previously dis-
cussed, these measurements exploit vector bosons initi-
ated processes, and their accuracy reflects the effective-
ness, emphasised in Section 2.3, of the muon collider as
a vector boson collider.

A two orders of magnitude improvement is instead
found for operators such as OW,B and O2B,2W . These
operators induce growing with energy effects in diboson
and difermion processes respectively, therefore they are
very effectively probed by high-energy measurements as
explained in Section 2.4.



Precision vs direct searches

11

Precision measurements are competitive with direct detection reach

Example:   Minimal/Accidental dark matter

Minimal (Millicharged) Dark Matter

- n = 3, 5, 7, … thermal production via gauge interactions (and suppressed Z couplings)

Figure 1: Left: Thermal relic abundance of a complex scalar triplet and eptaplet and a Dirac

triplet and quintuplet, indicated as solid lines. Confrontation with the measurement by Planck,
indicated here as a double horizontal red band (inner for 1� uncertainty, outer for 2�), deter-
mines the DM mass M in each case. Uncertainties on M are indicated by a double vertical

band: the inner, darker band reflects the 2� uncertainty on Planck’s measurement, while the

outer, lighter band shows the theoretical uncertainty estimated as ±5% of the DM mass. The

relic density line for the Dirac triplet crosses the DM abundance band twice, thus there are two

allowed values for its mass. We assume the complex scalar quintuplet (eptaplet) has the same

mass as the Dirac quintuplet (eptaplet), as happens for real scalar and Majorana quintuplets.

The thermal relic abundance of a Majorana quintuplet (dashed line), together with its mass, is

shown for use in the next section. Right: Constraints on the DM millicharge ✏ as a function

of the DM mass. The LUX bound does not apply in the region of parameter space where no DM

particles populate the galactic disk.

existing bounds on self-conjugated multiplets with the same quantum numbers. Constraints on
a (supersymmetric Wino) Majorana triplet, on the MDM Majorana quintuplet, and on the real
scalar eptaplet can be found in Refs. [52–56], [6, 7, 49], and [11], respectively. We do not have
enough information on the scalar triplet and fermion eptaplet to determine bounds on these
candidates.

Interestingly, the Dirac triplet with M = 2.00 TeV is allowed by gamma-ray searches even
with the most aggressive choices of DM profile made in Fig. 12 of Ref. [52]. In the assumption
of a cuspy profile, forthcoming experiments like CTA [48] will be able to probe this candidate.
The situation of the Dirac triplet with M = 2.45 TeV is closer to (although worse than) that
of the Majorana triplet with mass 3.1 TeV [53], which is already excluded by bounds assuming
cuspy profiles while allowed when choosing a cored profile. The 6.55 TeV Dirac quintuplet is in
the same situation as the Majorana quintuplet, whose mass is given in Eq. (18), i.e. it is badly
excluded with the choice of a cuspy profile, while it is still viable if a cored profile is considered
(see e.g. Fig. 7 of Ref. [6]). The complex scalar eptaplet, while excluded for a cuspy Einasto

12

*

* Higgsino DM

**

*** Minimal DM

- mass fixed by relic density [Del Nobile, Nardecchia, Panci 1512.05353]

• A millicharge stabilizes (exactly) the DM: � ⇠ (1, n, ✏) (1)

� = 0 (2)

� � · SM · SM (3)

� � · (SM particle) · (SM particle) (4)

� ⌧ 1 (5)

O6 =
c6
⇤2

e↵

qqq` (6)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 1016 GeV (7)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 2⇥ 1016 GeV (8)

O5 =
c5
⇤e↵

``HH (9)

m⌫ ⇠ 0.1 eV �! ⇤e↵ ⇠ c5 ⇥ 6⇥ 1014 GeV (10)

� (11)

���H (12)

Q 6= 0 (13)

Y 6= 0 (14)

m� & 45 GeV (15)

�m . 20 GeV (16)

�5 ⇠
m3

�

⇤2

e↵

⇡ (0.1 s)�1 (17)

�6 ⇠
m5

�

⇤4

e↵

⇡ (1020 s)�1 (18)

3

RS = Real Scalar 
CS = Complex Scalar
MF = Majorana Fermion 
DF = Dirac Fermion 

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

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

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

The MDM framework was extended in Ref. [28] to contemplate the possibility of a milli-
charge ✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence
no bearings for collider phenomenology, but it ensures the (exact) stability of the lightest
particle in the EW multiplet due to the SM gauge symmetry, in the same spirit of the original
MDM formulation. A notable feature of the milli-charged scenario is that the contribution of
the complex multiplet to the relic density gets doubled compared to the case of a single real
component (thus making the thermal mass roughly a factor

p
2 smaller). On the other hand,

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

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

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

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

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

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

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

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

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

4The thermal masses in the ✏ = 0 cases are extracted from Ref. [29] which takes into account both Sommerfeld
enhancement and bound state formation e↵ects. In the cases ✏ 6= 0 we quote instead the results from Ref. [28],
which however do not include e↵ects from bound state formation that are expected to sizeable for n & 5 (e.g. in
the case of (1, 5, 0)MF the inclusion of bound state e↵ects leads to a 20% increase of the thermal mass [29]).
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***

** Wino DM

 L. Di Luzio (Pisa U.) - Accidental Dark Matter                                                                              04/13

[Cirelli, Fornengo, Strumia ’05; …
Del Nobile, Nardecchia, Panci ’15;

Di Luzio, Gröber et al. ’15;
Mitridate, Redi et al. ’17]

New EW multiplets at the TeV scale

• accidentally stable 
(no renormalizable  interactions)

• viable DM candidates
χ SM SM



Minimal dark matter
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[Di Luzio, Gröber, GP ’18]

absolute limit from 
direct searches

Conclusions*
• Light EW states motivated by EW naturalness / Dark Matter / … 

• Indirect way as a promising approach, complementary to direct searches

* A special thank to R. Franceschini for triggering this work back in 2017 !  

errors and/or parton distribution functions (PDF) can lead to a substantial improvement of the
bound. Furthermore, we analyse the sensitivity of future facilities presently under discussion,
such as a 28 TeV high-energy LHC (HE-LHC) [16] and a 100 TeV future circular collider
(FCC-100) [17, 18], as well as high-energy lepton colliders including e

+
e
� machines like the

Compact Linear Collider (CLIC) [19] and muon colliders, with the multi-TeV options MAP
(muon accelerator program) [20] based on proton scattering on a target and LEMMA (low
emittance muon accelerator) [21–23] based on positron scattering on a target.

The paper is structured as follows. In Sect. 2 we introduce the physics case for EW multi-
plets. In Sect. 3 we describe the parametrization of the new physics corrections to the gauge
boson propagators. In Sect. 4 we present the analysis for the HL-LHC and future hadron col-
liders which represents the central part of our work, while in Sect. 5 we study the sensitivity
of future lepton collider options. Finally in Sect. 6 we briefly compare our bounds on EW
multiplets with direct searches and conclude in Sect. 7. Appendices A and B are devoted to
the collection of some additional results and technical details.

2 Physics case for new EW multiplets

New EW states charged under SU(2)L⇥U(1)y, which are generically denoted by their quantum
numbers � ⇠ (1, n, y), with the three entries denoting the SU(3)c ⇥ SU(2)L ⇥U(1)y representa-
tion, appear in many motivated beyond-the-SM scenarios. The EW sector of SUSY comprising
the wino/higgsino system is certainly one of the most compelling cases. Larger multiplets with
n > 3 can also be motivated by DM, if the lightest particle in the n-dimensional multiplet is
stable and neutral. In the following, we briefly review a few frameworks which motivate the
existence of large EW multiplets from the standpoint of accidental global symmetries.

2.1 Minimal (milli-charged) Dark Matter

The idea behind Minimal Dark Matter (MDM) [24–26] is to introduce a single EW multiplet
� which is accidentally stable at the renormalizable level due to the SM gauge symmetry. One
further assumes y = 0 (to avoid direct detection bounds from Z exchange) and that the lightest
particle in the multiplet is neutral. The latter is actually an automatic feature if the mass
splitting within the n-plet is purely radiative as in the case of fermions with n > 3. On the
contrary, scalars can receive a model-dependent tree-level splitting from the scalar potential,
which we assume to be subleading. The contribution to the relic density is completely fixed
by the EW gauge interactions and the mass of the new state m�, thus making the framework
extremely predictive.

If one further requires that the theory remains weakly coupled up to the Planck scale and
that the gauge quantum numbers of � are such that no operators with dimension smaller than
6 can mediate the decay of �,2 only one multiplet is allowed, namely the Majorana fermion
representation (1, 5, 0)MF.3 To be completely general, in the following, we will however consider

2Operators with dimension  5 would lead to a too fast � decay, even with a Planck scale cuto↵.
3Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in

Ref. [27] that a previously overlooked d = 5 operator leads to a loop-induced decay of �, with a lifetime shorter
than the age of the Universe.
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The operator involving three field strength tensors of W a
µ⌫ induces anomalous triple gauge cou-

plings �WW and ZWW (with �, W and Z being photon, W and Z bosons), which a↵ect e.g. the
process e�e+ ! W�W+. For

p
s = 1 � 5TeV and the integrated luminosity L = 1ab�1, it has

been shown that ⇤3W = 5� 10TeV can be probed through the process [32, 33]. On the other hand,
as the operators involving two field strength tensors of W a

µ⌫ or Bµ⌫ become four Fermi-interactions
via the equations of motions of the gauge fields, the operators also a↵ect the processes e�e+ ! ff̄
(with f being the SM fermion). Through these processes, the suppression scales can be probed up to
⇤2W,2B ⇠ 30(

p
s/1TeV)1/2(L/1 ab�1)1/4TeV, as we will see in the next section. We therefore expect

that these di-fermion production processes will be better to probe the EWIMP indirectly.

2.2 Corrections to di-fermion production processes

According to the argument in the previous subsection, we focus on the SM processes e�e+ ! ff̄ in
this article and investigate the capability of future lepton colliders to probe EWIMPs. They a↵ect
the cross sections of the processes through loop corrections even if the beam energy is smaller than
m. An example of the corrections to the process (di-muon production process) from a fermionic
EWIMP is shown in Fig. 1. Though we have assumed m �

p
s in the previous subsection and used

the e↵ective field theory including dimension six operators, full form factors of the gauge boson
propagators are needed for m & p

s/2. After integrating the EWIMP out at one-loop level, we
obtain the following e↵ective Lagrangian for the e�e+ ! ff̄ processes:

Le↵ = LSM +
g2CWW

8
W a

µ⌫ ⇧(�D2/m2)W aµ⌫ +
g02CBB

8
Bµ⌫ ⇧(�@2/m2)Bµ⌫ + · · · , (5)

where LSM stands for the SM Lagrangian and the coe�cients CWW and CBB are given by

CWW =
n(n� 1)(n+ 1)

6

(
1 (Complex scalar)

8 (Dirac fermion)
, (6)

CBB = 2nY 2

(
1 (Complex scalar)

8 (Dirac fermion)
. (7)

An additional factor 1/2 should be multiplied for a real scalar and a Majorana fermion.#3 The
ellipsis at the end of the Lagrangian includes operators composed of the strength tensors more than

#3
If the EWIMP is either a complex scalar or a Dirac fermion with Y 6= 0 and plays the role of dark matter, current

direct detection experiments of dark matter have already ruled out this possibility, since a Z boson mediated process

gives a too large spin-independent scattering cross section of the EWIMP o↵ a nucleon. These constraints can be
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Studying new physics and new scales
If new physics is discovered at the LHC and/or CLIC, then the experimental environmenat at CLIC would
provide the opportunity to study new states with great precision. These analyses could answer questions
pertaining to the precise nature of the discovered new states and help point to yet new mass scales for the
future. (See Section 4.4 for more discussion.)

Dark matter searches
The relatively simple kinematic properties of the incoming e+e� beam collisions and the relatively low
rate of outgoing background at CLIC enables unprecedented searches for dark matter created in the
laboratory, reaching sensitivities in parameter space interesting for cosmology and well beyond LHC
capabilities. In particular, CLIC has sensitivity to the thermal Higgsino by stub tracks and to Minimal
EW charged matter by its indirect radiative effects. (See Figure 6, Chapter 5 and in particular Sections 5.2
and 5.3 for more discussion.)
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Fig. 6: Left: DM in loops, from Section 5.3. Right: Higgsino reach from stub tracks, from Section 5.2.

Lepton and flavour violation
Lepton-number violating and top quark flavour-changing neutral current interactions can be generated
by SMEFT operators whose effects grow in importance with energy. These can be probed at the CLIC
high-energy stages at levels far exceeding what can be achieved at the LHC (See Chapter 3 for more
discussion.)

Neutrino properties
Several mechanisms for the breaking of lepton number can be probed at CLIC both in direct searches and
precision physics. CLIC is capable to probe directly weakly charged states involved in the generation
of neutrino masses e.g. in Type-2 see-saw model and in gauge-extended models. It can also probe new
heavy neutrinos and other states responsible for the breaking of lepton number by precision studies of
leptonic two-body final states as well as WWH final states. (See Chapter 7 for more discussion.)

Hidden sector searches
The clean e+e� collision environment offers a clear chance to investigate rare and subtle signals from
feebly coupled new physics and generic hidden sectors beyond the Standard Model. Displaced signals
from long-lived particles are a very typical signature of these scenarios and CLIC enjoys a unique vantage
point to look at these signals both in Higgs boson decays and in more general production of long-lived
states that may be linked, for instance, to the naturalness problem or to the generation of the baryon
asymmetry of the Universe. (See Section 6.2 and Chapter 8 for more discussion.)
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Conclusions*
• Light EW states motivated by EW naturalness / Dark Matter / … 

• Indirect way as a promising approach, complementary to direct searches

* A special thank to R. Franceschini for triggering this work back in 2017 !  

errors and/or parton distribution functions (PDF) can lead to a substantial improvement of the
bound. Furthermore, we analyse the sensitivity of future facilities presently under discussion,
such as a 28 TeV high-energy LHC (HE-LHC) [16] and a 100 TeV future circular collider
(FCC-100) [17, 18], as well as high-energy lepton colliders including e

+
e
� machines like the

Compact Linear Collider (CLIC) [19] and muon colliders, with the multi-TeV options MAP
(muon accelerator program) [20] based on proton scattering on a target and LEMMA (low
emittance muon accelerator) [21–23] based on positron scattering on a target.

The paper is structured as follows. In Sect. 2 we introduce the physics case for EW multi-
plets. In Sect. 3 we describe the parametrization of the new physics corrections to the gauge
boson propagators. In Sect. 4 we present the analysis for the HL-LHC and future hadron col-
liders which represents the central part of our work, while in Sect. 5 we study the sensitivity
of future lepton collider options. Finally in Sect. 6 we briefly compare our bounds on EW
multiplets with direct searches and conclude in Sect. 7. Appendices A and B are devoted to
the collection of some additional results and technical details.

2 Physics case for new EW multiplets

New EW states charged under SU(2)L⇥U(1)y, which are generically denoted by their quantum
numbers � ⇠ (1, n, y), with the three entries denoting the SU(3)c ⇥ SU(2)L ⇥U(1)y representa-
tion, appear in many motivated beyond-the-SM scenarios. The EW sector of SUSY comprising
the wino/higgsino system is certainly one of the most compelling cases. Larger multiplets with
n > 3 can also be motivated by DM, if the lightest particle in the n-dimensional multiplet is
stable and neutral. In the following, we briefly review a few frameworks which motivate the
existence of large EW multiplets from the standpoint of accidental global symmetries.

2.1 Minimal (milli-charged) Dark Matter

The idea behind Minimal Dark Matter (MDM) [24–26] is to introduce a single EW multiplet
� which is accidentally stable at the renormalizable level due to the SM gauge symmetry. One
further assumes y = 0 (to avoid direct detection bounds from Z exchange) and that the lightest
particle in the multiplet is neutral. The latter is actually an automatic feature if the mass
splitting within the n-plet is purely radiative as in the case of fermions with n > 3. On the
contrary, scalars can receive a model-dependent tree-level splitting from the scalar potential,
which we assume to be subleading. The contribution to the relic density is completely fixed
by the EW gauge interactions and the mass of the new state m�, thus making the framework
extremely predictive.

If one further requires that the theory remains weakly coupled up to the Planck scale and
that the gauge quantum numbers of � are such that no operators with dimension smaller than
6 can mediate the decay of �,2 only one multiplet is allowed, namely the Majorana fermion
representation (1, 5, 0)MF.3 To be completely general, in the following, we will however consider

2Operators with dimension  5 would lead to a too fast � decay, even with a Planck scale cuto↵.
3Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in

Ref. [27] that a previously overlooked d = 5 operator leads to a loop-induced decay of �, with a lifetime shorter
than the age of the Universe.
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The operator involving three field strength tensors of W a
µ⌫ induces anomalous triple gauge cou-

plings �WW and ZWW (with �, W and Z being photon, W and Z bosons), which a↵ect e.g. the
process e�e+ ! W�W+. For

p
s = 1 � 5TeV and the integrated luminosity L = 1ab�1, it has

been shown that ⇤3W = 5� 10TeV can be probed through the process [32, 33]. On the other hand,
as the operators involving two field strength tensors of W a

µ⌫ or Bµ⌫ become four Fermi-interactions
via the equations of motions of the gauge fields, the operators also a↵ect the processes e�e+ ! ff̄
(with f being the SM fermion). Through these processes, the suppression scales can be probed up to
⇤2W,2B ⇠ 30(

p
s/1TeV)1/2(L/1 ab�1)1/4TeV, as we will see in the next section. We therefore expect

that these di-fermion production processes will be better to probe the EWIMP indirectly.

2.2 Corrections to di-fermion production processes

According to the argument in the previous subsection, we focus on the SM processes e�e+ ! ff̄ in
this article and investigate the capability of future lepton colliders to probe EWIMPs. They a↵ect
the cross sections of the processes through loop corrections even if the beam energy is smaller than
m. An example of the corrections to the process (di-muon production process) from a fermionic
EWIMP is shown in Fig. 1. Though we have assumed m �

p
s in the previous subsection and used

the e↵ective field theory including dimension six operators, full form factors of the gauge boson
propagators are needed for m & p

s/2. After integrating the EWIMP out at one-loop level, we
obtain the following e↵ective Lagrangian for the e�e+ ! ff̄ processes:

Le↵ = LSM +
g2CWW

8
W a

µ⌫ ⇧(�D2/m2)W aµ⌫ +
g02CBB

8
Bµ⌫ ⇧(�@2/m2)Bµ⌫ + · · · , (5)

where LSM stands for the SM Lagrangian and the coe�cients CWW and CBB are given by

CWW =
n(n� 1)(n+ 1)

6

(
1 (Complex scalar)

8 (Dirac fermion)
, (6)

CBB = 2nY 2

(
1 (Complex scalar)

8 (Dirac fermion)
. (7)

An additional factor 1/2 should be multiplied for a real scalar and a Majorana fermion.#3 The
ellipsis at the end of the Lagrangian includes operators composed of the strength tensors more than

#3
If the EWIMP is either a complex scalar or a Dirac fermion with Y 6= 0 and plays the role of dark matter, current

direct detection experiments of dark matter have already ruled out this possibility, since a Z boson mediated process

gives a too large spin-independent scattering cross section of the EWIMP o↵ a nucleon. These constraints can be
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L = 20/ab

[LDL, Gröber, Panico 1812.02093] 

Studying new physics and new scales
If new physics is discovered at the LHC and/or CLIC, then the experimental environmenat at CLIC would
provide the opportunity to study new states with great precision. These analyses could answer questions
pertaining to the precise nature of the discovered new states and help point to yet new mass scales for the
future. (See Section 4.4 for more discussion.)

Dark matter searches
The relatively simple kinematic properties of the incoming e+e� beam collisions and the relatively low
rate of outgoing background at CLIC enables unprecedented searches for dark matter created in the
laboratory, reaching sensitivities in parameter space interesting for cosmology and well beyond LHC
capabilities. In particular, CLIC has sensitivity to the thermal Higgsino by stub tracks and to Minimal
EW charged matter by its indirect radiative effects. (See Figure 6, Chapter 5 and in particular Sections 5.2
and 5.3 for more discussion.)
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Fig. 6: Left: DM in loops, from Section 5.3. Right: Higgsino reach from stub tracks, from Section 5.2.

Lepton and flavour violation
Lepton-number violating and top quark flavour-changing neutral current interactions can be generated
by SMEFT operators whose effects grow in importance with energy. These can be probed at the CLIC
high-energy stages at levels far exceeding what can be achieved at the LHC (See Chapter 3 for more
discussion.)

Neutrino properties
Several mechanisms for the breaking of lepton number can be probed at CLIC both in direct searches and
precision physics. CLIC is capable to probe directly weakly charged states involved in the generation
of neutrino masses e.g. in Type-2 see-saw model and in gauge-extended models. It can also probe new
heavy neutrinos and other states responsible for the breaking of lepton number by precision studies of
leptonic two-body final states as well as WWH final states. (See Chapter 7 for more discussion.)

Hidden sector searches
The clean e+e� collision environment offers a clear chance to investigate rare and subtle signals from
feebly coupled new physics and generic hidden sectors beyond the Standard Model. Displaced signals
from long-lived particles are a very typical signature of these scenarios and CLIC enjoys a unique vantage
point to look at these signals both in Higgs boson decays and in more general production of long-lived
states that may be linked, for instance, to the naturalness problem or to the generation of the baryon
asymmetry of the Universe. (See Section 6.2 and Chapter 8 for more discussion.)
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LHC can match LEP sensitivity exploiting the high energy reach

✦ however we can exploit the high energy reach

                 energy helps accuracy! [Farina, GP, Pappadopulo,
Ruderman, Torre, Wulzer ’16]

New ideas allow us to exploit also hadron colliders!
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✦ LHC can significantly surpass LEP 
sensitivity on W and Y! 
‣ 8 TeV runs competitive with LEP

‣ high-luminosity 13 TeV will improve the 
bounds by one order of magnitude

7.7 Constraints on the composite Higgs boson model 21

best-fit value of the parameter and an approximate 68% CL confidence interval are extracted
following the procedure described in Section 3.5 of Ref. [77].

We assume that only the SM W ! `n process is modified by new physics at high energy
scales, disregarding any potential effect on the Drell–Yan Z ! `` background process, which
contributes only around 4% of the selected W ! `n events. In addition, and according to
Ref. [38], the sensitivity of Z boson processes to the W parameter is approximately one half that
of W boson processes for similar integrated luminosity and

p
s values. This effect is statistically

translated to having an excess (or deficit) of 1% of the W boson sample, which is included as a
systematic uncertainty in the fit.

By combining the electron and muon channel distributions from the 2017–2018 data sets, a fit
value of W = �1.2+0.5

�0.6 ⇥ 10�4 is found. The uncertainties reflect both statistical and systematic
components, and they are in agreement with sensitivity studies performed using pseudodata
instead of the experimental data themselves. The outcome of the fit and the region allowed
(band at 95% CL) by these results in the oblique (W, Y) parameter space together with the
allowed region derived [38] from LEP results [22] at 95% CL are shown in Fig. 10. The SM
value of W = 0 lies within the 2 sigma region constrained at 95% CL by the current analysis.
This result improves by an order of magnitude on previous limits for the value of the oblique
W parameter.
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Figure 10: Region in the oblique (W, Y) parameter phase space allowed by the current analysis
at 95% CL, obtained by combining electron and muon channel distributions. Comparison of
the result from the current analysis with the area derived from LEP experiments (grey-shaded
area) is presented.

7.7 Constraints on the composite Higgs boson model

Results obtained in this search are reinterpreted in the context of composite Higgs boson mod-
els. Constraints are placed in the m⇤–g⇤ plane, where m⇤ is the mass scale of new composite
resonances generated in these models and g⇤ the coupling of the new interaction, respectively.

The coupling strength ratio of the W0 boson to the SM W boson, gW0/gW, is related to the
g⇤ coupling through Eq. (2). The limits derived in Section 7.3 yield the constraints shown in
Fig. 11 (light blue shaded area) where the equivalence between MW0 and m⇤ is assumed. For
clarity, only the observed limit is shown, the expected one being very similar as it is deduced

[CMS Collab. 2202.06075]
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✦ Future high-energy hadron colliders can 
tighten further the bounds 
‣ FCC100 can reach 10-5 precision
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FCC100
✦ LHC can significantly surpass LEP 

sensitivity on W and Y! 
‣ 8 TeV runs competitive with LEP

‣ high-luminosity 13 TeV will improve the 
bounds by one order of magnitude



Comparison with future colliders 
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Bounds on W and Y at different colliders

✦ HL-LHC comparable with TLEP

✦ FCC100 much better than ILC 500 GeV and CLIC 3 TeV

LEP LHC13 FCC 100 ILC TLEP CEPC ILC 500 CLIC 1 CLIC 3

luminosity 2⇥ 10
7 Z 0.3/ab 3/ab 10/ab 10

9 Z 10
12 Z 10

10 Z 3/ab 1/ab 1/ab

W ⇥10
4

[�19, 3] ±0.7 ±0.45 ±0.02 ±4.2 ±1.2 ±3.6 ±0.3 ±0.5 ±0.15

Y ⇥10
4

[�17, 4] ±2.3 ±1.2 ±0.06 ±1.8 ±1.5 ±3.1 ±0.2 ⇠ ±0.5 ⇠ ±0.15
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To test the Higgs dynamics we need to probe additional channels

More challenging than di-lepton
‣ energy-growing new physics effects confined to subleading helicity channels 

(longitudinal)     (        interference resurrection via differential measurements)

‣ more complex final states

✦ di-boson production can probe deviations in the Higgs couplings

OW = (H†
�
i !
D µH)(D⌫

Wµ⌫)
i

OHW = (DµH)†�i(D⌫
H)W i

µ⌫

q

q̄

Vµ

Vµ

〈H〉
〈H〉

… but more interesting       can be used to test a larger set of BSM theories
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✦ Big improvement with respect to LEP
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~ mass of new states

[Franceschini, GP, Pomarol, Riva, Wulzer ’17]

✦ Non-trivial analysis:   longitudinal channels small         exploit transverse zeroes
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WZ production: Future colliders

2020
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✦ additional improvement possible at future colliders

✦ reach at FCC-hh comparable with CLIC      see  [Ellis, Roloff, Sanz, You ’17]
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High integrated luminosity          very rare but very clean channels

Different decay channels:

‣ large cross section, but sizeable background

‣ tiny cross section (only accessible at FCC-hh), but very clean

H → bb

H → γγ

Example:  VH production

a
(3)
q (qL�

a
�
µ
qL)(iH

†
�
a
 !
DµH)

q

q
0

W

h

Figure 1. Representative Feynman diagrams for q q
0
! Wh at leading order. The leftmost

diagram shows the SM process while the gray circles in the other diagrams represent one insertion
of a dimension-6 operator.

correspond to operators of dimension six, give rise to amplitudes that can grow up to

quadratically with the energy of the process. In such a situation, having access to the

high-energy tails of the kinematic distributions can significantly enhance the achievable

precision.

It has been shown that, at the LHC, several simple two-body production channels can

be exploited to obtain precision measurements [1–8]. Among them, diboson production

processes, featuring EW gauge bosons or the Higgs boson, play a privileged role since they

can be used to indirectly test the high-energy Higgs dynamics [5, 6, 9–27].

In this paper, we will focus on a specific diboson channel, Wh, where the W decays

leptonically. Figure 1 shows the leading order SM Feynman diagram (leftmost diagram).

At the LHC, this channel can be exploited [12, 13, 26, 28] for precision measurements by

only considering decays of the Higgs into a pair of bottom quarks, especially thanks to

jet substructure analysis [29]. To give an idea of how this situation will change when the

next generation colliders are ready, we show in Table 1 the approximate number of Wh

events expected for di↵erent Higgs decay channels at the LHC and future hadron colliders.

These results correspond to the leading order SM prediction for the number of events with

high Higgs transverse momentum (ph
T

> 550GeV). The W is assumed to decay to first

and second generation leptons and only detector acceptance cuts were applied (see upper

part of Table 7). We considered three benchmark colliders: the high-luminosity LHC (HL-

LHC), at 14TeV and 3 ab�1, the high-energy LHC (HE-LHC), at 27TeV and 15 ab�1, and

the FCC-hh at 100TeV and 30 ab�1.

One can see that rare channels, such as the final states with the Higgs decaying into two

photons or two muons, have branching ratios that are too small to populate the high-energy

tail at HL-LHC. At future high-energy colliders, the situation will improve drastically

thanks to a big increase in the production cross section (⇠ 30⇥) and the possibility to

collect significantly more integrated luminosity (⇠ 10⇥). For instance, at FCC-hh, the ��

channel is expected to provide ⇠ 700 events, which can allow one to probe new physics

e↵ects at the 5–10% level.

A clear advantage of these rare decay channels is the fact that the final-state config-

uration can be easily reconstructed and background processes are small. In such cases,

very simple analysis strategies can give competitive results. In this paper, we study the

Higgs to two photon channel at the FCC-hh. The complementary Z(h ! ��) channel with

Z ! `` and Z ! ⌫⌫ also becomes accessible at the FCC-hh but we leave its investigation

– 2 –
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Figure 12: Projected 95% C.L. bounds on c

(3)
'q , c

(1)
'q , c'u and c'd from one-operator fits at FCC-hh

as function of the maximal-invariant-mass cut M . The dashed, solid and dotted blue lines show the
bounds for 1%, 5% and 10% systematic errors. Projections for some future hadron colliders are also
shown. For c

(3)
'q , we show the projections from the WZ channel at the HL-LHC (dark green solid

line) and at the FCC-hh (pink solid line) from ref. [3], assuming 5% systematic uncertainty. Note
that in ref. [3], the bounds for the FCC-hh assume an integrated luminosity of 20 ab�1, whereas our
bounds correspond to L = 30 ab�1. For the other operators, we show the 1-operator fit at HL-LHC
from ref. [31] (dark green solid lines). For all the operators we compare to the corresponding bounds
from V h(! ��) at the FCC-hh with 5% systematics [5] (orange solid lines).

Additionally, for this class of UV models, the vertex corrections are fully determined by

the Peskin–Takeuchi oblique parameters, which are heavily constrained by EW precision

observables and will be measured with even further precision at future lepton colliders.

Hence, we can assume �g
Zq
L ⇠ 0 and express our results as bounds on the aTGCs �� and

�g1z.

We summarize our bounds on the aforementioned aTGCs in table 5. We include the

bounds that can be achieved at LHC Run 3, HL-LHC and FCC-hh from both profiled and

one-operator fits. HL-LHC can improve the reach of LHC Run 3 on �g1z by a factor ⇠ 2

but only tightens the bound �� by ⇠ 30%. FCC-hh can easily improve the bound on both

aTGCs by an order of magnitude with respect to HL-LHC.

The bound on �g1z can be further improved if the V h and WZ channels are combined.

– 20 –

[Bishara, Englert et al. ’22]

✦  and  provide 
similar sensitivity

✦ Bounds competitive with WZ

VH( → bb) VH( → γγ)



VH at FCC-hh

22
Figure 12: Projected 95% C.L. bounds on c

(3)
'q , c

(1)
'q , c'u and c'd from one-operator fits at FCC-hh

as function of the maximal-invariant-mass cut M . The dashed, solid and dotted blue lines show the
bounds for 1%, 5% and 10% systematic errors. Projections for some future hadron colliders are also
shown. For c

(3)
'q , we show the projections from the WZ channel at the HL-LHC (dark green solid

line) and at the FCC-hh (pink solid line) from ref. [3], assuming 5% systematic uncertainty. Note
that in ref. [3], the bounds for the FCC-hh assume an integrated luminosity of 20 ab�1, whereas our
bounds correspond to L = 30 ab�1. For the other operators, we show the 1-operator fit at HL-LHC
from ref. [31] (dark green solid lines). For all the operators we compare to the corresponding bounds
from V h(! ��) at the FCC-hh with 5% systematics [5] (orange solid lines).

Additionally, for this class of UV models, the vertex corrections are fully determined by

the Peskin–Takeuchi oblique parameters, which are heavily constrained by EW precision

observables and will be measured with even further precision at future lepton colliders.

Hence, we can assume �g
Zq
L ⇠ 0 and express our results as bounds on the aTGCs �� and

�g1z.

We summarize our bounds on the aforementioned aTGCs in table 5. We include the

bounds that can be achieved at LHC Run 3, HL-LHC and FCC-hh from both profiled and

one-operator fits. HL-LHC can improve the reach of LHC Run 3 on �g1z by a factor ⇠ 2

but only tightens the bound �� by ⇠ 30%. FCC-hh can easily improve the bound on both

aTGCs by an order of magnitude with respect to HL-LHC.

The bound on �g1z can be further improved if the V h and WZ channels are combined.

– 20 –

[Bishara, Englert et al. ’22]

✦  and  provide 
similar sensitivity

✦ Bounds competitive with WZ

VH( → bb) VH( → γγ)

Figure 13: 95% C.L. bounds on the anomalous Triple Gauge Couplings �g1z and �� for Universal
Theories. We show the bounds obtained from our analysis of V h(! bb̄) at the HL-LHC and the
FCC-hh, and compare them to the bounds obtained from di↵erent studies. Additionally, we present
the results of combining the bounds from all the analyses we are comparing for each of the two
colliders, respectively. Left panel: Bounds at the HL-LHC. We compare our results from V h(! bb̄)
with the bounds from the leptonic WZ channel [3]. Right panel: Bounds at the FCC-hh. We
compare our results from V h(! bb̄) with the bounds from the leptonic WZ channel [3] and from
V h(! ��) [5].

This aspect markedly di↵ers from many other precision diboson studies, which focused

on clean channels with relatively small backgrounds (for instance fully leptonic WZ [3],

leptonic W� [36], or leptonic V h with h ! �� [5, 6]). As a consequence, a tailored analysis

strategy was needed to achieve good sensitivity. Specifically, we considered new physics

e↵ects parametrized by four dimension-6 EFT operators, namely O
(3)

'q , O
(1)

'q , O'u and O'd

in the Warsaw basis, which induce energy-growing corrections to the SM amplitudes.

Since the main new-physics e↵ects are expected in the high-energy tails of kinematic

distributions, we found it convenient to isolate energetic events by exploiting boosted-Higgs

identification techniques. In our analysis we split the events in two categories, depending

on whether a boosted Higgs candidate or two resolved b-jets were present; see appendix B

for more details. Moreover we classified the events depending on the number of charged

leptons (0, 1, or 2) in the final state. For each class, we devised optimized cuts to improve

the sensitivity to new physics (the selection cuts are reported in appendix C).

The combined analysis of boosted and resolved events provides a significant improve-

ment in sensitivity. With respect to an analysis exploiting only boosted events, the com-

bination of the boosted and resolved categories yields a 17% improvement on the most

strongly bounded Wilson coe�cient at the LHC Run 3 and a 7% improvement at FCC-hh.

We found that at LHC Run 3 our analysis provides bounds competitive with the ones

derived from the WZ diboson channel. The main limitation at this stage is low statistics

which results in uncertainties larger than the expected systematic ones. The HL-LHC

program, thanks to the tenfold increase in integrated luminosity, allows for a significant

improvement in the bounds; see table 3. In this case the statistical error becomes of order

5%, which is most likely comparable to the expected systematic uncertainty. We found

that at the end of the HL-LHC, the V h(! bb̄) processes could have an important impact

on bounding c
(3)

'q and c'u, even when included in a global EFT fit.

– 22 –

✦ Combination of the two channels can 
significantly improve the bounds
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Figure 6. 95% C.L. bounds on c
(3)
'q , c

(1)
'q , c'u and c'd. In blue, our combined bounds from

Zh ! (⌫⌫̄/`+`�) �� and Wh ! `⌫�� at FCC-hh with 30 ab�1 for di↵erent systematics and
computed from a four operator fit. In all cases, the black lines with a triangle on top represent the
bound from a one-operator fit instead. In light yellow, the current LEP [46] bound for c(3)'q . In light
green for c(3)'q , the run-1 LHC [49] bounds. In medium green, the current bound on all the operators
from a global fit [48]. In dark green, the projections from a global fit at HL-LHC[26, 47]. In light,
medium and dark orange, the projected bounds on the operators from a global fit at CLIC, CEPC
and FCC-ee respectively [47]. FEPC stands for Future Electron-Positron Colliders.

the ones from global fits at future lepton colliders. Regarding the bounds on O'u and

O'd, we note that, due to the suppression of the interference with the SM amplitudes, the

constraints are mostly driven by the square of the BSM contributions. This might cause

some limitation in their interpretability within the EFT formalism.

A summary of the projected 95% C.L. bounds on the four operators we considered is

shown in Fig. 6. The blue bars correspond to the constraints derived from the profiling

of a four-operator fit. On the other hand, the horizontal bars with a triangle indicate the

bound obtained from a fit including one operator at a time. In both fits, we considered

three possible values for the systematic uncertainties: 1% (lighter shading), 5% (medium

shading), and 10% (darker shading). The systematic uncertainty has a sizeable e↵ect only

on the bound for O
(3)
'q . The 5% scenario is comparable to the present LHC systematics

for similar processes, therefore it could be considered as a conservative estimate, while the

10% benchmark is most probably an over-pessimistic one.

Many directions in the assessment of the precision-measurement potential of future

hadron colliders could still be explored. Regarding the Higgs-associated production chan-

nels (Wh and Zh), an interesting direction to follow is the study of the hadronic decay

channels, in particular the h ! bb̄ decay which can o↵er a boost in cross-section, however

at the price of significantly larger backgrounds. Hadronic decays of the W and Z bosons
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FCC-hh can match (or surpass) sensitivity at e+e− colliders



Higgs “pole” measurements



Low-energy e+e− colliders
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Low-energy e+e− colliders can test several Higgs “pole” properties

FCC Physics Opportunities

4.2 FCC-ee
4.2.1 Model-independent Coupling Determination from the Higgs Branching Fractions
The goal of the FCC-ee programme is to achieve a model-independent percent or sub-percent accuracy
determination of the Higgs width and Higgs couplings. This precision is needed to access the 10 TeV
energy scale, and maybe to exceed it, by an analysis of a possible pattern of deviations among all cou-
plings. Similarly, higher-order corrections to Higgs couplings in the SM are at the level of a few %.
The quantum structure of the Higgs sector can therefore be tested only if the precise measurement of its
properties is pushed to a few per mille level, or better.

An experimental sample of at least one million Higgs bosons has to be analysed to potentially
reach this statistical precision. Production at e

+
e
� colliders proceeds mainly via the Higgsstrahlung

process e
+
e
� ! HZ and WW fusion e

+
e
� ! (WW ! H)nn. The cross sections are displayed in

Fig. 4.1 as a function of the centre-of-mass energy. The total cross section presents a maximum atp
s = 260 GeV, but the event rate per unit of time is largest at 240 GeV, as a consequence of the

specific circular-collider luminosity profile. As the cross section amounts to 200 fb at
p

s = 240 GeV,
the production of one million events requires an integrated luminosity of at least 5 ab

�1. This sample,
dominated by HZ events, is usefully complemented by about 180,000 HZ events and 45,000 WW-fusion
events, to be collected with 1.5 ab

�1 at
p

s = 365 GeV.

Figure 4.1: The Higgs boson production cross section as a function of the centre-of-mass energy in
unpolarised e

+
e
� collisions. The blue and green curves stand for the Higgsstrahlung and WW fusion

processes, respectively, and the red curve displays the total production cross section. The vertical dotted
lines indicate the centre-of-mass energies of choice at the FCC-ee for the measurement of the Higgs
boson properties.

At
p

s = 240 GeV, the determination of Higgs boson couplings follows the strategy described
in Refs. [73, 74], with an improved analysis that exploits the superior performance of the CLD detector
design (see the FCC-ee CDR, Chapter 7). The total Higgs production cross section is determined by
counting e

+
e
� ! HZ events tagged with a leptonic Z decay, Z ! `+`�, independently of the Higgs

boson decay. An example of such an event is displayed in Fig. 4.2 (left). The mass mRecoil of the
system recoiling against the lepton pair is calculated with precision from the lepton momenta and the
total energy-momentum conservation: m2

Recoil = s + m2
Z � 2

p
s(E

`
+ + E

`
�), so that HZ events have

mRecoil equal to the Higgs boson mass and can be easily counted from the accumulation around mH.
Their number allows the HZ cross section, �HZ, to be precisely determined in a model-independent
fashion. This precision cross-section measurement alone is a powerful probe of the SM predictions for
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FCC-ee: the ultimate e+e- Higgs laboratory 

Central goal of FCC-ee:  model-independent measurement of Higgs width and 
couplings with (<)% precision.   Achieved through operation at two energy points.

Sensitivity to both processes very helpful in improving precision on couplings.

5 ab-1 at 240 GeV
106 HZ events
��N�::ĺ+�HYHQWV

1.5 ab-1 at 365 GeV
200k HZ events
��N�::ĺ+�HYHQWV

Complementarity with 365GeV on top of 240GeV

Higgs @ FCC-ee.
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80k WW→H evts
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‣ determination of absolute 
normalization of couplings 
(via recoil method                      )

‣ sensitivity to invisible decays

‣ measurement of Higgs width

‣ measurement of Higgs mass
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Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024
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``Golden channel’’: e+e� ! ZH,Z ! e
+
e
�
, µ

+
µ
�

Recoil method: detecting the Higgs boson without using its decay!

Since the Z ⟶ l+l- decay branching fraction is known from the e+e- 
collider LEP, this method yields an absolute measurement of the ZH 
cross section, the Higgs branching ratios and the Higgs width!

Higgs physics: what do we need to know?, Georg Weiglein, 121st ILC@DESY Project Meeting, DESY, Hamburg, 04 / 2015

``Golden channel’’ at the ILC: 

Recoil method: absolute measurement of ZH cross section and branching ratios

41

e
+
e
� ! ZH,Z ! e

+
e
�
, µ

+
µ
�

2013-10-14 Higgs Couplings 2013 “Prospects for measuring Higgs boson couplings at the ILC" (T. Tanabe)�
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FIG. 13. For the case of the µ+µ�
H channel and e

�
L
e
+

R
at

p
s

= 250 GeV, in the region 110-155 GeV: (top) The Mrec spec-
tra of the signal MC events used in analysis plotted together
with the kernel function. (center) The Mrec spectrum of toy
MC events corresponding to the top plot. (bottom) Toy MC
events used for extracting �ZH and MH and their statistical
uncertainties, which are generated using the function which
fitted the top plot as input. The legend is the same as in
Figure 10.

TABLE V. The statistical uncertainties on �ZH and �MH,
assuming for each beam polarization a total integrated lumi-
nosity of 250 fb

�1, 333 fb
�1, and 500 fb

�1 for
p
s = 250, 350,

and 500 GeV, respectively. The results are given in the form
of separate and combined results of the µ+µ�

X and e
+
e
�
X

channels. p
s 250 GeV 350 GeV 500 GeV

��ZH/�ZH ��ZH/�ZH ��ZH/�ZH

e
�
L
e
+

R
µ+µ�

H 3.2% 3.9% 6.9%
e
+
e
�
H 4.0% 5.3% 7.2%

combined 2.5% 3.1% 5.0%
e
�
R
e
+

L
µ+µ�

H 3.6% 4.5% 8.1%
e
+
e
�
H 4.7% 6.1% 7.5%

combined 2.9% 3.6% 5.5%
p
s 250 GeV 350 GeV 500 GeV

�MH (MeV) �MH (MeV) �MH (MeV)
e
�
L
e
+

R
µ+µ�

H 39 103 592
e
+
e
�
H 121 450 1160

combined 37 100 527
e
�
R
e
+

L
µ+µ�

H 43 120 660
e
+
e
�
H 149 502 1190

combined 41 117 577

TABLE VI. The model independent statistical uncertainties
on �ZH obtained by combining the results of ��ZH/�ZH in
Table V with those of the invisible Higgs decay analysis, as-
suming for each beam polarization a total integrated luminos-
ity of 250 fb

�1, 333 fb
�1, and 500 fb

�1 for
p
s = 250, 350,

and 500 GeV, respectively.

Pol.
p
s 250 GeV 350 GeV 500 GeV

e
�
L
e
+

R
��ZH/�ZH 2.5% 3.2% 5.1%

e
�
R
e
+

L
��ZH/�ZH 2.9% 3.6% 5.6%

be extracted as

�ZH =
NS

RlL⌃
i
Bi"i

⌘ NS

RlL"
, (7)

where " = ⌃
i
Bi"i is the expected efficiency for all decay

modes. In this case, the bias on �ZH depends on the de-
termination of ". This is discussed as follows in terms of
three possible scenarios of our knowledge of Higgs decay
at the time of �ZH measurement.

• scenario A: all Higgs decay modes and the corre-
sponding Bi for each mode are known. In this
rather unlikely case, " can be determined simply
by summing up over all modes, leaving no question
of model independence.

• scenario B: Bi is completely unknown for every
mode. We would examine the discrepancy in ✏i by

⇒ Large quantitative + qualitative improvements over HL-LHC                                                                                                                

[FCC report ’18]



‣ Model-independent measurement of linear Higgs couplings 

‣ Significant improvement with respect to HL-LHC in

Low-energy e+e− colliders

26

[Table from mid-term report, from C. Grojean, Corfu ’24]
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Higgs @ FCC-ee.

the FCC CDR [9, 416], but has been studied afterwards [453, 454]. The conclusions
reached are summarised, and further recent explorations performed are presented.

Table 131 Expected 68%CL relative precision (%) of the 
parameters at HL-LHC and FCC-ee (combined with HL-LHC).
The corresponding 95%CL upper limits on the untagged,
BRunt, and invisible, BRinv, branching ratios are also given.
As denoted with an asterisk (⇤), for the HL-LHC numbers, a
bound on |V |  1 is applied since no direct access to the Higgs
width is possible at hadron colliders. This restriction is lifted in
the combination with FCC-ee (or other lepton colliders), since
the latter ones provide the necessary access to the Higgs width.
Cases in which a particular parameter has been fixed to the
SM value due to lack of sensitivity are shown with a dash (�).
Results from Ref. [452], updated with the 4-IPs scenario.

Coupling HL-LHC FCC-ee (240–365GeV)
2 IPs / 4 IPs

W [%] 1.5⇤ 0.43 / 0.33
Z [%] 1.3⇤ 0.17 / 0.14
g [%] 2⇤ 0.90 / 0.77
� [%] 1.6⇤ 1.3 / 1.2
Z� [%] 10⇤ 10 / 10
c [%] – 1.3 / 1.1
t [%] 3.2⇤ 3.1 / 3.1
b [%] 2.5⇤ 0.64 / 0.56
µ [%] 4.4⇤ 3.9 / 3.7
⌧ [%] 1.6⇤ 0.66 / 0.55

BRinv (<%, 95% CL) 1.9⇤ 0.20 / 0.15
BRunt (<%, 95% CL) 4⇤ 1.0 / 0.88

The interpretation of current Higgs-boson measurements at the LHC was so far
not hindered by the finite precision of the electroweak measurements realised at LEP
and SLC. With the FCC-ee targeting almost an order-of-magnitude increase in the
precision of Higgs properties in the main channels, the current (experimental and
theoretical) precision on electroweak quantities will become a limitation. The Z-pole
run of the FCC-ee is instrumental in avoiding contamination from electroweak coupling
uncertainties in the Higgs characterisation. If the electroweak symmetry is linearly
realised on the Standard Model (SM) fields, the interplay between the Higgs and
electroweak sectors is even deeper. Indeed, diboson e+e� ! W+W� production is
then sensitive to some of the same new-physics e↵ects as Higgs production and decay
processes, making both types of measurements complementary.

The SMEFT framework truncated to operators of dimension six is adopted. It
assumes that new physics arises at a scale ⇤, significantly above the electroweak one,
below which the particles and symmetries are the SM ones, with the Higgs embedded
in a SU(2)L doublet. The current status of the global SMEFT fit is shown in Fig. 348.
It projects the results of the fit to the di↵erent dimension-six operators entering at
leading order in electroweak (including anomalous triple gauge couplings, aTGCs, and
boson-fermion couplings, V↵) and Higgs processes onto the sensitivity to new-physics

537

Table from mid-term report

X =
ghXX

gSMhXX

Higgs coupling sensitivity• Absolute normalisation of couplings (by recoil 
method) 

• Measurement of width (from ZH>ZZZ* and WW>H) 

•   
• Model-independent coupling determination and 

improvement factor up to 10 compared to LHC 
• (Indirect) sensitivity to new physics                        

up to 70 TeV (for maximally strongly coupled models) 

• Unique access to electron Yukawa 
(�X = v2/f2 & mNP = gNPf)

��H ⇠ 1%, �mH ⇠ 3MeV (resp. 25%, 30 MeV @ HL-LHC)



‣ Model-independent measurement of linear Higgs couplings 

‣ Significant improvement with respect to HL-LHC in

Low-energy e+e− colliders

26

[Table from mid-term report, from C. Grojean, Corfu ’24]
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‣ Exception: decay channels with low BR
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1. Note
the Higgs total width measurement from the o↵-shell Higgs processes at the HL-LHC is not
included in the global fit.

33

‣ improvement in          (and          )  with 10 TeV (and 125GeV) run

‣ improvement in          with 10 TeV run; excellent determination with 125GeV run
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Figure 2: Sensitivity at 68% probability to deviations in the di↵erent e↵ective Higgs cou-
plings and aTGC from a global fit to the projections available at each future collider project.
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Figure 2: Sensitivity at 68% probability to deviations in the di↵erent e↵ective Higgs cou-
plings and aTGC from a global fit to the projections available at each future collider project.
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FCC-hh can improve the 
measurement of the top Yukawa 
 
 
(improvement also possible at HE-LHC and 
CLIC 3TeV)
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Fig. 62: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+backgrond fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standlone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.
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Fig. 63: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a conditional
signal+backgrond fit to the background and SM signal. The coloured dashed lines correspond to the
combined ATLAS and CMS results by channel, and the black line to their combination. The likelihoods
for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels are scaled to 6000fb�1.(b) Expected
measured values of � for the differents channels for the ATLAS in blue and the CMS experiment
in red, as well as the combined measurement. The lines with error bars show the total uncertainty
on each measurement while the boxes correspond to the statistical uncertainties. In the cases where
the extrapolation is performed only by one experiment, same performances are assumed for the other
experiment and this is indicated by a hatched bar.
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✦ HL-LHC can test the Higgs trilinear with O(50%) precision

at C.L.�0.43  ��  0.5 68%
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Low-energy e+e− colliders

Higgs self-interaction can be probed 
indirectly through one-loop corrections to 

single-Higgs processes
[McCullough ’13]
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Low-energy e+e− colliders

196 Chapter 9. Higgs self-coupling at future e+e° colliders

collider 1-parameter full SMEFT
CEPC 240 18% -
FCC-ee 240 21% -
FCC-ee 240/365 21% 44%
FCC-ee (4IP) 15% 27%
ILC 250 36% -
ILC 250/500 32% 58%
ILC 250/500/1000 29% 52%
CLIC 380 117% -
CLIC 380/1500 72% -
CLIC 380/1500/3000 49% -

Table 9.1: Uncertainties on the value of ∑∏ expected from precision measurements of single Higgs
observables at e+e° colliders, from [574]. The collider scenarios are listed by name and CM energy.
More details on each can be found in Sec. 9.2. Results are given for a 1-parameter fit to the SM
plus a varying ∑∏ and for a fit that includes the possibility of other new physics effects modelled by
the SMEFT. Cases in which the SMEFT analysis does not close are denoted by “-”. The physics of
the SMEFT analysis is described in Sec. 9.8. In [574], the projected uncertainties from single Higgs
analyses are presented combined with an assumed independent uncertainty of 50% from the HL-
LHC H H analysis. We have removed that combination here to clarify the size of the constraint that
comes specifically from e+e° colliders.

Table 9.1.

The table lists uncertainties from a 1-parameter fit, corresponding to the model in which the SM
is modified only by a shift of the parameter ∑∏, and a fit to a larger model including the complete
set of new physics effects that can be parametrized by dimension-6 SMEFT operators. The ECFA
Higgs@Future Colliders group has reported its results as combined with an expected 50% uncer-
tainty in ∑∏ expected from the HL-LHC. To clarify the extra information that will come from e+e°

measurements, the values given in the table remove the HL-LHC contribution and quote results
from e+e° measurements alone. In some cases of the multi-parameter fit, the analysis does not
close and the e+e° results alone do not give a competitive constraint. Those cases are indicated in
the Table by a “-”.

In all cases, the 1-parameter analysis seems to indicate a substantial sensitivity to the Higgs
self-coupling. Including the possibility of other new physics effects weakens this sensitivity, but, for
some scenarios, the constraint is still a powerful one. We discuss the physics of the multi-parameter
fit in Sec. 9.8.

9.4 H H production processes at e
+

e
° colliders

The cross-sections for the Z H H and ∫∫̄H H production processes at e+e° colliders are shown in
Fig. 9.2. The cross-sections are shown in this figure for unpolarised beams. Planned analyses at
linear e+e° colliders will make use of polarised beams. Since the ∫∫̄H H process, in particular, re-
quires the initial state e°L e+R , working with polarised beams can raise the cross-section significantly,
by almost a factor of 2. Still, these cross-sections are very small, and the processes are difficult to
recognise even in the relatively clean environment of an e+e° collider.

In both cases, the H H production processes are multi-body reactions whose cross-sections in-
crease slowly from threshold. Energies much higher than the nominal threshold energies of 250 GeV
and 341 GeV are needed to produce a significant event sample. The Z H H process is thus not ac-

[Di Micco et al. ’19]

collider Full L [ab�1]
CECP 240 5.6
FCC-ee 240 5.0
FCC-ee 365 1.5
FCC-ee (4IP) 12.0 + 5.5
ILC 250 2.0
ILC 500 4.0
ILC 1000 8.0
CLIC 380 1.0
CLIC 1500 2.5
CLIC 3000 5.0

CECP and FCC-ee 
provide fair 
sensitivity

Expected precision from 1-parameter fit  (  bounds)1σ
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Low-energy e+e− colliders

196 Chapter 9. Higgs self-coupling at future e+e° colliders

collider 1-parameter full SMEFT
CEPC 240 18% -
FCC-ee 240 21% -
FCC-ee 240/365 21% 44%
FCC-ee (4IP) 15% 27%
ILC 250 36% -
ILC 250/500 32% 58%
ILC 250/500/1000 29% 52%
CLIC 380 117% -
CLIC 380/1500 72% -
CLIC 380/1500/3000 49% -

Table 9.1: Uncertainties on the value of ∑∏ expected from precision measurements of single Higgs
observables at e+e° colliders, from [574]. The collider scenarios are listed by name and CM energy.
More details on each can be found in Sec. 9.2. Results are given for a 1-parameter fit to the SM
plus a varying ∑∏ and for a fit that includes the possibility of other new physics effects modelled by
the SMEFT. Cases in which the SMEFT analysis does not close are denoted by “-”. The physics of
the SMEFT analysis is described in Sec. 9.8. In [574], the projected uncertainties from single Higgs
analyses are presented combined with an assumed independent uncertainty of 50% from the HL-
LHC H H analysis. We have removed that combination here to clarify the size of the constraint that
comes specifically from e+e° colliders.

Table 9.1.

The table lists uncertainties from a 1-parameter fit, corresponding to the model in which the SM
is modified only by a shift of the parameter ∑∏, and a fit to a larger model including the complete
set of new physics effects that can be parametrized by dimension-6 SMEFT operators. The ECFA
Higgs@Future Colliders group has reported its results as combined with an expected 50% uncer-
tainty in ∑∏ expected from the HL-LHC. To clarify the extra information that will come from e+e°

measurements, the values given in the table remove the HL-LHC contribution and quote results
from e+e° measurements alone. In some cases of the multi-parameter fit, the analysis does not
close and the e+e° results alone do not give a competitive constraint. Those cases are indicated in
the Table by a “-”.

In all cases, the 1-parameter analysis seems to indicate a substantial sensitivity to the Higgs
self-coupling. Including the possibility of other new physics effects weakens this sensitivity, but, for
some scenarios, the constraint is still a powerful one. We discuss the physics of the multi-parameter
fit in Sec. 9.8.

9.4 H H production processes at e
+

e
° colliders

The cross-sections for the Z H H and ∫∫̄H H production processes at e+e° colliders are shown in
Fig. 9.2. The cross-sections are shown in this figure for unpolarised beams. Planned analyses at
linear e+e° colliders will make use of polarised beams. Since the ∫∫̄H H process, in particular, re-
quires the initial state e°L e+R , working with polarised beams can raise the cross-section significantly,
by almost a factor of 2. Still, these cross-sections are very small, and the processes are difficult to
recognise even in the relatively clean environment of an e+e° collider.

In both cases, the H H production processes are multi-body reactions whose cross-sections in-
crease slowly from threshold. Energies much higher than the nominal threshold energies of 250 GeV
and 341 GeV are needed to produce a significant event sample. The Z H H process is thus not ac-

[Di Micco et al. ’19]

Expected precision from global fit  (  bounds)1σ

runs at single energy 
do not provide 

significant bounds

collider Full L [ab�1]
CECP 240 5.6
FCC-ee 240 5.0
FCC-ee 365 1.5
FCC-ee (4IP) 12.0 + 5.5
ILC 250 2.0
ILC 500 4.0
ILC 1000 8.0
CLIC 380 1.0
CLIC 1500 2.5
CLIC 3000 5.0
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determination can 
reach 27% at FCC-ee 

with 4 interaction 
points

runs at single energy 
do not provide 

significant bounds

Low-energy e+e− colliders

196 Chapter 9. Higgs self-coupling at future e+e° colliders

collider 1-parameter full SMEFT
CEPC 240 18% -
FCC-ee 240 21% -
FCC-ee 240/365 21% 44%
FCC-ee (4IP) 15% 27%
ILC 250 36% -
ILC 250/500 32% 58%
ILC 250/500/1000 29% 52%
CLIC 380 117% -
CLIC 380/1500 72% -
CLIC 380/1500/3000 49% -

Table 9.1: Uncertainties on the value of ∑∏ expected from precision measurements of single Higgs
observables at e+e° colliders, from [574]. The collider scenarios are listed by name and CM energy.
More details on each can be found in Sec. 9.2. Results are given for a 1-parameter fit to the SM
plus a varying ∑∏ and for a fit that includes the possibility of other new physics effects modelled by
the SMEFT. Cases in which the SMEFT analysis does not close are denoted by “-”. The physics of
the SMEFT analysis is described in Sec. 9.8. In [574], the projected uncertainties from single Higgs
analyses are presented combined with an assumed independent uncertainty of 50% from the HL-
LHC H H analysis. We have removed that combination here to clarify the size of the constraint that
comes specifically from e+e° colliders.

Table 9.1.

The table lists uncertainties from a 1-parameter fit, corresponding to the model in which the SM
is modified only by a shift of the parameter ∑∏, and a fit to a larger model including the complete
set of new physics effects that can be parametrized by dimension-6 SMEFT operators. The ECFA
Higgs@Future Colliders group has reported its results as combined with an expected 50% uncer-
tainty in ∑∏ expected from the HL-LHC. To clarify the extra information that will come from e+e°

measurements, the values given in the table remove the HL-LHC contribution and quote results
from e+e° measurements alone. In some cases of the multi-parameter fit, the analysis does not
close and the e+e° results alone do not give a competitive constraint. Those cases are indicated in
the Table by a “-”.

In all cases, the 1-parameter analysis seems to indicate a substantial sensitivity to the Higgs
self-coupling. Including the possibility of other new physics effects weakens this sensitivity, but, for
some scenarios, the constraint is still a powerful one. We discuss the physics of the multi-parameter
fit in Sec. 9.8.

9.4 H H production processes at e
+

e
° colliders

The cross-sections for the Z H H and ∫∫̄H H production processes at e+e° colliders are shown in
Fig. 9.2. The cross-sections are shown in this figure for unpolarised beams. Planned analyses at
linear e+e° colliders will make use of polarised beams. Since the ∫∫̄H H process, in particular, re-
quires the initial state e°L e+R , working with polarised beams can raise the cross-section significantly,
by almost a factor of 2. Still, these cross-sections are very small, and the processes are difficult to
recognise even in the relatively clean environment of an e+e° collider.

In both cases, the H H production processes are multi-body reactions whose cross-sections in-
crease slowly from threshold. Energies much higher than the nominal threshold energies of 250 GeV
and 341 GeV are needed to produce a significant event sample. The Z H H process is thus not ac-

[Di Micco et al. ’19]

Expected precision from global fit  (  bounds)1σ

collider Full L [ab�1]
CECP 240 5.6
FCC-ee 240 5.0
FCC-ee 365 1.5
FCC-ee (4IP) 12.0 + 5.5
ILC 250 2.0
ILC 500 4.0
ILC 1000 8.0
CLIC 380 1.0
CLIC 1500 2.5
CLIC 3000 5.0
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High-energy e+e− colliders
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High-energy e+e− colliders
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High-energy e+e− colliders
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Precision reach at ILC and CLIC

collider excl. from HH

HL-LHC 50%

ILC 500 27%

ILC 1000 10%

CLIC 1500 36%

CLIC 3000 [-7%, 11%]

Expected precision from HH production channels 
(  bounds)1σ

Can reach the 10% 
threshold
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FCC-hh

[Di Micco et al. ’19]

‣ precision likely to be limited by systematics 
(theory systematics dominant for                 , leading to                 )

‣ ultimate FCC-hh reach in the 3.4 - 7.8% range

�S & 2.5% �� ' 2�S

‣ global fit could affect the prediction 
(strong dependence on top Yukawa coupling)

Exclusive fit on ��
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Figure 10.10: Left: The distribution of the most discriminant variables used in the BDT training
for discriminating signal and background samples: the ¢R between the two W 0s. Right: The BDT
efficiency and significance as a function of the applied cut on the BDT response for two reference
integrated luminosity values: 3 ab°1 and 30 ab°1.
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Figure 10.11: Examples of two-loop diagrams contributing to double Higgs production.

Higgs self-coupling of ±∑∏ = 5% appears achievable, by exploiting several techniques and decay
modes, and assuming the future theoretical progress in modelling signals and backgrounds.

bb̄∞∞ bb̄ø+ø° bb̄Z Z§ (4`) bb̄W W § (2j`∫) bb̄bb̄ +jet

±∑∏ 6% 8% 14% 40% 30%

Table 10.4: Precision of the direct Higgs self-coupling measurement in g g !H H production atp
s = 100 TeV with L = 30 ab°1 for various decay modes.

10.3 Other Probes of Multi-Linear Higgs Interactions

The quartic coupling F. Maltoni, D. Pagani, A. Shivaji, X. Zhao

At hadron colliders, di-Higgs boson production provides a direct access to the Higgs cubic self-
coupling while the Higgs quartic self-coupling can be in principle directly probed through triple
Higgs production [9, 11, 593–596]. On the other hand, also di-Higgs production is sensitive to the
Higgs quartic coupling via EW corrections; its measurement can thus provide an alternative way
to constrain the quartic coupling indirectly (see Fig. 10.11). The combined constraints that can be
achieved at a future 100 TeV collider on the trilinear and quartic coupling for the case of gluon-
gluon fusion, based on the results of Ref. [157] is presented in what follows 1. This study relies on
the theoretical framework (in particular the renormalization procedure) introduced in [128] and

1A similar study has also appeared in Ref. [174]. Differences among these two studies are commented in Ref. [157].

p
s = 100 TeV L = 30 ab�1

[Mangano et al. 2004.03505]
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Muon collider

energy Full L [ab�1]
3 TeV ⇡2
10 TeV 10
14 TeV ⇡20
30 TeV 90

HL-LHC HL-LHC HL-LHC
+10 TeV +10 TeV

+ ee

W 1.7 0.1 0.1
Z 1.5 0.4 0.1
g 2.3 0.7 0.6
� 1.9 0.8 0.8
c - 2.3 1.1
b 3.6 0.4 0.4
µ 4.6 3.4 3.2
⌧ 1.9 0.6 0.4


⇤
Z� 10 10 10


⇤
t 3.3 3.1 3.1

⇤ No input used for µ collider
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FCC-hh

Fig. 5: Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV muon
collider with 10 ab�1 [16], compared with HL-LHC. The effect of measurements from a 250 GeV e

+
e
�

Higgs factory is also reported. Right panel: sensitivity to �� for different Ecm. The luminosity is as in
eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of 1.8 ab�1) is assumed [16].

In the right panel of the figure we see that the performances of muon colliders in the measurement
of �� are similar or much superior to the one of the other future colliders where this measurement
could be performed. In particular, CLIC measures �� at the 10% level [22], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [23]. A determination of �� that is way more
accurate than the HL-LHC projections is possible already at a low energy stage of a muon collider with
Ecm = 3 TeV.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, such as WW ! WW , has not been
performed. The key role played by the Higgs boson to eliminate the energy growth of the corresponding
Feynman amplitudes could be directly verified at a muon collider by means of differential measurements
that extend well above one TeV for the invariant mass of the scattered vector bosons. Along similar
lines, differential measurements of the WW !HH process has been studied in [6, 17] (see also [2]) as
an effective probe of the composite nature of the Higgs boson, with a reach that is comparable or superior
to the one of Higgs coupling measurements. A similar investigation was performed in [2,4] (see also [2])
for WW!tt, aimed at probing Higgs-top interactions.

5 High-energy measurements
Direct µ

+
µ

� annihilation, such as HZ and tt production reported in Figure 4, displays a number of
expected events of the order of several thousands. These are much less than the events where a Higgs or
a tt pair are produced from VBF, but they are sharply different and easily distinguishable. The invariant
mass of the particles produced by direct annihilation is indeed sharply peaked at the collider energy Ecm,
while the invariant mass rarely exceeds one tenth of Ecm in the VBF production mode.

The good statistics and the limited or absent background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy Ecm = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [24], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as WH or `⌫ are copiously produced at a muon collider. The electric charge mismatch with
the neutral µ

+
µ

� initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.

11

[Snowmass reports 
2203.07256, 2203.07261]

‣ High-energy muon collider can be competitive with FCC-hh
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Can be performed both at lepton and at hadron colliders

Precision measurements can provide promising information at HL-LHC 
and future colliders

‣ complements direct searches

‣ can extend reach beyond collider energy threshold (eg. e+e− machines)

Challenging aspects:
‣ good statistics (especially in the high-energy tails)

‣ good control on theoretical and experimental systematics
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Crucial aspect: approaching optimality

‣ important to fully exploit data and reach maximal sensitivity

Challenging aspects:
‣ huge amount of data

‣ information ‘hidden’ in high-dimensional kinematic distributions

‣ need for simultaneous fit of several quantities 
(eg. PDF determination together with fit of SMEFT operators)

Promising approaches through machine learning


