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Breaking Electroweak symmetry

Precision Higgs Vector boson polarisation

Extended 
Higgs sector

Higgs self-
coupling
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Precision Masses

SM consistency tests(a) Higgs self-energy (b) e+e� ! ZH (c) Z-pole oblique params.

Figure 2: New physics a↵ecting the Higgs self-energy in (a), contributing to Higgs observ-

ables at LO in (b), and Z-pole observables at NLO in (c). Red squares indicate SMEFT

contributions to the Higgs propagator.

(a) Higgs self-coupling (b) e+e� ! ZH (c) Z-pole oblique params.

Figure 3: New physics a↵ecting the Higgs self-coupling in (a), contributing to Higgs

observables at NLO in (b), and Z-pole observables at NNLO in (c). Red squares indicate

SMEFT contributions to the vertex.

where Qi are dimension-6 operators and Ci are the dimensionless Wilson coe�cients gen-

erated by heavy new physics at a scale ⇤. We will take ⇤ = 1 TeV unless otherwise stated.

It will be convenient to use the SILH basis [23, 24] to characterise pure gauge operators,

for which we adopt the following notation for the Wilson coe�cients and operators,

LSMEFT �

X

i

Si

⇤2
O

SILH

i . (3.2)

For more concise expressions we will sometimes employ dimensionful Wilson coe�cients

defined as Ci ⌘ Ci/⇤2 and Si ⌘ Si/⇤2.

The SMEFT language provides a systematic way of exploring modifications from heavy

BSM physics that are correlated across di↵erent measurements at various energies (for

some recent global fits, see e.g. Refs. [5, 29, 33–40]). Our approach is to focus on o↵-pole

operators that enter the Z-pole at one higher loop order, as well as energy-enhanced o↵-

pole operators that also enter at the Z-pole. We begin by illustrating our point with Higgs

sector modifications before considering pure gauge operators and then summarising recent

four-fermion results.

3.1 Higgs coupling modifications

A Higgs factory will be sensitive at leading order to new physics modifying the Higgs self-

energy in the process e+e� ! ZH, as illustrated by the propagator correction in Fig. 2;

we also see in Fig. 2 that it necessarily also enters at NLO in the oblique parameters on

the Z pole. Similarly, Fig. 3 shows that a vertex correction to the Higgs self-coupling will
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• Higgs couplings


• Top


• Higgs self-coupling


• Weak couplings
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Run 1
HL-LHC: 14 TeV 
6000 fb-1 (ATLAS+CMS) 5

Run 3:  
We are here

Run 2

The High-Lumi LHC

The upcoming 
Higgs factory 



# of exp. Z-pole

(91.2 GeV)

WW

(160 GeV)

Higgs

(230-250 GeV)

Top

(365 GeV) Higher energy

FCC-ee 4 205 ab-1 (total, all IP)

4 years (of operation)

19 ab-1

2 years

11 ab-1

3 years

3 ab-1

5 years —

Linear collider 2 0.07 ab-1

1 years — 3 ab-1


3 years
CLIC: 4.4 ab-1


10 years

550 GeV: 8 ab-1

1 TeV+: 4-8 ab-1


10 years

LEP3 2 53 ab-1

5 years

5 ab-1

4 years

2.5 ab-1

6 years — —

FCC-hh 4 — — — — 84.6 TeV

30 ab-1

LHeC 1 — — — —
1.2 TeV

1 ab-1


6 years

Muon 2 — — — —
3-10 TeV

1-10 ab-1

8 years



Higgs Production: electron-positron colliders

6.2. ILD physics performance at 250 and 500 GeV

Table III-6.2. A summary of the main physics benchmark measurements presented in the ILD LOI and [385].

Ô
s Observable Precision Comments

250 GeV
‡(e+e≠ æ Zh) ±0.30 fb (2.5 %) Model Independent

mh 32 MeV Model Independent
mh 27 MeV Model Dependent

250 GeV
Br(h æ bb) 2.7 % includes 2.5 %
Br(h æ cc) 7.3 % from
Br(h æ gg) 8.9 % ‡(e+e≠ æ Zh)

500 GeV
‡(e+e≠ æ ·+·≠) 0.29 % ◊·+·≠ > 178¶

AF B ±0.0025 ◊·+·≠ > 178¶

P· ±0.007 exclucing · æ a1‹

500 GeV

‡(e+e≠ æ ‰̃+
1 ‰̃≠

1 ) 0.6 %
‡(e+e≠ æ ‰̃0

2‰̃0
2) 2.1 %

m(‰̃±
1 ) 2.4 GeV from kin. edges

m(‰̃0
2) 0.9 GeV from kin. edges

m(‰̃0
1) 0.8 GeV from kin. edges

500 GeV

‡(e+e≠ æ tt) 0.4 % (bqq) (bqq) only
mt 40 MeV fully-hadronic only
mt 30 MeV + semi-leptonic
�t 27 MeV fully-hadronic only
�t 22 MeV + semi-leptonic

At

FB ±0.0079 fully-hadronic only

500 GeV ‡(e+e≠ æ µ̃+
L

µ̃≠
L

) 2.5 %
m(µ̃L) 0.5 GeV

500 GeV m(·̃1) 0.1 GeV ü 1.3‡LSP SPS1a’

1 TeV –4 ≠1.4 < –4 < 1.1 SPS1a’
–5 ≠0.9 < –5 < +0.8 WW Scattering

6.2.2 Tau reconstruction
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Figure III-6.6. Results of the model independent analysis of the Higgs-strahlung process e+e≠ æ hZ in which a)
Z æ µ

+
µ

≠ and b) Z æ e+e≠ (including the reconstruction of bremsstrahlung and FSR photons). The results are
shown are for the P (e+

, e
≠) = (+30 %, ≠80 %) beam polarisation.

Detectors: ILD Detailed Baseline Design ILC Technical Design Report: Volume 4, Part III 289

[ILC – TDR; 2013]

mrecoil [GeV]

Total Cross Section:

[from recoil mass]

Exclusive Production:

[from individual H-decays]

�(ee ! HZ)⇥BR(H ! XX) / g
2

HZZ
· g

2

HXX

�H

Total Width:

[from individual H-decays]

With the width (ΓH), 
everything follows… 

polarisation x1.5

�(ee ! HZ) / g
2

HZZ
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C. Grefe, Electroweak Physics, Higgs and Top Inputs, 23.06.2025

Total Width of the Higgs Boson
• Measurement at  colliders compares on-shell and off-shell 

cross sections for - needs to make assumptions 

• Model independent extraction via 

  

• Measurement of  statistically limited for linear 
colliders - better result when including other Higgs decays 

in combined fit using  and 

 at higher 

pp
H → ZZ *

ΓH ∝ (σe+e−→ZH × BRH→ZZ*)2

σe+e−→ZH

BRH→ZZ*

ΓH ∝ g2
HZZg2

HXX

σe+e−→ZH × BRH→XX

ΓH ∝ g2
HWWg2

HXX

σe+e−→ννH × BRH→XX
s

11

arXiv:1403.7734

Figure 3: Cross sections for the three major Higgs production processes as a function of
center of mass energy, from [2].
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e+e− → ννH( → bb̄)

LCFpolarisation x2.4
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Fig. 4 Inclusive mrecoil distribution for events where a Z boson decays into a µ
+
µ
� pair, with

energies ranging from 40 to 160 GeV, after the basic selection described in Section 3. The Z and
Higgs mass peaks are visible in this distribution. Reproduced according to [4].
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Fig. 5 Zoomed-in view of the mrecoil distribution in the vicinity of mh. The ZH signal is fitted using
a double-sided Crystal Ball function, while the simulated background is fitted with a second-order
polynomial. Reproduced according to [4].
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Higgs total cross section and width

Precision on total xsect: 

0.3% FCC, 0.8% LC, 0.6% LEP3

10.17181/c5dn3-c0s73

• Assumes that


• Statistical uncertainties dominate 


• Backgrounds controlled to better than 1% 
(and large control samples available to 
constrain them)


• All experimental and luminosity 
uncertainties are smaller than statistical 
uncertainties


• Theory uncertainties from missing higher 
orders - extensions of existing methods 
likely sufficient to make them subdominant

8



Higgs at electron-positron machines

‘Stats dominated’ sets the design 
requirements on detector performance: 
momentum resolution, jet energy resolution, 
impact parameter resolution etc


Take the challenge!


• Impact parameter resolution of 3um, 
momentum resolution of 0.1%, particle flow 
jet energy resolution of 2-3 GeV

9

HL-LHC: 21 MeV

FCC-ee:  3 MeV


Linear collider: 12 MeV

LEP3: 15 MeV

Higgs mass estimates
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(b) µµ channel

60 80 100 120 140
 [GeV]missM

0

10000

20000

30000

40000

50000

60000

70000

80000

Ev
en

ts
 / 

0.
50

 G
eV

*γZ/
WW

Zνν
ZZ
ZH(bkg)
ZH(sig) x 100

FCC-ee
Simulation (Delphes)

-1 = 240 GeV, L = 10.8 abs
Inv→qq, H→Z

(c) qq channel
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(d) bb channel
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(e) cc channel, 1 c-jet
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Fig. 5: The mmiss distribution of (a) ee, (b) µµ, (c) qq, (d) bb and (e-f) cc channels
for

p
s = 240 GeV after all selection requirements. The cc channel has been split into

two categories depending on the number of c-jets. The signal is scaled by a factor of
100 for visual clarity.

is due to neutrinos in the final state. The comparison of the mmiss distribution after
the other selections for backgrounds and signal is shown in Figure 5. It can be seen
that the signal is well separated from the majority of the ZZ background but there is
still a large background in many of the channels due to non-resonant production. The
WW background is dominant in the leptonic and 1 c-jet cc channels, whereas Z pro-
duction is only a significant background in the bb and cc channels. Background from
Higgs production with di↵erent decays to the signal is very small in all channels.
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Invisible, 1st/2nd generations, rare couplings

• Higgs to invisible limit of 0.05%


• Excellent b/c-tagging performance yields    
1.5 (2.5)% FCCee (LC) precision for Hcc


• Some rare decays (like H→μμ) don’t improve 
compared to HL-LHC


• FCCee: Potential access first generation


• Needs 4 MeV precision on Higgs mass, 
reduce beam spread, 5 years of running

10

10.17181/7hbn8-3d233

Higgs to invisible example



Higgs couplings: hadron-hadron machines
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• Benefit from huge samples (play-off 
between energy and luminosity)


• Allows for differential measurements 
at high pT (sensitivity to BSM)


• Use tight selection criteria and ratios 
to enhance signal and control 
systematics
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Figure 1: Left: Higgs-boson production cross sections as a function of centre-of-mass energies.
From Ref. [6]. Right: Annual production of Higgs bosons per collider option per experiment.

measurements of Higgs coupling ratios can be model-independent probes, provided that the-
oretical uncertainties can be su�ciently understood. As seen in Table 2, taken from Refs. [7]
and [8], a hadron collider can provide sub-percent precision on all major couplings. Recent
extrapolations show that a 70 (50) TeV collider could constrain b to 0.27 (0.28) and c to 2.2
(2.3) based on recent LHC analyses [9]. One of the significant advantages of a hadron machine
is its ability to measure rare Higgs decays with 1000 times the cross-section compared to e

+
e
�

colliders, making it a powerful tool for these rare processes, such as Z� decays as shown in
the table. Higgs-to-invisible measurements can provide insights into the Higgs width. The
precision at both hadron colliders and e

+
e
� machines is predicted to be at the sub-percent

level [10], with the former relying on a detailed understanding of the systematic uncertainties.
While other exotic decays of the Higgs have not been studied, the very large Higgs production
rate will likely lead to sub-percent sensitivities for the more challenging scenarios and even
lower for the cleaner scenarios.

Due to the large statistical sample of Higgs boson produced, hadron colliders also provide
precise measurements of di↵erential distributions. In particular, the Higgs boson can be studied
at high transverse momentum (pT ), which is a phase space that is sensitive to potential new
physics. This capability allows for more precise measurements with reduced backgrounds.
Di↵erential measurements provide an unprecedented kinematic reach and access to new physics
at higher energy scales. Many Higgs measurements will be limited by theoretical uncertainties
after the HL-LHC. Therefore, any successful physics programs relies on advancements in theory
in addition to experimental improvements. To support this, the availability of a large number
of Higgs bosons allows di↵erential distributions to be measured, in particular at high pT , which
will also provide critical input for theory improvements.

3.2 Di-Higgs

The physics motivation to better understand the Higgs self-coupling is numerous and pro-
found. Investigating the self-coupling represents a unique opportunity to probe beyond the
Standard Model (BSM) physics, as many theories predict deviations from the SM value. It
is also crucial for investigating the electroweak phase transition, o↵ering an ultimate test of
the Higgs mechanism and its role in the stability of the electroweak vacuum. The precise
value of the self-coupling directly determines whether our universe exists in a metastable state,

4
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Higgs couplings: hadron-hadron machines
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Take the challenge!


• Pile-up of 1000, need precise timing information at 5ps


• Assumptions and caveats:


• Assume couplings like HZZ are measured at the 
per-mille level at FCCee


• Differential information is powerful but rarely used in 
comparisons


• Hadron colliders may have superior sensitivity to 
many energy-dependent operators - Current studies 
are insufficient to compare an FCChh-only option

Hyy precision:

0.3% FCChh, 1% FCCee, 2% LC2 Higgs and Electroweak Symmetry Breaking

Figure 1: Production rates of Higgs bosons at high pT , for various production channels at 100 TeV and
L = 30 ab�1.

the large top mass), will also be a statistically limited measurement at HL-LHC since it has to be derived
from the associated Higgs production with a tt̄ pair production rate, which is two orders of magnitude
smaller than gluon fusion production at the LHC. At the FCC-hh the ttH rate increases by factor 52 with
respect to the LHC, giving a total rate similar to gluon fusion production at the LHC (see Table 1).

Figure 1 shows the Higgs rates above a given pT threshold, for various production channels. It should
be noted that these rates remain above the level of one million up to pT ⇡ 1 TeV. Furthermore, for
pT(H) >1 TeV, the leading production channel becomes ttH, followed by vector boson fusion when
pT(H) >2 TeV. The huge statistics available at the FCC-hh (see Table 1) together with the large kin-
ematic range can be used to define cuts improving the signal-to-background ratios and the modelling or
experimental systematics (thereby “trading” statistics for low systematics). This will allow to improve
the measurements that are systematics limited at HL-LHC, such as H ! gg . The large rates at high
Higgs pT can also be exploited for constraining the branching ratio of Higgs decaying to invisible exotic
particles.

ggF VBF ttH VH

s(100TeV)(pb) 802 69 33 27
s(100TeV)/s(14TeV)(pb) 16 16 52 11
N(

p
s = 100 TeV, 30 ab�1) 25 ⇥109 2.5⇥109 109 7.5⇥108

Table 1: Upper row: Cross sections at
p

s = 100 TeV for the production of a SM Higgs boson in the
gluon fusion (ggF), vector boson fusion (VBF), top pair associated (ttH) and Higgs-strahlung
(VH) production modes. Middle row: Rate increase at 100 TeV relative to 14 TeV. Lower row:
Expected number of Higgs bosons produced with an integrated luminosity of 30 ab�1 [20].

4

CERN-2017-003-M



Invisible, 2nd generations, rare couplings

• Higgs to invisible limit of 0.02%


• Excellent sensitivity to rare decays 
and heavy final states


• Differential measurements of rare 
couplings (like H→μμ)
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Fig. 2: (a) Invariant mass spectrum of the Higgs di-muon candidate for signal and background at large
Higgs pT in the H ! µµ analysis [28]. (b) Differential measurement of the ratio B(H ! µµ)/B(H !

µµµµ) for different values of pT(H).

(a) (b)

Fig. 3: (a) Invariant mass spectrum of the Higgs di-photon candidate for signal and background at
large Higgs pT in the ttH(gg) analysis [29]. (b) Negative log-likelihood scan over the top Yukawa
coupling modifier t.

of magnitude improvements relative to the constraints obtained at the HL-LHC and FCC-ee and that
further improvements can arise through the use of ML techniques.

Finally, inspired by LHC results, a new study has been performed considering fitting the ratio of
VBF H!WW to VBS WW production rates [31]. Being proportional to 

4

W
/�H, this ratio promises

a large sensitivity to the HWW coupling. The expected precision in the VBF-to-VBS ratio is found to
be 2% for the FCC-hh baseline scenario at 84 TeV.

HIGH-Q2 EFT PROBES
The extended kinematic range accessible to FCC-hh for production of SM final states X at very
large momentum transfer Q (e.g. at large pT (X) or M (X)), provides unique indirect probes of high-
dimension EFT operators, inducing possible corrections of O(Q

2/L2) to the SM expectations. This
sensitivity to BSM effects is complementary to what can be achieved via the precision measurements
in the Higgs and EW sectors accessible at FCC-ee. Several examples have been worked out in the lit-
erature, both in the EW sector (see e.g. [32]) and in the top sector (see e.g. [33]). As input to the work
of the ESPPU Preparatory Group, a compilation of data for production at high-Q2 of t̄t, W+W� and

5
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ission 227

Uses H→μμμμ from FCCee 
to estimate cross section



Higgs couplings: electron-hadron

14

• Up to 50% improvement to HL-LHC 
Higgs couplings via better PDFs


• Strong near-term sensitivity to some 
Higgs coupling 


• HWW: 0.7% LHeC, 0.8% (0.3%) 
at FCCee 250 GeV (w/365 GeV) 


• First measurement of Hcc at 3%

Some physics highlights: Higgs physics
The LHeC is partially a 
Higgs Factory with several 
couplings significantly 
improved over HL-LHC 
expectations, and 
combines well with LEP3. 

• first time ever:
 kc

• greatly improved: 
  kb, kW, kZ

• significantly improved: 
  kt, kt, kg 

20

200k Higgses @ LHeC

Some physics highlights: Higgs physics
The LHeC is partially a 
Higgs Factory with several 
couplings significantly 
improved over HL-LHC 
expectations, and 
combines well with LEP3. 

• first time ever:
 kc

• greatly improved: 
  kb, kW, kZ

• significantly improved: 
  kt, kt, kg 

20

200k Higgses @ LHeC

Use electron to 
distinguish the NC 
process



Higgs couplings: muon colliders

• Effectively a vector boson collider


• % to %% precision on Higgs couplings. 
Difficulties measuring top-yukawa. No model-
independent determination of absolute 
couplings 


• Control of beam-induced-backgrounds 
needed (many studies include these already)


• Challenges are forward muon tagging and 
increasing acceptance while mitigating beam-
induced-backgrounds
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Muon Collider
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fit total

 Xb b →H 
 Xqq 

lν l qq 
 Xc c →H 

 

Fig. 2: Example of the dijet invariant mass fit for one of the pseudo-experiments used to extract the
H ! bb̄ yield and uncertainty. Pseudo-data are obtained assuming µ

+
µ
� collisions at 10 TeV and

L = 10 ab�1. In the legend, X stands for both ⌫`⌫̄` and ``. For this plot, the detailed detector simulation
has been used, while jet identification efficiencies are taken as event weights from previous studies with
machine-induced backgrounds, as explained in the text.

tagging algorithm is chosen in order to have b-jet efficiencies around 55% and c-jet and light jet mis-tag
rates around 20% and 1%, respectively.

The generation cross sections, the selection efficiencies, the jet identification efficiencies, and
the expected number of observed signal and background events are reported in Tab. 1. The considered
background processes are those that give a significant contribution to the data sample. As an example,
it has been verified that the H ! gg process is negligible since light jets are strongly suppressed. After
the event-selection requirements, about 350k H ! bb̄ signal events are expected. The main source of
background is the µ+

µ
�
! qq̄⌫⌫̄ process, with about 340k events expected. In this background process,

most of the qq̄ pairs are produced through a Z boson resonance: in order to distinguish it from the Higgs
signal, it is crucial to have an adequate jet energy resolution.

A fit to the dijet invariant mass distribution is performed to extract the Higgs signal yield. First, the
dijet invariant mass model is determined by considering the signal and background process distributions
and their expected yields. The distributions are fitted with double Gaussian probability density functions
that are included in the model. Pseudo-experiments are extracted from this model. Then, an unbinned
maximum likelihood fit is performed to the pseudo-experiment dijet mass distribution, with the H ! bb̄

and qq̄⌫⌫̄ yields as free parameters. The other background yields are fixed to the expectation. An
example of a fit result is shown in Fig. 2. It can be seen that an overlap exists between the H ! bb̄

and Z boson mass distributions, however, the separation is good enough to statistically extract the signal
yield. As explained in Ref. [7], the jet energy resolution is expected to improve as further advancements
in detector reconstruction will be implemented.

A number of 1000 pseudo-experiments are performed, and a fit to each pseudo-dataset is done.
The average uncertainty on the H ! bb̄ yield among the pseudo-experiments is taken as the expected
uncertainty.

The production cross section �(H ! bb̄) = �H B(H ! bb̄) is given by NS/(✏L), where NS

is the number of selected signal events, ✏ is the total signal selection efficiency, and L is the integrated
luminosity. Assuming that the uncertainties on the selection efficiency and the integrated luminosity
are negligible, the relative statistical uncertainty on the H ! bb̄ production cross section is directly

3
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Top quark has connections everywhere

Largest coupling to the Higgs
Input for vacuum stability, EW baryogensis

• In top physics, HL-LHC has defi


• e+e- scans around the top threshold yield excellent mass/width precision

• HL-LHC: 200 MeV, FCC-ee: 6 MeV, Linear collider: 20-40 MeV



Top physics at threshold and beyond
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left-handed P (e+, e−) = (+30%,−80%) beam polarization is assumed. The bands’ thickness covers
QCD renormalization scale variation between mt/2 and 2mt.

−CV
lq

+CA
lq

−CV
eq

−CA
eq

+CR
uA

+CR
uZ

−CV
ϕq

+CA
ϕq

√
s [GeV]

1

σ

∂σ

∂Ci

∣∣∣∣
Ci=0, ∀i

≡ Sσ
i

e+e− → t t̄, LO

P (e+, e−) = (+30%,−80%)

380 500 1000 1400 3000
10−3

10−2

10−1

100

101

102
−CA

eq

−CV
eq

+CA
lq

−CV
lq

+CR
uA

−CR
uZ

+CA
ϕq

+CV
ϕq

√
s [GeV]

1

σFB

∂σFB

∂Ci

∣∣∣∣
Ci=0, ∀i

≡ SσFB

i

e+e− → t t̄, LO

P (e+, e−) = (−30%,+80%)

380 500 1000 1400 3000
10−3

10−2

10−1

100

101

102

Figure 5. Sensitivity of the total (left) and forward-backward (right) e+e− → t t̄ cross sections
to various operator coefficients, as a function of the centre-of-mass energy, for a mostly left-handed
(left) and right-handed (right) electron beam polarization. The dashed black line indicates the
slope of a sensitivity scaling as the centre-of-mass energy squared.

amplitudes of identical top-quark helicities however requires a flip of chirality along the

quark line, and thus a top-quark mass insertion.3 The resulting linear effective-field-theory

contributions therefore scale with energy exactly as the standard-model cross section and

the sensitivity tends to a constant. As will be discussed below, a sensitivity to the dipole

operators that grows with energy can be recovered through the interference of different

helicity amplitudes once the angular distributions of the top-quark decay products are

considered. The sensitivity of the cross section to four-fermion operator coefficients CV
lq ,

CA
lq , C

V
eq, C

A
eq shows the naive s/Λ

2 increase with energy expected from dimensional analysis

(see dashed black line). The constraints on those operators therefore highly benefits from

increased centre-of-mass energies.

3It is formally seen that none of the individual helicity amplitude squared provided in eq. (4) of ref. [7]

leads to a Re{F∗
1V,1AF2V } term proportional to γ ≡

√
s/2mt.
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• Lepton colliders vs. hadron colliders have 
complementary sensitivity to top operators


• i.e. 2-lepton+2-quark operators vs. 4-quark 
operators


• A large energy lever arm (i.e. LC at 550 GeV and 
beyond) breaks degeneracies between 
operators


• Runs with two beam polarization effectively 
doubles the number of observables and further 
breaks degeneracies


• Breaking degeneracies via differential 
observables has not been fully explored

17

Durieux, Perello, Vos, Zhang, JHEP 10 (2018) 168 



DRAFT

6 MODIFICATIONS OF RUNNING SCENARIOS IN CASE OF NEW PHYSICS

in the important top Yukawa coupling parameter motivates serious consideration of extending
the upper center-of-mass reach of the nominally 500 GeV ILC to about 550 GeV.

On the other hand it should be noted that for
p

s < 500 GeV the cross-section drops quickly.
For

p
s = 485 GeV, a reduction of 3% in

p
s, the uncertainty of the top Yukawa would be twice

as large as at
p

s = 500 GeV. Thus reaching at least
p

s = 500 GeV is essential to be able to
perform a meaningful measurement of the top Yukawa coupling.

Figure 20: Relative cross section and top Yukawa coupling precision versus centre-of-mass
energy, extrapolated based on scaling of signal and main background cross-sections.

6 Modifications of Running Scenarios in Case of New Physics

The above running scenarios have been derived based on the particles we know today. However
there are many good reasons to expect discoveries of new phenomena at the LHC or the ILC
itself. Obviously, such a discovery would lead to modifications of the proposed running scenar-
ios. Since the possibilities are manifold, we outline here the basic techniques which exploit the
tunability of centre-of-mass energy and beam helicities at the ILC in order to characterize new
particles. In practice, the inital run at

p
s = 500 GeV would serve as a scouting run. Careful

analysis of these data will then give some first information, which would guide the optimisation
of the running program for the following years.

Threshold Scans

As in the case of the top quark or the W boson, threshold scans are also important tools for
a precise determination of the masses of new particles. This has been studied in the literature

28

Top physics at threshold and beyond

• Top Yukawa 


• At lepton colliders, ttH production opens at energies 
above 480 GeV


• At hadron machines, ratios like ttH and ttZ cancel theory 
uncertainties, assumes ttZ coupling known to 1% from 
FCCee (top run)


• LHeC: can provide a series of top precision measurements, 
i.e. Wtb coupling 

Challenges 

• Electron/positron collider: stats limited. Implies small selection and 
reconstruction biases, small background uncertainties, etc. Selection 
efficiency close to 10%


• More fundamental advancements in theory techniques and tools needed

1506.07830
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Region with strong first-order 
phase transition

HL-LHC expected Higgs self-
coupling uncertainties

Higgs Self-Coupling
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Di-Higgs Production in  @ μ+μ− s = 10 TeV
• Benefit from clean selection of -jets and use channel 

with highest BR: precision on , 
statistically limited 

• Using kinematic observables of the two Higgs systems 
allows to select events that are sensitive to the self-
coupling 

b
σ(ννbb̄bb̄) ≈ 6 %

λ
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Input 184

Probing Higgs Self Coupling
FCC-ee: The Lepton Collider 307
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Fig. 1.11. Left, from reference [61]: sample Feynman diagrams illustrating the e↵ects of
the Higgs trilinear self-coupling on single Higgs process at next-to-leading order. Right:
FCC-ee precision in the simultaneous determination of the Higgs trilinear self-coupling and
the HZZ/HWW coupling, at 240GeV (black ellipse), 350GeV (purpled dashed), 365 GeV
(green dashed), and by combining data at 240 and 350 GeV (purple ellipse), and at 240,
350, and 365GeV (green ellipse).

determining its possible relevance for baryogenesis. Sizeable deviations in the Higgs
self-couplings are expected in several BSM scenarios, including for instance Higgs
portal models or theories with Higgs compositeness. They however remain intan-
gible at the LHC: at present, the trilinear Higgs coupling is loosely constrained at
the O(10) level, and the HL-LHC program will only test it with an O(1) accu-
racy. The prospects for extracting the quadrilinear Higgs self-coupling are even less
promising.

At the energy frontier, only the FCC-hh has the potential to reach a precision of
the order of ±5% in the determination of the trilinear Higgs coupling, in combination
with the precise Higgs decay branching ratio and top-quark electroweak coupling
measurements from the FCC-ee. The highest-energy e+e� colliders (beyond 1 TeV)
are limited to a precision of about ±10�15% [53,57], and so is the high-energy
upgrade of the LHC [58]. At lower energies (15 years at 250 GeV and 12 years at
500 GeV), the ILC would reach a 3� sensitivity to the trilinear Higgs coupling [59],
corresponding to a precision of about ±30%. With the large luminosity delivered
at 240 and 365 GeV, however, the FCC-ee has privileged sensitivity to the trilinear
coupling by measuring its centre-of-mass-energy-dependent e↵ects at the quantum
level on single Higgs observables [60], such as the HZ and the ⌫⌫ H production cross
sections, representative diagrams of which are displayed in Figure 1.11 (left). Robust
and model-independent bounds can be obtained [61,62] through a global (Higgs and
EW) fit that includes the Higgs self-coupling � and the coupling to SM gauge
bosons cZ. When all centre-of-mass energies are included in the fit, a precision of
±42% can be achieved on � (Fig. 1.11, right), reduced to ±34% in combination with
HL-LHC, and to ±12% when only � is allowed to vary. No meaningful constraint
is obtained on � with only a single centre-of-mass energy. The FCC-ee precision
EW measurements at lower energies (Sect. 1.2) are equally important to fix extra
parameters that would otherwise enter the global Higgs fit and open flat directions
that cannot be resolved.

Below Higgs pair threshold  
via single Higgs Above Higgs pair threshold via HH 
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs produc-
tion at hadron (left) and lepton (right) colliders. Extracting the value of the Higgs self-coupling,
in red, requires a knowledge of the other Higgs couplings that also contribute to the same process.
See table 18 for the SM rates. At lepton colliders, double Higgs production can also occur via
vector boson fusion with neutral currents but the rate is about ten times smaller. The contribu-
tion proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off
at high energy. Therefore, the kinematic region close to threshold is more sensitive to the Higgs
self-coupling.

Figure 10. Double Higgs production at hadron (left) [65] and lepton (right) [66] colliders as
a function of the modified Higgs cubic self-coupling. See table 18 for the SM rates. At lepton
colliders, the production cross sections do depend on the polarisation but this dependence drops
out in the ratios to the SM rates (beam spectrum and QED ISR effects have been included).

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to

be measured with an accuracy below 1%, but this is expected to be achieved by e+e− Higgs

factories at 240/250GeV. However, one needs to be able to disentangle a variation due to

a modified Higgs self-interaction from variations due to another deformation of the SM.

This cannot always be done relying only on inclusive measurements [73, 74] and it calls

for detailed studies of kinematical distributions with an accurate estimate of the relevant

uncertainties [75]. Inclusive rate measurements performed at two different energies also

help lifting the degeneracy among the different Higgs coupling deviations (see for instance

the κ3 sensitivities reported in table 12 for FCC-ee240 vs FCC-ee365; it is the combination
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See table 18 for the SM rates. At lepton colliders, double Higgs production can also occur via
vector boson fusion with neutral currents but the rate is about ten times smaller. The contribu-
tion proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off
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a function of the modified Higgs cubic self-coupling. See table 18 for the SM rates. At lepton
colliders, the production cross sections do depend on the polarisation but this dependence drops
out in the ratios to the SM rates (beam spectrum and QED ISR effects have been included).

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to

be measured with an accuracy below 1%, but this is expected to be achieved by e+e− Higgs

factories at 240/250GeV. However, one needs to be able to disentangle a variation due to

a modified Higgs self-interaction from variations due to another deformation of the SM.

This cannot always be done relying only on inclusive measurements [73, 74] and it calls

for detailed studies of kinematical distributions with an accurate estimate of the relevant

uncertainties [75]. Inclusive rate measurements performed at two different energies also

help lifting the degeneracy among the different Higgs coupling deviations (see for instance

the κ3 sensitivities reported in table 12 for FCC-ee240 vs FCC-ee365; it is the combination
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Figure 10. Double Higgs production at hadron (left) [65] and lepton (right) [66] colliders as
a function of the modified Higgs cubic self-coupling. See table 18 for the SM rates. At lepton
colliders, the production cross sections do depend on the polarisation but this dependence drops
out in the ratios to the SM rates (beam spectrum and QED ISR effects have been included).

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to

be measured with an accuracy below 1%, but this is expected to be achieved by e+e− Higgs

factories at 240/250GeV. However, one needs to be able to disentangle a variation due to

a modified Higgs self-interaction from variations due to another deformation of the SM.

This cannot always be done relying only on inclusive measurements [73, 74] and it calls

for detailed studies of kinematical distributions with an accurate estimate of the relevant

uncertainties [75]. Inclusive rate measurements performed at two different energies also

help lifting the degeneracy among the different Higgs coupling deviations (see for instance

the κ3 sensitivities reported in table 12 for FCC-ee240 vs FCC-ee365; it is the combination
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HL-LHC, FCChh

LC at 550 GeV+

Muon collider



• Size of the modification goes like


• To be competitive, ZH cross section needs to be 
measured with an accuracy below 1%


• Need to disentangle deviations from other possible 
contributions. Different center-of-mass energies 
helps

Higgs Self Coupling: electron-positron colliders

HL-LHC: 27%

FCCee+HL-LHC: ~15%


LC (at 550 GeV): 11-18%
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dominated by gluon fusion, gg → HH, or at lepton colliders via double Higgs-strahlung,

e+e− → ZHH, particularly relevant at low energies, or via vector boson fusion (VBF),

e+e− → HHνeν̄e, more important at centre-of-mass energies of 1TeV and above. At

leading order, double Higgs production receives a contribution proportional to the cubic

coupling, for both pp and e+e− collisions, as shown in figure 9. Figure 10 shows the de-

pendence of the inclusive double Higgs production cross section when the value of the

Higgs cubic coupling is varied, assuming no other deviation from the SM. Gluon fusion

production at a hadron collider has been computed within the SM at NNLO accuracy in

the infinite top mass limit [58–61] and at NLO with the full top mass dependence [62–64],

leading to a prediction whose theoretical and parametric uncertainties are of the order of

a few percent.

For the LHC at 14TeV, the cross section is predicted to be 36.69+2.1%
−4.9% fb, about three

orders of magnitude smaller than the single Higgs production, which makes the double

Higgs channel a challenging process to observe. The most up-to-date analysis relies on the

combination of the bb̄γγ and bb̄ττ decay channels to reach almost 5 standard deviation

evidence for double Higgs production at HL-LHC (see table 55 and figure 65 of ref. [13]),

which can be translated into a 68% CL bound of order 50% on the deviation of the Higgs

cubic coupling relative to the SM prediction. Note that the mapping of the inclusive gg →
HH cross section onto a value of the Higgs cubic self-coupling is not unique: for instance,

at 14TeV LHC, a value of the cross section equal to the SM prediction corresponds either

to κ3 = 1 or to κ3 ≈ 6.2. This ambiguity can however be resolved by analysing the shape

of the invariant mass distribution of the reconstructed two Higgs boson system: the larger

the value of κ3, the closer to threshold the mHH distribution is peaked. This kinematic

information is a crucial element of Boosted Decision Trees (BDT) based analysis performed

at HL-LHC. However the BDT and the final selection cuts are often devised to optimise

the significance of the SM cross section for double Higgs production and therefore it is not

necessarily optimised for the determination of the Higgs self-coupling directly, leaving room

for possible improvement towards an even higher sensitivity. At lepton colliders, double

Higgs-strahlung, e+e− → ZHH, gives stronger constraints on positive deviations (κ3 > 1),

while VBF is better in constraining negative deviations, (κ3 < 1). While at HL-LHC,

values of κ3 > 1, as expected in models of strong first order phase transition, result in a

smaller double-Higgs production cross section due to the destructive interference, at lepton

colliders for the ZHH process they actually result in a larger cross section, and hence into

an increased precision. For instance at ILC500, the sensitivity around the SM value is 27%

but it would reach 18% around κ3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs pro-

cesses [67–69] and even the electroweak precision observables [70–72]. Since the experimen-

tal sensitivities for these observables are better than for double Higgs production, one can

devise alternative ways to assess the value of the Higgs self-interactions. For a 240GeV lep-

ton collider, the change of the ZH production cross section at NLO induced by a deviation

of the Higgs cubic coupling amounts to

σNLO
ZH ≈ σNLO,SM

ZH (1 + 0.014 δκ3). (4.3)
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• Major challenges are jet assignment, jet 
energy resolution and flavour tagging 


• HH total production xsec sensitive to BSM 
besides the triple coupling. More 
observables are needed to disentangle


• Expected uncertainty on σ(ννHH) ≈ 22 % 
CLIC 1.5 TeV.  Note: these have not been 
updated to include modern taggers, etc. 

Challenges below threshold Challenges above threshold

  Uncertainty on λ at the SM value        




Med purity
High
purity

Not considered

(a) (b)

(c) (d)

Fig. 1: Examples of distributions and results of the updated bbggHiggs self-coupling analysis [24]: (a)
Distribution of the Deep Neural Network (DNN) score for signal and background events, indicating the
categorisation into medium and high purity analysis regions (b) Distributions of the invariant mass of
the di-photon system in the high purity category, and (c) likelihood scans for � for different systematic
scenarios, (d) � precision as a function of center-of-mass energy and di-jet mass resolution.

based on the value of mbb. Figure 1b shows the distribution of the invariant mass of the di-photon
system in the high purity region, m�� , which displays a resonant peak from the signal processes, and
a large non-resonant background. The final result is then extracted from a profile likelihood fit on the
m�� distributions. Figure 1c shows the negative log-likelihood (NLL) as function of � at 84 TeV,
employing a realistic detector scenario along with two different systematic assumptions: 1% uncer-
tainties for photon efficiency, b-tagging efficiency, luminosity and signal cross section (labelled Syst.
1), and 2% uncertainties for photon efficiency, b-tagging efficiency, luminosity (labelled Syst. 2). The
expected statistical uncertainty on � is 3.5%. With systematic assumptions Syst. 1(2), the expected
precision is 4.6% (5.2%). The expected precisions obtained for different center-of-mass energies are
reported later in Tab. 3 in the section on non-baseline collider scenarios and in Figure 1d. Figure 1d
also illustrates how the expected precision on � varies as a function of center-of-mass energy and the
di-b-jet mass resolution. Improving the di-b-jet mass resolution through detector design and advanced
analysis techniques, such as a ML-based mass regression, could dramatically improve the precision of
the self-coupling at the FCC-hh.

For the bbtt channel the updated feasibility studies considered both the fully hadronic and the
lepton-hadron decay modes of the taus, leveraging advanced Graph Neural Network (GNN) tech-
niques for event classification [25]. This technique significantly improves the signal-to-background
discrimination. At 84 TeV, preliminary results yield a significance around 30 for the fully hadronic

3

Higgs Self Coupling: Hadrons and Muons

Ultimate precision of 3-5% with 30ab-1

22

Submission 227

• Similar final states to hadron machines - 
without pile-up and QCD backgrounds

Precision of <5% at 10 TeV

Fig. 4: Feynman tree-level diagrams representing the major contributions to the double-Higgs production
at a

p
s = 10 TeV Muon Collider. The first diagram on the left represents the process directly related to

the trilinear Higgs self-coupling.

in the presence of a machine-induced background have already been optimized, demonstrating excellent
performance [7]. Including the electron channel in the analysis will significantly enhance the sensitivity.
Not least, background samples with higher statistics would enable a more refined and powerful analysis.

3.3 HH ! bb̄bb̄ cross section

The HH production cross section at a
p
s = 10 TeV muon collider, of the order of a few femtobarns,

ensures the largest double Higgs boson sample with low physics background contributions in the shortest
data-taking period compared to other proposed facilities. This opens up the possibility of a precise deter-
mination of the Higgs potential through the measurement of the trilinear self-coupling. Fig. 4 illustrates
the tree-level Feynman diagrams contributing to the HH production cross section with the first on the
left related to the trilinear coupling.

In this report, the HH production is studied using the H ! bb̄ decay for both Higgs bosons
since this final state exhibits the highest branching ratio, and the channel with four b quarks provides the
highest statistics. In the analysis, at least four jets, reconstructed with the procedure presented in Ref. [7],
are required in the event with pT > 20 GeV. The b-jet identification efficiencies and the misidentification
rates for c and light-quark jets, presented in Ref. [7], have been applied to the reconstructed jets as a
function of jet pT and jet ⌘ and taking into account the flavor composition of the final state, as done
for the H ! bb̄ analysis presented in Sec. 3.1. At least two jets are required to be tagged in the event.
To reconstruct the HH events, all possible two-jet combinations are formed, in which at least one jet is
requested to be identified as a b-jet. The two Higgs boson candidates are then built from the two jet pairs
whose invariant masses m12 and m34 minimize the figure of merit:

F =
q

(m12 �mH)2 + (m34 �mH)2 , (3)

where mH is the nominal Higgs boson mass. The main physics background contribution comes from
processes with four heavy-quark jets in the final state, µ+

µ
�
! qhq̄hqhq̄h(⌫`⌫̄`, ``) (qh = b or c), which

comprise multiple intermediate electroweak gauge bosons. Another important source of background
is the process µ

+
µ
�

! Hqhq̄h(⌫`⌫̄`, ``) ! bb̄qhq̄h(⌫`⌫̄`, ``) where the HHH vertex is not present.
A summary table presenting the considered signal and background processes, along with their cross
sections and expected event yields, is provided in Tab. 3, where ✏ takes into account both the preselection
and tagging efficiencies.

A Multilayer Perceptron (MLP) [18] has been trained by using nine kinematical observables to
separate the signal events from the physics backgrounds µ+

µ
�
! qhq̄hqhq̄h(⌫`⌫̄`, ``):

– the invariant masses of the jet pairs with the highest (leading candidate) and the lowest (sub-leading
candidate) transverse momentum;
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More particles with weak couplings?

SM parameters are related to each other via loops: 
sensitive test of new physics

Also inputs to other observables: 
precise knowledge needed for 

meaningful interpretation 

Loop suppression of 
~ 1/16π2 

(a) Higgs self-energy (b) e+e� ! ZH (c) Z-pole oblique params.

Figure 2: New physics a↵ecting the Higgs self-energy in (a), contributing to Higgs observ-

ables at LO in (b), and Z-pole observables at NLO in (c). Red squares indicate SMEFT

contributions to the Higgs propagator.

(a) Higgs self-coupling (b) e+e� ! ZH (c) Z-pole oblique params.

Figure 3: New physics a↵ecting the Higgs self-coupling in (a), contributing to Higgs

observables at NLO in (b), and Z-pole observables at NNLO in (c). Red squares indicate

SMEFT contributions to the vertex.

where Qi are dimension-6 operators and Ci are the dimensionless Wilson coe�cients gen-

erated by heavy new physics at a scale ⇤. We will take ⇤ = 1 TeV unless otherwise stated.

It will be convenient to use the SILH basis [23, 24] to characterise pure gauge operators,

for which we adopt the following notation for the Wilson coe�cients and operators,

LSMEFT �

X

i

Si

⇤2
O

SILH

i . (3.2)

For more concise expressions we will sometimes employ dimensionful Wilson coe�cients

defined as Ci ⌘ Ci/⇤2 and Si ⌘ Si/⇤2.

The SMEFT language provides a systematic way of exploring modifications from heavy

BSM physics that are correlated across di↵erent measurements at various energies (for

some recent global fits, see e.g. Refs. [5, 29, 33–40]). Our approach is to focus on o↵-pole

operators that enter the Z-pole at one higher loop order, as well as energy-enhanced o↵-

pole operators that also enter at the Z-pole. We begin by illustrating our point with Higgs

sector modifications before considering pure gauge operators and then summarising recent

four-fermion results.

3.1 Higgs coupling modifications

A Higgs factory will be sensitive at leading order to new physics modifying the Higgs self-

energy in the process e+e� ! ZH, as illustrated by the propagator correction in Fig. 2;

we also see in Fig. 2 that it necessarily also enters at NLO in the oblique parameters on

the Z pole. Similarly, Fig. 3 shows that a vertex correction to the Higgs self-coupling will

– 7 –

Maura, Stefanek, You, arXiv:2412.14241



EW Precision measurements: electron-positron colliders

• At Z-pole


• Z mass, width, alpha (circular only), 
sigma_had


• Leptonic/hadronic asymmetries


• Partial widths and universality tests


• At WW threshold or above: 


• W mass, width, branching ratios


• Muon colliders probe EW but via VV scattering

Left-right asymmetry for LCs (beam polarisation)

• Direct sensitivity to Zee chiral coupling asymmetry.  
Chiral observables (asymmetries) are measured better 
at LCs by P/Ae ~ 6 for a given luminosity


• Polarisation via tau decays can also be used by both

Available to circular and linear
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Dominant uncertainties

• For the most part, systematics 
dominated


• Most of the systematics are limited 
by the statistics of the calibrations 
samples


• i.e. sample size used to determine 
the luminosity


• More fundamental advancements in 
theory techniques and tools needed
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Figure 1. Left: total parametric uncertainty in the SM prediction of mW as a function of the
input uncertainty in mt, for two di↵erent assumptions on ↵EM (solid and dashed curves). The solid
diagonal line represents the contribution from mt alone. The horizontal line represents the expected
experimental precision in mW at FCC-ee, while the vertical line indicates the expected precision
in mt after HL-LHC. Uncertainties in ↵S(m2

Z
) (10�4), ↵EM (3 · 10�5 baseline, 10�5 improved [21]),

mZ (1 keV), and mH (3MeV) according to recent projections for FCC-ee are assumed. Right:
Comparison of indirect determination of mt and mW from the fit to EWPO (elliptical contours)
and the projected precision from direct measurements (bands). We show in grey the projections for
the HL-LHC, while in blue we show the FCC-ee ones. These results include the projected future
intrinsic theory uncertainties in EWPO. The FCC-ee results in a scenario where theory calculations
are improved so that these uncertainties become subdominant is shown in the (small) yellow ellipse.
See Appendix A for details.

30MeV becomes necessary to match the experimental precision in mW. The impact of the

intrinsic theoretical uncertainties of the electroweak precision fit is not considered in this

result, but their e↵ect is shown in Figure 1 (right).

In this paper, we revisit the potential of a tt threshold scan by performing a full

analysis including FCC-ee simulated events and a phenomenological study using N3LO

theory predictions. For this purpose, we consider a tt threshold scan at FCC-ee with a

total integrated luminosity of 410 fb�1 [22]. In Section 2 we present a full demonstration of

a cross section measurement using simulated events, including background simulation and

experimental systematic uncertainties. These results are then used in Section 3 to derive

projections for the uncertainties on the top quark mass (mt) and width (�t), including

estimates for experimental, machine-related, parametric, and theoretical uncertainties, by

performing a phenomenological analysis of the tt threshold scan. We then investigate the

dependence of the results on the assumptions on the systematic uncertainties (Section 4)

and we explore the possibility of a determination of the top Yukawa coupling above the tt

production threshold in Section 5. The baseline scenario for this dedicated run assumes

an integrated luminosity of 2.65 ab�1 at
p
s = 365GeV. Finally, in Section 7 we compare

– 3 –

The W mass (and the Top mass)
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HL-LHC: 3-5 MeV

FCC-ee: 0.2 MeV 


Linear collider: 1.5 MeV

LEP3: 1 MeV


LHeC+HL-LHC: 2-3 MeV

• W mass analysis methodology varies 
depending on the data sample

Defranchis, de Blas, Mehta, Selvaggi, Vos

https://arxiv.org/pdf/2503.18713



FCCee

TeraZ run for precision EW

Possible 1st generation couplings

Best precision on Higgs couplings 
of all e+e- options

% to %% level precision on Higgs 
couplings (except top), stats limited

Energies up to top threshold

High luminosity

%% level precision on Higgs
   w/FCCee, ttH production

Access to rare decays and high pT 
distributions with strong BSM 
potential

% level precision on Higgs 
self-coupling
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Combined precision top results

FCChh

Easy transition between Z, WW, ZH

Di-boson measurements at 
high energy



LC 250 GeV, CLIC 380 GeV

x3 ZH (x1000 Z-pole) less luminosity

550 GeV and 1+ TeV

Polarisation enhances sensitivity

Less precision on Higgs couplings

Less precision on EW observables 

Access to top with CLIC 380 GeV

Access to direct HH and ttH      
     production 

Excellent top progam with large 
energy span and polarisation

No hadron option

Di-boson measurements at     
  high energy
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FCChh 
• Large luminosities and energy reach

• Excellent self-coupling sensitivity

• Sensitivity to top operators, differential 

distributions, di-bosons

• Reduced or no e+e- could affect Higgs results

• Insufficient inputs to compare its full sensitivity 

on its own


Muon collider 
• Energy reach w/clean final states

• %% level precision on Higgs couplings

• Probes EW physics via high-energy 

processes (i.e. VV): difficult to compare at 
the measurement level

LHeC 
• Improved PDFs and strong coupling

• Excellent Higgs coupling on Hcc, Hbb, HWW

• Interesting top physics (i.e. via single top 

production)

• Competitive near-term W mass determination

LEP 3  
• x4 less luminosity compared to FCCee

• Short-term energy changes w/reduced lumi

• Precision Higgs couplings, worse w.r.t. FCCee

• Systematics increase for EW measurements

• No high energy run


• Impacts Higgs width via lack of VBF H

• No top program
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Breaking electroweak symmetry

Matter -Antimatter asymmetry

Composite Higgs?

Establish the Higgs mechanism

Additional particles?

Evolution of the cosmos

Origin of flavour

Stability of the Universe

Additional phenomenon?

The physics we are after What we need to get there

Precision           Energy

Precision           Breadth

Precision           Flexibility

• Source of new physics is unknown

• Ultimately a BSM-specific question
• Innovation in detectors and theory 

needed to match data statistics

• Precise single measurements vs 
a broader set

• What will the HL-LHC and future 
physics bring? How adaptable are 
these programs?



Extras
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