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 feasibility ➜ maturity ➜ technical risk

 innovation

 construction/operation costs (vs constraints from funding agencies)


 power consumption /carbon footprint

 start-up time

 total operation time (staging, expandibility)

 location  vs  infrastructures  vs  politics  (global context !)

 HEP community support (both regional and international)

 fraction of present HEP community involved

assessing  a  future  accelerator  facility  project 

is by now a  multi-dimensional  task !
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  plus (of course) the Physics Case  (direct and indirect reach)

    on which we focus in this talk

LHC has largely proved that... 
just compare the expectations of initial LHC exps TDRs with what  
has actually been reached...  the impossible became possible... 
even more to come for HL-LHC  ! 

        ➜➜➜  a recent example of  previously  unthinkable  LHC  potential ➜➜➜                                           

CAVEAT !

today we can give just a tentative picture of what could be the actual 

potential of a project that will be realized in ~ 20 years (or more)
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Fig. 5 Projected contours indicating the 1σ and 2σ bounds in the κ3–κ4 plane from the 5b (left) and the 3b2τ (right) analysis, including effects
from showering, hadronisation and reconstruction

Fig. 6 The left plot shows the projected contours indicating the 1σ and
2σ bounds in the κ3–κ4 plane obtained from a combination of the 5b
and 3b2τ channels under the assumption that there are no correlations.

The right plot shows the corresponding result where the backgrounds
for both channels are increased by 50%

existing experimental bounds on κ3 according to the correla-
tions between κ3 and κ4 that are present in the BSM scenarios
analysed above. Regarding the sensitivity to κ3 from triple
Higgs boson production at the HL-LHC, Fig. 6 shows that
the expected sensitivity in this channel at the HL-LHC is
weaker than the present experimental limits that have been
derived from di-Higgs production. Combining this indepen-
dent set of experimental information on κ3 with the exper-
imental results from di-Higgs production may nevertheless
turn out to be useful. While our analysis may be optimistic in
some respects (e.g. we neglect fake taus), on the other hand

we note that further developments of the triggers, tagging
and reconstruction algorithms of final states could result in
higher efficiencies than the values that we have adopted in
our analysis, enhancing the significance. The ability to dis-
criminate between jet flavours is highly important for H H H
studies (as well as H H studies) and could also allow exper-
iments to study fully hadronic final states where H decays
to W bosons. On the other hand, we note that even in the
case that the backgrounds are increased by 50%, the result-
ing constraints on κ3 and κ4 degrade only slightly, as shown
in Fig. 6 (right).

123

bounding the quartic Higgs coupling via triple Higgs production at the HL-LHC

2312.04646 (see also 2312.13562)Graph Neural Network

bounds significantly go beyond the  
constraints from perturbative unitarity 
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Outline

 HEP Theory : present status 

 Collider Experiments : main strategies


 a few great options for  "beyond HL-LHC"  Physics ! 

 FCC-ee, FCC-hh, Muon Colliders 

 extremely rich programme... 
                     just a few examples of physics potential... 

 much more in D. Buttazzo' and R. Franceschini' talks tomorrow     




 INFN  e  Strategia Europea,  6  May 2024Barbara Mele 6

our boundary condition  ➜  LHC [+ HL-LHC ]

will expand enormously in the high-luminosity phase (~2029 - ~2041)

impressive amount of results ! 
testing present knowledge of fundamental interactions 

in many many directions with unforeseen accuracy...
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our present Physics vision...

 WHERE DO WE STAND ?
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 SM works !

 [ THEORY + EXP’s ] 

nevertheless…

 huge amount of LHC data fits SM predictions at amazing level of accuracy !


 no real hint of BSM

 bounds on new heavy states predicted by many BSM models widely extended

 Simplest Versions of different BSM models look quite Fine-Tuned
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 two kinds of issues with the SM : 

 existence of “external” phenomena : 
 
 
 

 “internal” poor consistency :

great  (although quite foggy)  expectations  
for new BSM phenomena at colliders !

(quantum ?)

Gravity + empirical evidences :

mainly connected to the 
EWSB/Higgs sector

Dark Matter

Barion asymmetry

 neutrino masses

. . . 
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the only “fundamental” scalar particle (microscopic interpretation ?)


not protected by symmetries (the less constrained SM sector): 

 naturalness problem : mH ~ g × Λcutoff


many different couplings all fixed by masses (?)

proliferation of parameters historically leads to breakdown in TH models


fermion masses/Yukawa’s hierarchy (?)

have neutrinos a special role ?!!!


 λ determines shape and evolution of Higgs potential       cosmology ! 

what’s so challenging about the Higgs (TH)

Figure 40: The measured production cross section for e
+
e
� ! W

+
W

� compared to the SM and to
fictitious theories not including trilinear gauge couplings, as indicated

In order to obtain these result for the vertex the reader must duly take into account the

factor of -1/4 in front of F 2

µ⌫ in the lagrangian and the statistical factors which are equal

to 2 for each pair of identical particles (like W+W+ or ��, for example). The quartic

coupling, being quadratic in g, hence small, could not be directly tested so far.

3.5 The Higgs Sector

We now turn to the Higgs sector of the EW lagrangian [10]. Until recently this sim-

plest realization of the EW symmetry breaking was a pure conjecture. But on July ’12

the ATLAS and CMS Collaborations at the CERN LHC have announced [229, 230] the

discovery of a particle with mass mH ⇠ 126 GeV that very much looks like the long sought

Higgs particle. More precise measurements of its couplings and the proof that its spin is

zero are necessary before the identification with the SM Higgs boson can be completely

established. But the following description of the Higgs sector of the SM can now be read

with this striking development in mind.

The Higgs lagrangian is specified by the gauge principle and the requirement of renor-

malizability to be

LHiggs = (Dµ�)
†(Dµ�)� V (�†�)�  ̄L� R��  ̄R�

† L�
† , (264)

97

where � is a column vector including all Higgs fields; in general it transforms as a reducible

representation of the gauge group SU(2)L ⌦U(1). In the Minimal SM it is just a complex

doublet. The quantities � (which include all coupling constants) are matrices that make the

Yukawa couplings invariant under the Lorentz and gauge groups. The potential V (�†�),

symmetric under SU(2)L ⌦ U(1), contains, at most, quartic terms in � so that the theory

is renormalizable:

V (�†�) = �µ2�†�+
1

2
�(�†�)2 (265)

As discussed in Chapter 1, spontaneous symmetry breaking is induced if the minimum

of V, which is the classical analogue of the quantum mechanical vacuum state, is not a

single point but a whole orbit obtained for non-vanishing � values. Precisely, we denote

the vacuum expectation value (VEV) of �, i.e. the position of the minimum, by v (which

is a doublet):

h0|�(x)|0i = v =

✓
0

v

◆
6= 0 . (266)

The reader should be careful that, for economy of notation, the same symbol is used for

the doublet and for the only non zero component of the same doublet. The fermion mass

matrix is obtained from the Yukawa couplings by replacing �(x) by v:

M =  ̄L M R +  ̄RM† L , (267)

with

M = � · v . (268)

In the MSM, where all left fermions  L are doublets and all right fermions  R are singlets,

only Higgs doublets can contribute to fermion masses. There are enough free couplings in

� so that one single complex Higgs doublet is indeed su�cient to generate the most general

fermion mass matrix. It is important to observe that by a suitable change of basis we can

always make the matrix M Hermitian (so that the mass matrix is �5-free) and diagonal.

In fact, we can make separate unitary transformations on  L and  R according to

 0
L = U L,  0

R = W R (269)

and consequently

M ! M0 = U †MW . (270)

This transformation produces di↵erent e↵ects on mass terms and on the structure of the

fermion couplings in Lsymm, because both the kinetic terms and the couplings to gauge

bosons do not mix L and R spinors. The combined e↵ect of these unitary rotations leads to

the phenomenon of mixing and, generically, to flavour changing neutral currents (FCNC),

as we shall see in Sect. 3.6. If only one Higgs doublet is present, the change of basis that

makes M diagonal will at the same time diagonalize the fermion–Higgs Yukawa couplings.

Thus, in this case, no flavour-changing neutral Higgs vertices are present. This is not

true, in general, when there are several Higgs doublets. But one Higgs doublet for each

98

Note that the trilinear couplings are nominally of order g2, but the adimensional coupling

constant is actually of order g if we express the couplings in terms of the masses according

to Eqs.(278):

L[H,W,Z] = gmWW+

µ W�µH +
g2

4
W+

µ W�µH2 +

+
gmZ

2 cos2 ✓W
ZµZ

µH +
g2

8 cos2 ✓W
ZµZ

µH2 . (285)

Thus the trilinear couplings of the Higgs to the gauge bosons are also proportional to the

masses (at fixed g: if instead GF is kept fixed then, by Eq. 244, g is proportional to mW ,

and the Higgs couplings are quadratic in mW ). The quadrilinear couplings are of order g2.

Recall that to go from the lagrangian to the Feynman rules for the vertices the statistical

factors must be taken into account: for example, the Feynman rule for the ZZHH vertex

is igµ⌫g2/2 cos2 ✓W .

The generic coupling of H to a fermion of type f is given by (after diagonalization):

L[H,  ̄, ] =
gfp
2
 ̄ H, (286)

with
gfp
2
=

mfp
2v

= 21/4G1/2
F mf . (287)

The Higgs self couplings are obtained from the potential in Eq.(265) by the replacement

in Eq.(283). Given that, from the minimum condition:

v =

r
µ2

�
(288)

one obtains:

V = �µ2(v +
Hp
2
)2 +

µ2

2v2
(v +

Hp
2
)4 = �µ2v2

2
+ µ2H2 +

µ2

p
2v

H3 +
µ2

8v2
H4 (289)

The constant term can be omitted in our context. We see that the Higgs mass is positive

(compare with Eq.(265)) and is given by:

m2

H = 2µ2 = 2�v2 (290)

By recalling the value of v in Eq.(279), we see that formH ⇠ 126 GeV � is small, �/2 ⇠ 0.13

(note that �/2 is the coe�cient of �4 in Eq.(265), and the Higgs self interaction is in the

perturbative domain.

The di�culty of the Higgs search is due to the fact that it is heavy and coupled in

proportion to mass: it is a heavy particle that must be radiated by another heavy particle.

So a lot of phase space and of luminosity are needed. At LEP2 the main process for

Higgs production was the Higgs-strahlung process e+e� ! ZH shown in Fig. 3.5 [231].

101

➜
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what’s so challenging about the Higgs (EXP)

 very difficult experimental studies in general !!!

tiny x-sections in direct production from light states   
➜	must excite heavy states (t,W,Z) radiating Higgs  
➜ small cross sections ➜ harsh separation from backgrounds  
 
 
 
 
 

 the measured (and unpredicted) mH value comes as a bonus, 
since it opens many explorable decay channels  
(with relatively unsuppressed production x-sections)
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presently four main strategies  

to  advance  in  HEP at colliders    
                           

how  to  proceed  beyond HL-LHC ?   
➜➜➜ colliders are still by far  

the most powerful instrument we know to  
probe physics at smaller length scales...
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four paths to advance in HEP at colliders:
 by exploring the characteristics of the Higgs sector and confirming/spoiling the 

SM picture  (primary relevance since the Higgs sector is so critical !)


 by searching for new heavy states coupled to the SM, [acting as a cut-off for the 

SM, possibly solving the naturalness issues and/or non-SM phenomena (dark matter, …)]                                                                                      

[searched for but not yet found at LHC in minimal version !]


 by looking for new “DARK” states (i.e., uncoupled to SM at tree level)  

 either in production or/and heavy-state (H,top...) decays   

 (elusive signatures, may be long-lived p.les)


 by exploring  Λ >> o(1TeV)  indirect effects  through high-accuracy studies of  

SM x-sections/distributions and searches for rare processes (EFT parametrization)
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four paths to advance in HEP at colliders:

  at this stage, every single method is of fundamental  
importance to make progress !

  e+e- colliders can have great opportunities in all sectors 
             (cleanness [➜ model independence], accuracy…)

 quite general consensus on  e+e- Higgs factory as                    
next collider to build !

Higgs
new particles “Dark” signals

indirect effects
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precision  needed 
in Higgs measurements ? 
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BSM impact on Higgs couplings
 up to few percent for natural model  
 not showing up  by heavy states production at LHC

�g(hV V ) �g(htt) �g(hbb)
Composite Higgs 10% tens of % tens of %
Minimal Supersymmetry < 1% 3% tens of %
Mixed-in Singlet 6% 6% 6%

Table 2: Estimated maximum deviations of Higgs couplings to various SM states allowed
by three di↵erent scenarios of physics beyond the SM. The assumption is that no new
physics associated with electroweak symmetry breaking is found at the HL-LHC (3 ab�1 atp
s = 14TeV), and thus Higgs coupling measurements are the only potential signal for new

physics. Adapted from [36].

boson state is also composite. If this is true, it has the potential to explain the large
hierarchy between the Higgs mass and the Planck scale. A collection of some of the
simplest approaches along this line leads to potentially large deviations of Higgs boson
couplings to SM states compared to the expected measurement accuracies from the
ILC.

A di↵erent class of models makes use of supersymmetry. Supersymmetry posits a
symmetry between bosons and fermions that not only could explain the Higgs boson
mass with respect to the Planck mass, but it could also be the source of dark matter,
and it could be the key ingredient that enables the unification of forces at the high
scale [37]. The symmetry requirements of supersymmetry require the introduction of
two Higgs bosons – one that gives mass to up-type fermions and one that gives mass to
down-type fermions. The two Higgs doublets mix and leave one CP-even eigenstate
light, which is identified with the 125 GeV Higgs boson (h). It is straightforward
to derive that this light boson h has couplings identical to those of the SM Higgs
boson except for small deviations that are induced by mixings with the extra Higgs
states and loop corrections involving the superpartners and the heavy Higgs bosons.
These deviations of couplings can be well above 10% in the case of Higgs coupling
to b quarks, even if no superpartner is ever found at the LHC in all its planned
upgrade phases [36]. This is illustrated nicely by Fig. 8, where the authors scanned
over hundreds of thousands of MSSM supersymmetric points [38]. They showed that
many sets of parameters in the MSSM can never be found at the LHC but would be
easily discernible through precision measurements at the ILC.

A third class of models postulates additional scalar fields. After all, there are many
fermions, and there are many vector bosons. Multiple scalars are already required
within supersymmetry, where in addition to scalar superpartners we stated that two
Higgs bosons are required. But there are many more ideas of beyond the SM physics
that incorporate several scalar bosons but do not cause ill e↵ects elsewhere, by, for
example, inducing too large flavor changing neutral currents. These multi-Higgs
doublet models are classified as type I (in which one Higgs gives mass to fermions,
and the other does not), type II (in which one Higgs gives mass to up fermions only

23

Model bb cc gg WW ⌧⌧ ZZ �� µµ
1 MSSM [38] +4.8 -0.8 - 0.8 -0.2 +0.4 -0.5 +0.1 +0.3
2 Type II 2HD [39] +10.1 -0.2 -0.2 0.0 +9.8 0.0 +0.1 +9.8
3 Type X 2HD [39] -0.2 -0.2 -0.2 0.0 +7.8 0.0 0.0 +7.8
4 Type Y 2HD [39] +10.1 -0.2 -0.2 0.0 -0.2 0.0 0.1 -0.2
5 Composite Higgs [40] -6.4 -6.4 -6.4 -2.1 -6.4 -2.1 -2.1 -6.4
6 Little Higgs w. T-parity [41] 0.0 0.0 -6.1 -2.5 0.0 -2.5 -1.5 0.0
7 Little Higgs w. T-parity [42] -7.8 -4.6 -3.5 -1.5 -7.8 -1.5 -1.0 -7.8
8 Higgs-Radion [43] -1.5 - 1.5 +10. -1.5 -1.5 -1.5 -1.0 -1.5
9 Higgs Singlet [44] -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5

Table 3: Percent deviations from SM for Higgs boson couplings to SM states in various new
physics models. These model points are unlikely to be discoverable at 14 TeV LHC through
new particle searches even after the high luminosity era (3 ab�1 of integrated luminosity).
From [20].

and one to down fermions only), and type X and Y models (with more complicated
discrete symmetries that protect flavor observables) [39].

5.2 Comparisons of models to the ILC potential

All of these ideas lead to models with deviations from the SM expectations of the
couplings of the 125 GeV Higgs boson to SM states. Table 3 collects a set of models
of new physics based on the ideas described in the previous section and on several
additional ideas of interest to theorists. For each model, we chose a representative
parameter point for which the predicted new particles would be beyond the reach of
the 14 TeV LHC with the full projected data set. The deviations of Higgs couplings
from the SM expectations at these representative model points are listed in the Table.
(For details, see [20] as well as the papers cited in Table 3.) These examples illustrate
diverse possibilities for models with significant deviations of the Higgs couplings from
the SM expectation that would be allowed even if the LHC and other experiments are
not able to discover the corresponding new physics beyond the SM. We should make
clear that the quantitative statements to follow refer to these particular models at the
specific parameter points shown in the Table. Figure 9 shows graphically the ability
of ILC measurements to distinguish the Higgs boson couplings in the models in the
Table from the SM expectations and from the expectations of other models. Each
square shows relative goodness of fit for the two models in units of �. The top figure
is based on the covariance matrix from the 250 GeV stage of the ILC, corresponding
to the second column of Table 1. The bottom figure reflects the full ILC program with
500 GeV running, corresponding to the fourth column of Table 1. It is noteworthy
that, once it is known that the Higgs boson couplings deviate significantly from the

25

 different patterns of deviations from SM for different NP models 

arXiv:1710.07621 
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 in the SM : 
 
 

 direct exploration 
  needs HH                            or  HHH 
  in final states  
  (tiny x-sections)

 BSM : Max λ deviations   

  compatible with no  
  other BSM observation: 
                     few % to ~20%

 target for both TH and EXP accuracies !

 λ H3  coupling  most exposed to BSM !
λHHH

gg → HH

qq′ → HHqq′, qq̄′ → ZHH/WHH, qq̄, gg → t t̄HH
➪ more than 10 times smaller

Matthias Steinhauser — NLO and NNLO corrections to Higgs Boson Pair Production 4

Promising channels/strategies
Note: single-H: “pb” −→ double-H: “fb”

HH production possible with luminosity-upgraded LHC

gg → HH → bb̄γγ: ≈ 50 signal events for
∫

L = 3000 fb−1

[Baglio,Djouadi,Gröber,Mühlleitner,Quevillon,Spira’13]

similar results: [Baur,Plehn,Rainwater’04]

gg → HH → bb̄ττ : “promising”; gg → HH → bb̄WW ??
σ(gg→HH)
σ(gg→H) ➪ λ > 0 at 95% C.L. with 600 fb−1 [Goertz,Papaefstathiou,Yang,Zurita’13]

gg → HH → bb̄γγ ➪ λHHH with 40% accuracy for
∫

L = 3000 fb−1

[Barger,Everett,Jackson,Shaughnessy’14]

gg → HH → bb̄ττ ➪ λHHH with 60% accuracy for
∫

L = 3000 fb−1

[Barr,Dolan,Englert,Spannowsky’14]

gg → HH + 2j [Dolan,Englert,Greiner,Spannowsky’14]

gg → HHtt̄ : important in case λ > λSM [Englert,Krauss,Spannowsky,Thompson’14]

[Dolan,Englert,Spannowsky’12; Dawson,Furlan,Lewis’13,. . . ]

Matthias Steinhauser — NLO and NNLO corrections to Higgs Boson Pair Production 6

1 Introduction

Recently, both ATLAS and CMS collaborations have discovered a new boson with a mass around
125GeV [1,2] at the Large Hadron Collider (LHC). Its properties are, so far, compatible with the
long sought Standard Model (SM) Higgs boson [3]. In order to decide whether this particle is
indeed responsible for the Electroweak Symmetry Breaking (EWSB), it is crucial to measure its
couplings to fermions and gauge bosons and to verify their proportionality to the particle masses.
Furthermore, a precise measurement of the Higgs self-interaction is needed.

The measurement of the Higgs self-couplings is the only way to reconstruct the scalar potential.
After EWSB, the Higgs potential takes the form

V (H) =
1

2
M2

HH
2 + λ vH3 +

1

4
λ′H4 . (1)

In the SM the trilinear and quartic self-couplings take the same value, λ = λ′ = M2
H/(2v

2), where
v ! 246GeV is the Higgs vacuum expectation value and MH its mass. In most new physics
scenarios these couplings deviate from the SM values. Therefore, a determination of the Higgs
self-interaction is necessary both to understand the EWSB mechanism and to try to distinguish
the SM from other models.

The Higgs quartic coupling can be in principle studied via triple Higgs boson production.
However, this cross section is too small to be measured at the LHC [4], and then a determination
of its value is not possible at present time. The situation is different for the trilinear coupling λ
via Higgs pair production if very high luminosities can be achieved,

The possibilities of observing Higgs pair production at the LHC have been discussed in Refs.
[5–12]. Though the analysis is challenging due to the smallness of the signal cross section and the
large QCD background, it has been shown to be achievable at a luminosity-upgraded LHC. For
example for bb̄γγ and bb̄τ+τ− final states, after the application of proper cuts, the significances
obtained are ∼ 16 and ∼ 9 respectively, for

√
sH = 14TeV and

∫

L = 3000 fb−1 [8]. These are so
far the most promising final states for the Higgs trilinear coupling analysis. The application of jet
substructure techniques was shown to be important to further improve on the sensitivity of the
discovery channels [6, 7, 13].

As it occurs for single Higgs [14], the dominant mechanism for SM Higgs pair production
at hadron colliders is gluon-gluon fusion, mediated by a heavy-quark (mainly top) loop. The
corresponding cross section has been calculated at leading-order (LO) in Refs. [15–17]. The next-
to-leading order (NLO) QCD corrections have been evaluated in Ref. [18] in the large top-mass
approximation and found to be rather large, with an inclusive K-factor close to 2, a very similar
situation to the one observed for single-Higgs production at the same order [19–21]. Considering
that the next-to-next-to-leading order (NNLO) corrections for single-Higgs are also sizable [22–24],
it becomes essential to reach the same accuracy for double-Higgs production in order to provide
precise predictions for the process.

A full NNLO calculation requires the evaluation of the corresponding amplitudes for double
real radiation, real emission from one-loop corrections and the pure virtual two-loop contribution.
In this article we present the explicit results for two-loop virtual corrections to the partonic process
gg → HH in the heavy top quark limit. Furthermore, we combine these results with the universal
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Study of the spin of the Higgs-like particle in the H ! WW
(⇤) ! e⌫µ⌫1

channel with 20.7 fb�1 of
⇧

s = 8 TeV data collected with the ATLAS2

detector3

The ATLAS Collaboration4

Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

- John Alison - Experimental Studies of hh Higgs Coupling 2014

Measuring λhhh

44

arXiv:1305.6397Defining a target accuracy for λ:
   - Maximum deviation in (plausible) BSM scenarios for which...
   - There are no other EWSB states accessible at LHC.
        (ie: first sign of non-standard higgs sector is in λ)
   - Models investigated satisfy existing direct/indirect constraints 

How well do we need to measure λ?
 - SM predicts relationship between mh and λ:
       Verifying relationship directly probes EWSB
 - Modified in many SM extensions.

m2
h = 2�hhhv

2

value of �S required to raise the Higgs mass to 126 GeV in-
creases (this can be understood from the sin2 2� factor in
eq. 47). For tan � = 2 we find �S  0.7, which satisfies
the condition for perturbativity up to the Grand Unification
scale [23] (MGUT ⇠ 2⇥ 1016 GeV), whereas for tan� = 7.5 we
find �S  2, the upper value (�S = 2) leading to a divergence
in �S at ⇠ 10TeV [39]. For tan � > 7.5 we find that the con-
dition for perturbativity up to 10 TeV, �S < 2, is not satisfied.
Thus the maximum possible deviation, if we require perturba-
tivity up to 10 TeV is about �25% for tan � = 7.5,mA = 500
GeV.
Now we come to the question, would the heavier Higgs re-

main undetected by the LHC for this point tan � = 7.5,mA =
500 GeV? In the case of the MSSM this point lies outside
the LHC reach of heavy supersymmetric Higgs searches (see
Fig. 1.21 of Ref. [24]). In the NMSSM the coupling of the
heavier Higgs bosons to down-type quarks and vector bosons
is the same up to the percent level while the coupling to
up-type quarks is reduced with respect to the MSSM. This
means that the we expect similar (in processes controlled
by heavy Higgs boson couplings to down-type fermions like
bb ! H ! ⌧⌧ ) or smaller cross-sections (if the process
involves, for instance, gluon fusion where coupling to the
top would be suppressed relative to the MSSM). Thus we
would expect that if a point like tan� = 7.5,mA = 500
GeV is beyond LHC reach for the MSSM the same would
hold for the NMSSM too, given our construction. Thus
tan � = 7.5,mA = 500 GeV indeed represents a point where
the self-coupling deviation from SM is maximal, and the heavy
Higgs bosons are beyond the LHC reach. The self-coupling
deviation for this point, �25% is thus the target in the case
of the NMSSM.

Model �ghhh/gSMhhh

Mixed-in Singlet �18%
Composite Higgs tens of %
Minimal Supersymmetry �2%a

�15%b

NMSSM �25%
LHC 3 ab�1 [36] [�20%,+30%]

Table 1: Summary of the physics-based targets for the triple
Higgs boson coupling. The target is based on scenarios where
no other exotic electroweak symmetry breaking state (e.g.,
new Higgs bosons or “⇢ particle”) is found at the LHC except
one: the ⇠ 126GeV SM-like Higgs boson. Percentages quoted
are approximate maximal deviations for each model based on
the discussion in the text. For the �ghhh/gSMhhh

values of super-
symmetry, superscript a refers to the case of high tan � > 10
and no superpartners are found at the LHC, and superscript
b refers to all other cases, with the maximum value of �15%
reached for the special case of tan � ' 5. In the last row,
the best estimates for the 1� accuracy of the measurement of
the triple Higgs coupling at the LHC with 3 ab�1 integrated
luminosity is given. It is assumed here that no additional dy-
namics or operators contribute to non-SM shifts in pp ! hh
except the self-coupling.

4 Conclusions

To summarize, we have found that the 150MeV uncertainty
on the Higgs boson mass that ATLAS and CMS are scheduled
to achieve is likely to be better than we will ever need to
know it in the foreseeable future. Better determinations yield
no obvious advantage in testing any proposed question about
nature that we can formulate today.
On the other hand, we have shown that in beyond the SM

15

Target ~20% constraint on λhhh

   - 20 % measurement of µhh or 
    - 40 % measurement of µhh-VBF

⇒

mH directly related to Higgs dynamics !

( impact on vacuum stability, Baryogenesis from cosmological EWPT ? )

1305.6397



FCC research infrastructure for the 21st century
A new 91 km tunnel to host multiple colliders
100 – 300 m under ground, 8 surface sites
FCC-ee: electron-positron @ 91, 160, 240, 365 GeV
FCC-hh: proton-proton @ 100 TeV, and heavy-ions (Pb) @39 TeV
FCC-eh: electron-proton@ 3.5 TeV
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 as if fixing the parton cm Energy at hadron collider


 complexity of collisions collapses


 well defined kinematics


 dramatic background drop 


 clean (simple) events


 pile-up ➜➜	0

going from hadron to lepton colliders : life gets much easier !
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FCC-ee: Lumi and event # at different stages

FCC week, London, June 2023Gavin Salam

FCC-ee (numbers of events are for 2 detectors — baseline is now 4)

64

Patrick Janot

q Great energy range for SM heavy particles  AND highest luminosities AND √s precision 

Physics at FCC-ee - New opportunities for discovery

26 Nov 2021
Engagement meeting 3

ZH maximum        √s ~ 240 GeV 3 years 106      e+e-➝ ZH
`tt  threshold √s ~ 350 GeV 5 years 106       e+e-➝`tt
Z peak √s ~   91 GeV 4 years 5 x 1012     e+e-➝ Z   
WW threshold+    √s ³ 161 GeV 2 years > 108        e+e-➝ W+W-

s-channel H            √s = 125 GeV ? Years ~5000    e+e-➝ H

Never done
Never done
LEP x 105

LEP x 103

Never done

2 MeV
5 MeV 

< 100 keV
< 300 keV
< 200 keV

√s errors

Z                            WW                           ZH                                               tt

C. Grojean & P. Janot US FCC, April 24, 202312

FCC-ee Run Plan

23/11/2018 Alain Blondel The FCCs 7

from the CDR— Superb statistics achieved in only 15 years —  

LEP1 data accumulated in every 2 mn. Then exciting & diverse programme with different priorities every few years.

FCC-ee

Event statistics (2IP)

LEP x 105

LEP x 2.103

Never done
Never done
Never done

<100 keV
<300 keV

1 MeV
<< 1 MeV    

2 MeV

ECM errors:

04.02.22 6

Great energy range for the 
heavy particles of the Standard Model 

Alain Blondel  FCC-ee Physics

Z peak Ecm :   91 GeV 4yrs 5  1012 e+e- ! Z   
WW threshold Ecm ³ 161 GeV 2yrs >108      e+e- !WW
ZH maximum       Ecm : 240 GeV 3yrs > 106     e+e- ! ZH
s-channel H         Ecm : mH (3yrs?)   O(5000) e+e- ! H  

`tt   Ecm : ³ 350 GeV 5yrs 106        e+e- !`tt

notes:
-- 4IP  increases Total Lumi by  1.7
-- 2IP assumed in all numbers below
-- order and duration of  Z/WW/ZH  

can be decided at a later stage
-- ee! H must be after both Z and ZH 

and before tt

To
ta

l

Z factory:
LEP x 105

ILC x 103

see back-ups for facility comparisons

(order of the different stages still subject to discussion/optimisation)

in each detector:  
105 Z/sec, 104 W/hour,  

1500 Higgs/day, 1500 top/day 

Baseline scenario with 2IPs (from CDR)
q Numbers of events in 15 years, tuned to maximise the physics outcome

u Exact durations depend on a number of factors (to be studied by the FCCC in 2048-2063)
l Overall duration: Are the FCC-hh magnets ready ? New physics in FCC-ee data ? 
l Step duration: What is the actual luminosity at each √s? How many IPs?  Alternative physics optimization?

u Exact sequence of events is a multi-faceted issue (which can also be decided later)
l RF installation defines the easiest technical and funding profiles (lowest √s ➝ highest √s)
l The overall physics outcome, however,  is independent of the exact sequence

è Higgs and top final precisions need EW and QCD measurements at the Z pole and the WW threshold; 
è Global electroweak EFT fit requires precise top mass and Higgs couplings

l Only two serious constraints
è Top must come last (RF system significant modification, which cannot be easily undone); 
è s-channel H cannot come before ZH (mH) and Z (RDP and monochromatisation must be run routinely) 8

ZH maximum        √s ~ 240 GeV 3 years 106      e+e-➝ ZH
`tt  threshold √s ~ 365 GeV 5 years 106       e+e-➝`tt
Z peak √s ~   91 GeV 4 years 5 x 1012     e+e-➝ Z
WW threshold+    √s ³ 161 GeV 2 years > 108        e+e-➝ W+W-

[s-channel H            √s = 125 GeV 5? years ~5000    e+e-➝ H125 ]

Never done
Never done
LEP x 105

LEP x 103

Never done

2 MeV
5 MeV 

< 50 keV
< 200 keV
< 100 keV

√s uncertainty Event statistics (with 2 IPs, x1.7 for 4 IPs now official baseline)

C. Grojean & P. Janot US FCC, April 24, 202312

FCC-ee Run Plan

23/11/2018 Alain Blondel The FCCs 7

from the CDR— Superb statistics achieved in only 15 years —  

LEP1 data accumulated in every 2 mn. Then exciting & diverse programme with different priorities every few years.

FCC-ee

Event statistics (2IP)

LEP x 105

LEP x 2.103

Never done
Never done
Never done

<100 keV
<300 keV

1 MeV
<< 1 MeV    

2 MeV

ECM errors:

04.02.22 6

Great energy range for the 
heavy particles of the Standard Model 

Alain Blondel  FCC-ee Physics

Z peak Ecm :   91 GeV 4yrs 5  1012 e+e- ! Z   
WW threshold Ecm ³ 161 GeV 2yrs >108      e+e- !WW
ZH maximum       Ecm : 240 GeV 3yrs > 106     e+e- ! ZH
s-channel H         Ecm : mH (3yrs?)   O(5000) e+e- ! H  

`tt   Ecm : ³ 350 GeV 5yrs 106        e+e- !`tt

notes:
-- 4IP  increases Total Lumi by  1.7
-- 2IP assumed in all numbers below
-- order and duration of  Z/WW/ZH  

can be decided at a later stage
-- ee! H must be after both Z and ZH 

and before tt

To
ta

l

Z factory:
LEP x 105

ILC x 103

see back-ups for facility comparisons

(order of the different stages still subject to discussion/optimisation)

in each detector:  
105 Z/sec, 104 W/hour,  

1500 Higgs/day, 1500 top/day 

Baseline scenario with 2IPs (from CDR)
q Numbers of events in 15 years, tuned to maximise the physics outcome

u Exact durations depend on a number of factors (to be studied by the FCCC in 2048-2063)
l Overall duration: Are the FCC-hh magnets ready ? New physics in FCC-ee data ? 
l Step duration: What is the actual luminosity at each √s? How many IPs?  Alternative physics optimization?

u Exact sequence of events is a multi-faceted issue (which can also be decided later)
l RF installation defines the easiest technical and funding profiles (lowest √s ➝ highest √s)
l The overall physics outcome, however,  is independent of the exact sequence

è Higgs and top final precisions need EW and QCD measurements at the Z pole and the WW threshold; 
è Global electroweak EFT fit requires precise top mass and Higgs couplings

l Only two serious constraints
è Top must come last (RF system significant modification, which cannot be easily undone); 
è s-channel H cannot come before ZH (mH) and Z (RDP and monochromatisation must be run routinely) 8

ZH maximum        √s ~ 240 GeV 3 years 106      e+e-➝ ZH
`tt  threshold √s ~ 365 GeV 5 years 106       e+e-➝`tt
Z peak √s ~   91 GeV 4 years 5 x 1012     e+e-➝ Z
WW threshold+    √s ³ 161 GeV 2 years > 108        e+e-➝ W+W-

[s-channel H            √s = 125 GeV 5? years ~5000    e+e-➝ H125 ]

Never done
Never done
LEP x 105

LEP x 103

Never done

2 MeV
5 MeV 

< 50 keV
< 200 keV
< 100 keV

√s uncertainty Event statistics (with 2 IPs, x1.7 for 4 IPs now official baseline)

exact sequence and duration for stages to be elaborated !
)
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two  brand new collision setups  at  FCC-ee

 Higgs factory :  e+e- ➜ H Z


 Top factory :   e+e- ➜ t tbar

C. Grojean & P. Janot US FCC, April 24, 202313

FCC-ee Physics Programme

FCC-ee"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top

3

C. Grojean & P. Janot US FCC, April 24, 202313

FCC-ee Physics Programme

FCC-ee"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top

3
     

[ both circular and linear colliders ]
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plus  two well know collision setups at hugely higher statistics !!

"intensity frontier" :   e+e- ➜ Z, WW  [➜ super LEP] 

 EW & QCD 
 

 direct searches of "light new physics" 

 Flavor Factory 

  B physics                                                        tau physics   

C. Grojean & P. Janot US FCC, April 24, 202313

FCC-ee Physics Programme

FCC-ee"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top

3

EW & QCD

•αS(mZ) with per-mil accuracy 
•Quark and gluon fragmentation  
•Clean non-perturbative QCD studies 

•mZ, ΓZ, N! 
•Rl, AFB  
•mW, ΓW

C. Grojean & P. Janot US FCC, April 24, 202313

FCC-ee Physics Programme

FCC-ee
•Axion-like	par3cles,	dark	photons,		
Heavy	Neutral	Leptons	 
•	long	life3mes	-	LLPs	

direct searches  
of light new physics

!

"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top

3

EW & QCD

•αS(mZ) with per-mil accuracy 
•Quark and gluon fragmentation  
•Clean non-perturbative QCD studies 

•mZ, ΓZ, N! 
•Rl, AFB  
•mW, ΓW

(1012 bb/cc; 1.7x1011𝜏𝜏) 

C. Grojean & P. Janot US FCC, April 24, 202313

FCC-ee Physics Programme

FCC-ee
•Axion-like	par3cles,	dark	photons,		
Heavy	Neutral	Leptons	 
•	long	life3mes	-	LLPs	

direct searches  
of light new physics

flavour factory 
(1012 bb/cc; 1.7x1011 !!) 

! physics

•!-based EWPOs  
•lept. univ. violation tests 

B physics
•Flavour EWPOs (Rb, AFBb,c)  
•CKM matrix,  
•CP violation in neutral B mesons 
•Flavour anomalies in, e.g., b ➝ s!! 
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EW top couplings
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•mW, ΓW

C. Grojean & P. Janot US FCC, April 24, 202313

FCC-ee Physics Programme

FCC-ee
•Axion-like	par3cles,	dark	photons,		
Heavy	Neutral	Leptons	 
•	long	life3mes	-	LLPs	

direct searches  
of light new physics

flavour factory 
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•CKM matrix,  
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•Flavour anomalies in, e.g., b ➝ s!! 
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➜ Belle II x 15
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studied afterwards [452, 453]. 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. [451], 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 achieved 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
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ee ➜	HZ  allows  model-independent  gHXX measurem.s

 selected by just identifying Z decay products 
➜	absolute σtot (~gHZZ2) measurement ➜	model independent gHZZ 
 
 
 
 

 direct access to inv. H decays, H	➜	cc, H	➜	ss (?), H	➜	gg

HIGGS PHYSICS

threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.

In e+e− collisions, the main production mechanisms for the SM Higgs particles are,
Fig. 2.6a, the Higgs–strahlung [38, 71] and the WW fusion [72] processes

e+e− → ZH → f f̄H and e+e− → ν̄eνeH (i)

The final state Hνν̄ is generated in both the fusion and Higgs–strahlung processes. Besides
the ZZ fusion mechanism [72] e+e− → e+e−H which is similar to WW fusion but with an
order of magnitude smaller cross section, sub–leading Higgs production channels, Fig. 2.6b,
are associated production with top quarks e+e− → tt̄H [73] and double Higgs production
[74, 75] in the Higgs–strahlung e+e− → ZHH and fusion e+e− → ν̄νHH processes. Despite
the smaller production rates, the latter mechanisms are very useful when it comes to the
study of the Higgs fundamental properties. The production rates for all these processes are
shown in Fig. 2.7 at energies

√
s = 500 GeV and

√
s = 1 TeV as a function of MH . Other

sub–leading processes such as associated production with a photon e+e− → Hγ and loop
induced pair production e+e− → HH have even smaller rates and will not be discussed here.

•
e−

e+ Z∗

H

Z(a)

•
e−

e+

V ∗

V ∗
H

νe (e−)

ν̄e (e+)

•
e−

e+

H

t

t̄
(b)

•
e−

e+ Z∗

H

H

Z

•
e−

e+

W ∗

W ∗
H

H

νe

ν̄e

FIGURE 2.6. Diagrams for the dominant (a) and subleading (b) Higgs production mechanisms at ILC.

The cross section for Higgs–strahlung scales as 1/s and therefore dominates at low en-
ergies, while the one of the WW fusion mechanism rises like log(s/M2

H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few

II-18 ILC-Reference Design Report

The absolutely unique power of e+e– →ZH (circular or linear): 
• the model independent absolute measurement of HZZ coupling, 

which allows the subsequent:
• sub-% measurement of couplings to W, Z, b, τ
• % measurement of couplings to gluon and charm

p(H) = p(e–e+) – p(Z)

=> [ p(e–e+) – p(Z) ]2 peaks at m2(H) 

reconstruct Higgs events independently of the 
Higgs decay mode!

N(ZH) ∝	σ(ZH) ∝	gHZZ2

N(ZH[→ZZ]) ∝		
σ(ZH) x BR(H→ZZ) ∝		
gHZZ2 x gHZZ2 / Γ(H)

=> absolute measurement 
of width and couplings

mrecoil = √ [ p(e–e+) – p(Z) ]2

by identifying Higgs final states X 
➜	absolute measurement of BRX  

➜	gHXX

• sub-% accuracy of couplings to W, Z, b, τ


• %  accuracy of couplings to gluon and charm
1905.03764 + 4 IP
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including FCC-hh ➜	direct HH production ➜	δκλ ~ few %

don’t need to reach HH threshold to have access to  H3 coupling 

δκλ

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8HL-LHC S2 + LEP/SLD
FCCee Z/WW/240GeV (2IP)
FCCee Z/WW/240GeV (4IP/4 IP)
FCCee Z/WW/240/365GeV (2IP)
FCCee Z/WW/240/365GeV (4IP/4 IP)
FCCee+hh

2IP

4IP

4IP

Precision of �� from EFT global fit (FCC-ee + HL-LHC)

Fig. 355 (Left) Precision in the determination of the Higgs self-couplings as a function of the
luminosity of the 240 and 365GeV runs. The 2PI, 4IP and 4IP dots represent the foreseen integrated
luminosities scenarios discussed at the beginning of this section with 2 and 4 IPs, and in the latter
case the optimised run sequence maximising the data collected at 240 and 365GeV is also considered.
(Right) Improvement in the determination of � at the FCC-ee with 2 and 4 IPs (the darker colors are
for the 4IP optimised scenario) and, subsequently, at the FCC-hh. Partially adapted from Ref. [452].

focus here is on the FCC-ee discovery landscape, providing a brief summary of high-
lights.While several of the results shown here were already available in the CDR,
continuous work has taken place since then, to refine or extend the scope of BSM
searches, a notable example being the search for long-lived particles (LLPs) and heavy
neutral leptons (HNLs) discussed in Section 8.2.2.

BSM discovery potential

The FCC-ee has an immense capability and versatility to explore open questions
about the origins and nature of our universe. In addition to probing the known ele-
mentary particles and fundamental forces with the highest precision, it can survey
uncharted territory both directly towards ultra-weak couplings and indirectly at very
high energies up to 100TeV for so far unknown particles and interactions.

At the centre of many mysteries lies the Higgs boson. Its observation [408, 409]
opens a direct window onto the fundamental scalar sector of our universe. As a Higgs
factory, FCC-ee can improve by an order of magnitude the understanding of the scalar
sector of the theory. The ZH run will not only enable a much sharper picture of the
Higgs boson and test its (non-)SM nature, but it can also provide a crucial model-
independent sensitivity to its invisible decay mode(s) that probe the Higgs portal to
dark sectors. Ultimately, an explanation for the origin of the Higgs mechanism itself
is sought: from what underlying theory does the Higgs sector emerge? While this out-
standing question is su�cient motivation in itself, a more fundamental description of
the nature of electroweak symmetry breaking is moreover expected to be associated
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case the optimised run sequence maximising the data collected at 240 and 365GeV is also considered.
(Right) Improvement in the determination of � at the FCC-ee with 2 and 4 IPs (the darker colors are
for the 4IP optimised scenario) and, subsequently, at the FCC-hh. Partially adapted from Ref. [452].
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FCC-ee  at  ttbar  threshold  (a top Factory !)

up to per-mille accuracy on x-sections and asymmetries !

access to top mass and width, and strong and Yukawa top couplings

exps aims at

challenge for theory  !! 

๏  Huge potential from threshold scan: up to per-mille accuracy on cross section & asymmetries 

๏  Access to top mass and width, as well as strong coupling and top Yukawa coupling 

๏  e.g. projected exp. target for top mass δmt ~ 20 MeV

16

  Top physics

Great challenge for theory to match 
this precision; 

intrinsic (e.g. higher order) & parametric (e.g. 
strong coupling from Z pole) uncertainties

[Plot from F.Simon’s talk @ CERN FC workshop 2022]
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Fig. 6.3 FCC-ee measurement uncertainties in the left and right cou-
pling of the top to the Z (left) and to the photon (right) displayed as an
ellipse. In the left plot the SM value at (0,0) is compared to predicted

deviations from various composite Higgs model for f ≤ 1.6 TeV. The
4DCHMM [166] benchmark point A is represented with a cyan marker

Fig. 6.4 Summary of 95% C.L. limits in the search for FCNC in top production or decays for various future collider options, compared to current
LHC limits. The study of the top FCNC decays reach at e+e− linear colliders was recently presented in Ref. [167]

FCNC couplings from single top quark production and from top quark decays, and their sensitivity will greatly increase at the
HL-LHC. The FCC-ee can perform a search for FCNC in top decay using the 2 ab−1 collected above the top pair production
threshold. It can also profit from studying the anomalous single top production process with the 5 ab−1 at

√
s = 240 GeV.

The sensitivity of the FCC-ee to the quark FCNC couplings tqγ and tqZ (q = u,c) has been studied in the e−e+ → Z/γ → tq̄
(t̄q) channel, with a leptonic decay of the W boson. These preliminary analyses show that the FCC-ee can reach a sensitivity
for BR(t → qγ) and BR(t → qZ) of about 10−5, which is slightly below the sensitivity of HL-LHC, see Fig.6.4. More
optimised studies are expected in the future. It is therefore expected that FCC-ee could confirm and help characterise a top
FCNC decay signature (e.g. distinguish q = u from q = c), should this be detected at the HL-LHC.

6.3 FCC-hh

The production rate of top quark pairs at FCC-hh is ∼ 35 nb (Table 6.1), over 30 times larger than at the LHC. This leads
to ∼ 1012 top quarks produced during FCC-hh operation, to be used to explore the top properties via both its production
and decay features. As discussed in the case of EW and Higgs production, the extended kinematic reach of top quarks leads
to sensitivity to EFT operators [168] describing possible deviations from the EW and QCD top couplings, complementary
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Fig. 6.1 Production cross
section of top quark pairs (left)
in the vicinity of the production
threshold, with different values
of the masses and widths
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6.2.2 Precision measurement of the top electroweak couplings

In many extensions to the standard model couplings of top quark pairs to Z/γ∗ can be enhanced. These are directly probed
at FCC-ee as they represent the main production mechanism for tt̄ production at e+e− colliders. It is essential to be able to
disentangle the tt̄Z and tt̄γ processes to provide separation among different new physics models. In the case of linear e+e−

colliders this is one of the motivations to implement longitudinal polarisation of the beams. However, it has been shown [165]
that FCC-ee’s very large statistics can fully compensate for the lack of polarisation. The information needed to disentangle
the contribution from the Z boson and photon can be extracted from the polarisation of the final-state particles in the process
e+e− → tt̄, as any anomalous coupling would alter the top polarisation as well. In that case, this anomalous polarisation
would be transferred in a maximum way to the top-quark decay products via the weak decay t → Wb, leading to an observable
modification of the final kinematics. The best variables to study are the angular and energy distributions of the leptons from
the W decays. A likelihood fit of the double-differential cross section of the lepton angle cos θ and the reduced lepton energy

x = 2E"
mtop

√
1−β
1+β measured in top semi-leptonic decays at

√
s = 365 GeV with one million tt̄ events allows a precision of

0.5% (1.5%) to be obtained for the vector (axial) coupling of the top to the Z and 0.1% for the vector coupling to the photon.
The fit includes conservative assumptions on the detector performance, such as lepton identification and angular/momentum
resolution and b quark jet identification. The precision of these measurements would allow testing and characterisation of
possible new physics models that could affect the EW couplings of the top quark, see for example Fig. 6.3. These data are
also sensitive to the top-quark CP-violating form factors [165].

6.2.3 Search for FCNC in top production or decay

The flavour-changing neutral currents (FCNC) interactions of top quarks are highly suppressed in the SM, leading to branching
ratios of the order of 10−13–10−14. However, several extensions of the SM are able to relax the GIM suppression of the top
quark FCNC transitions due to additional loop diagrams mediated by new particles. Significant enhancements for the FCNC
top quark rare decays can take place, for example, in some supersymmetric two-Higgs-doublet models. Evidence of an FCNC
signal will therefore indicate the existence of new physics. CMS and ATLAS obtained the best experimental upper limits on
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stat precision up to 1000 times better than LEP


(exp) syst precision “10÷50” times better


total precision currently limited by TH syst (!!!)

EW param.s at FCC-ee  6x1012 Z

Table 130 Experimental (statistical and systematic) precision of a selection of measurements
accessible at FCC-ee, compared with the present world-average precision. The FCC-ee
experimental systematic errors (fourth column) are initial estimates from early 2021 [429], and aim
at being improved down to statistical uncertainties (third column) with new ideas and innovative
methods. This set of measurements, together with those of the Higgs boson properties, achieves
indirect sensitivity to new physics up to a scale ⇤ of 70TeV in an E↵ective Field Theory (EFT)
description with dimension-6 operators (Section 8.2), and possibly much higher in specific new
physics (non-decoupling) models.

Observable present FCC-ee FCC-ee Comment and
value ± error Stat. Syst. leading error

mZ (keV) 91186700 ± 2200 4 100 From Z line shape scan
Beam energy calibration

�Z (keV) 2495200 ± 2300 4 25 From Z line shape scan
Beam energy calibration

sin2
✓
eff
W (⇥106) 231480 ± 160 2 2.4 From Aµµ

FB at Z peak
Beam energy calibration

1/↵QED(m2
Z)(⇥103) 128952 ± 14 3 small From Aµµ

FB o↵ peak
QED&EW errors dominate

RZ
` (⇥103) 20767 ± 25 0.06 0.2-1 Ratio of hadrons to leptons

Acceptance for leptons

↵s(m
2
Z) (⇥104) 1196 ± 30 0.1 0.4-1.6 From RZ

`

�
0
had (⇥103) (nb) 41541 ± 37 0.1 4 Peak hadronic cross-section

Luminosity measurement

N⌫(⇥103) 2996 ± 7 0.005 1 Z peak cross-sections
Luminosity measurement

Rb (⇥106) 216290 ± 660 0.3 < 60 Ratio of bb̄ to hadrons
Stat. extrapol. from SLD

Ab
FB, 0 (⇥104) 992 ± 16 0.02 1-3 b-quark asymmetry at Z pole

From jet charge

Apol,⌧
FB (⇥104) 1498 ± 49 0.15 <2 ⌧ polarisation asymmetry

⌧ decay physics

⌧ lifetime (fs) 290.3 ± 0.5 0.001 0.04 Radial alignment

⌧ mass (MeV) 1776.86 ± 0.12 0.004 0.04 Momentum scale

⌧ leptonic (µ⌫µ⌫⌧ ) B.R. (%) 17.38 ± 0.04 0.0001 0.003 e/µ/hadron separation

mW (MeV) 80350 ± 15 0.25 0.3 From WW threshold scan
Beam energy calibration

�W (MeV) 2085 ± 42 1.2 0.3 From WW threshold scan
Beam energy calibration

↵s(m
2
W)(⇥104) 1010 ± 270 3 small From RW

`

N⌫(⇥103) 2920 ± 50 0.8 small Ratio of invis. to leptonic
in radiative Z returns

mtop (MeV) 172740 ± 500 17 small From tt̄ threshold scan
QCD errors dominate

�top (MeV) 1410 ± 190 45 small From tt̄ threshold scan
QCD errors dominate

�top/�
SM
top 1.2 ± 0.3 0.10 small From tt̄ threshold scan

QCD errors dominate

ttZ couplings ± 30% 0.5 – 1.5 % small From
p
s = 365GeV run
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Global EW fits at FCC-ee

 oblique S,T,U parameters as an indirect probe of NP 


 improve mass reach in indirect search for NP  [ S~10-2 → M~70 TeV ]                                     


 in general, increase by X in accuracy gives increase by √X  in mass reach !! 
                                    

C. Grojean & P. Janot US FCC, April 24, 202321

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

HL+CLIC380,Giga Z
HL+ILC250,Giga Z
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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 

∂mW ~ 0.5 MeV (vs 8 MeV @ LHC)

C. Grojean & P. Janot US FCC, April 24, 202321

Improvements of EW measurements
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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)

Patrick Janot
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A couple physics plots from FCC France
q Fit to S and T parameters (representing loop corrections to the Z andW propagators)

u From Jorge de Blas, with only statistical and parametric uncertainties

l The true potential of FCC-ee is one order of magnitude better
è Next step: Devise experimental and theoretical methods to match statistics !

21 Nov. 2019
FCC-ee physics coordination meeting

10

w/ stat. and param. only

stress-test of SM 

∂mW ~ 0.5 MeV (vs 8 MeV @ LHC)
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4÷5 increase in  
EFT energy reach 


at FCC-ee !

FCC week, London, June 2023Gavin Salam 48

Alain Blondel1, Patrick Janot2: FCC-ee overview: new opportunities create new challenges 7

Fig. 4. Expected uncertainty contour for the S and T parameters for various colliders in their first energy stage. For ILC and
CLIC, the projections are shown with and without dedicated running at the Z pole, with the current (somewhat arbitrary)
estimate of future experimental and theoretical systematic uncertainty (left, from Ref. [30]); and with only statistical and
parametric uncertainties (right, from Ref. [42]).

Fig. 5. Electroweak (red) and Higgs (green) constraints from FCC-ee, and their combination (blue) in a global EFT fit. The
constraints are presented as the 95% probability bounds on the interaction scale, ⇤/

p
ci, associated to each EFT operator.

Darker shades of each colour indicate the results when neglecting all SM theory uncertainties

measurements; the interest of the Electroweak measurements and of the improvement of the associated systematic
uncertainties; and the large number of observables available at FCC-ee. Not all observables of Table 3 have yet been
used in this fit, and that the flavour observables have not been considered.

Dedicated analysis of the pattern of deviations for specific models of new physics will be necessary to fully explore
the ability of FCC-ee to identify or restrict the origin of one or several experimental deviation(s) from the SM
predictions. The e↵ects of a heavy Z0 gauge boson provide an illustrative example of complementarity, analysed in
Ref. [14] for a specific Higgs composite model. The precise measurements at and around the Z pole would be sensitive
to such a new object by Z/Z0 mixing or interference, while measurements at higher energies would display increasing
deviation from the SM in the dilepton, diquark or diboson channels. The combination of these two e↵ects would
provide a tell-tale signature and allow constraints on mass and couplings of this possible new object to be determined.

generated by G
PS from

 table 3 of 2106.13885

maximum scale probed indirectly ̶ up to 70 TeV
FCC precision gain

increase in precision at FCC-ee is equivalent to × 4 – 5 increase in energy reach

FCC week, London, June 2023Gavin Salam 48
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CLIC, the projections are shown with and without dedicated running at the Z pole, with the current (somewhat arbitrary)
estimate of future experimental and theoretical systematic uncertainty (left, from Ref. [30]); and with only statistical and
parametric uncertainties (right, from Ref. [42]).

Fig. 5. Electroweak (red) and Higgs (green) constraints from FCC-ee, and their combination (blue) in a global EFT fit. The
constraints are presented as the 95% probability bounds on the interaction scale, ⇤/

p
ci, associated to each EFT operator.

Darker shades of each colour indicate the results when neglecting all SM theory uncertainties

measurements; the interest of the Electroweak measurements and of the improvement of the associated systematic
uncertainties; and the large number of observables available at FCC-ee. Not all observables of Table 3 have yet been
used in this fit, and that the flavour observables have not been considered.

Dedicated analysis of the pattern of deviations for specific models of new physics will be necessary to fully explore
the ability of FCC-ee to identify or restrict the origin of one or several experimental deviation(s) from the SM
predictions. The e↵ects of a heavy Z0 gauge boson provide an illustrative example of complementarity, analysed in
Ref. [14] for a specific Higgs composite model. The precise measurements at and around the Z pole would be sensitive
to such a new object by Z/Z0 mixing or interference, while measurements at higher energies would display increasing
deviation from the SM in the dilepton, diquark or diboson channels. The combination of these two e↵ects would
provide a tell-tale signature and allow constraints on mass and couplings of this possible new object to be determined.
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crucial to improve  
systematics !

G. Salam

 dark : neglecting all SM theory uncertainties

2106.13885

Precision vs Energy reach
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FCC-ee  searches for BSM feebly coupled  particles

Heavy Neutral Leptons (HNL)


Exotic Z decays 


Light SUSY scenarios and scenarios with light scalars 


Axion-like particles (ALP)  


Z’, dark photons and other light-mediator scenarios


Exotic Higgs boson decays   
 
[ models inspired by dark matter, baryon asymmetry, neutrino masses ... ] 

also involving Long Lived Particles (LLP) !

 can benefit from huge Z-pole luminosity ! 
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Let's assume we find a deviation in H couplings…

 in order to figure out what’s going on  we will need  
 an  energy-frontier facility  to  explore  
 the  corresponding  M scale  in a direct way 

 R&D for future high-energy colliders needed (new technologies ?) 
 FCC-hh  [natural follow-on to FCC-ee] 
 higher energy linear collider ?  multi-TeV muon collider ? 
 plasma acceleration ?

deviaton from SM :  δi ~ v2/M2       (M scale of New Physics)


δi ~ [6-0.06] %   ➜   M ~ [1-10] TeV
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Fig. 361 Summary of the 5� discovery reach as a function of the resonance mass for di↵erent
luminosity scenarios. From [502].

as four-fermion processes yielding the same final state as the HNL decays, were passed
through a parameterised simulation of the IDEA detector and analysed. Both semi-
leptonic and fully leptonic decays of the HNL were studied for the long-lived analyses,
whereas the prompt analyses concentrated on the HNL decay to, `jj which has the
highest branching fraction and allows full kinematic reconstruction of the neutrino
decay. This work is documented in Refs. [493, 497, 498].

The conclusion of these studies is that searches at the FCC-ee will enable the
HNL discovery over a mass range beyond the reach of specialised detectors for LLPs
searches being developed, and for much smaller couplings than the ones which will
be covered by searches at the HL-LHC. For masses around 40GeV the searches
could begin to probe the area favoured by the seesaw model while a large region of
parameter space corresponding to symmetry-enhanced neutrino mass scenarios, such
as the inverse [499] or linear [500, 501] models, would also be probed. As an example,
the expected parameter coverage of the analysis looking for the HNL decay to µjj is
shown in Fig. 360 compared to existing and projected limits.

Complementarity and synergy between FCC-ee and FCC-hh

The FCC-hh will complement and substantially extend the FCC-ee physics reach
in nearly all possible directions. The seven-fold centre-of-mass energy increase with
respect to LHC enhances the potential for observing new particles at mass scales up
to 40TeV, as shown in Fig. 361. Indirectly, it will be sensitive to energies well above
its kinematic reach of 100TeV, for example in the tails of Drell-Yan distributions.
Should any deviations from SM expectations be observed at FCC-ee, FCC-hh has the
potential to pinpoint its microscopic origin. Some specific synergies between FCC-ee
and FCC-hh in this regard are highlighted here.

552

31

FCC-hh  :  30 ab-1 at ~100 TeV

mass reach in BSM searches ~ (4÷6) x M[HL-LHC]


for multiple-heavy-p.le final states  n(H,W,Z,t) 

N100/N14 >100  (e.g. ~500 for ttH, ~400 for HH)


large Higgs rates (>1010H, >107 HH)


unique sensitivity to rear decays


explores extreme (clean) phase-space with high 

statistics


much higher gain at high-PT and  large invariant 

masses !

Resonance production   



LEGEND

FCC

Muon	Collider	ring

Muon	Collider
LHC

CERN	Existing	LHC

CLIC

CLIC

FCC

Muon	Acceleration	ring

M. Lamont, IMCC and MuCol Annual Mtg 2024, 
12 March 
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√Sµµ ~ 3, 10, 14 ...TeV

 lepton collisions are great ... what about a Multi-TeV muon collider ?

µ+ µ-

direct pair production of new heavy states... 
µ+µ� ! FF̄

<latexit sha1_base64="Zr1S/d5NmUZa0jUJPw/nGryKYfg="></latexit>

mF ≲ √Sµµ/2  
    ~1.5,5,7 TeV !!!

as at LEP, it would cover searches up to 
almost the kinematic limit !


huge discovery potential for  √Sµµ ~ 10+TeV !

 warning:  
 new kind of machine bckgr from muon beam decays…!!

Letter of Interest: Muon Collider Physics Potential
D. Buttazzo, R. Capedevilla, M. Chiesa, A. Costantini, D. Curtin, R. Franceschini,

T. Han, B. Heinemann, C. Helsens, Y. Kahn, G. Krnjaic, I. Low, Z. Liu,
F. Maltoni, B. Mele, F. Meloni, M. Moretti, G. Ortona, F. Piccinini, M. Pierini,
R. Rattazzi, M. Selvaggi, M. Vos, L.T. Wang, A. Wulzer *, M. Zanetti, J. Zurita

On behalf of the forming muon collider international collaboration [1]. * wulzer@cern.ch

We describe the plan for muon collider physics studies in order to provide inputs to the Snowmass
process. The goal is a first assessment of the muon collider physics potential. The target
accelerator design center of mass energies are 3 and 10 TeV or more [2]. Our study will consider
energies ECM = 3, 10, 14, and the more speculative ECM = 30 TeV, with reference integrated
luminosities L = (ECM/10 TeV)2 ⇥ 10 ab�1 [3]. Variations around the reference values are
encouraged, aiming at an assessment of the required luminosity of the project based on physics
performances. Recently, the physics potentials of several future collider options have been studied
systematically [4], which provide reference points for comparison for our studies.

1 Physics study topics
Among the many possible directions, we plan to first focus on the following ones.

Reach of the direct search for heavy new physics particles. This will be a main strength
of the muon collider running at multi-TeV energies. Selected study topics include:
1) SUSY. The reaches for the stop, other sfermions, and EW-inos will be estimated, possibly
including R-parity-violating signatures. Scenarios with well separated to compressed particle
spectra will be considered, which will require significantly different strategies and challenge the
detector performances (see below). The lessons learned from SUSY benchmarks will be also
useful for the study of other new physics scenarios.
2) Minimal WIMP dark matter scenarios. Many of the simplest WIMP dark matter scenarios
put its mass in the multi-TeV range, within the reach of a high energy muon collider. They often
feature a highly compressed spectrum. Direct reach can be based on stub-tracks, as well as more
inclusive search channels, such as the mono-X. Indirect searches can also be sensitive [5]. Possible
benchmarks include the Minimal DM [6] in which the dark matter resides in an electroweak
multiplet, as well as the Coannihilation [7] and well-tempered [8] scenarios. See also [9, 10]
3) Heavy particle production in Vector Boson Fusion (VBF), including �� initial state. VBF
is instrumental at a high energy muon collider. Its potential in the singlet searches has been
demonstrated [11,12]. An assessment of the VBF opportunities for direct new physics searches, by
extending and refining Ref. [13], will be performed. This might impact the studies in “1” and ”2”.
High energy measurements. Cross-sections at the highest available energies offer tremendous
indirect sensitivity to very heavy new physics. This will be substantiated by the following study.
4) Effective Field Theory (EFT) sensitivity of high energy di-boson/di-fermion production cross-
section, with interpretation in Composite Higgs (and Top) and simple Z 0 models. The interplay
with direct searches will also be explored. Low-energy (e.g., Higgs couplings) and intermediate-
energy (e.g., VBF double-Higgs at TeV energies [14]) probes will be also exploited.
The precision measurement of the Higgs couplings. The muon collider with the baseline
energies and luminosities will produce a large number of Higgs bosons, from 105 at 3 TeV to more
than 107 at 10 TeV and above. We will study how to fully take advantage of this opportunity.The
main targets of the study are:
5) Projections of the precision of single Higgs coupling measurements, with EFT interpretation
for a comparison of the sensitivity with other probes such as those at point “4”. Unlike the
other proposed (e+e�) Higgs factories running at lower energies, the main Higgs production
mode would be vector boson fusion instead of higgsstrahlung. The implications of this difference
will be carefully investigated. The possible complementarity with low-energy Higgs factories,
probably constructed before the muon collider, will be investigated.

1
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σEW x ∫L ~ 104 evts   
δstat ~ 1%

allows precision on whatever is 
discovered !
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Wulzer

σµµ➜XX  ~ uniform up to threshold       mF ~ √Sµµ/2 !

Roberto Franceschini Muon Collider Workshop https://indico.cern.ch/event/845054/contributions/3573348/

T E N S  O F  T E V
A C C I D E N TA L  @  1 5  T E V

H I G G S  C O M P O S I T E N E S S  

C L O S E R  T O  
P E RT U R B AT I V E  
T H E R M A L  L I M I T  

S Q U A R K S  M A S S  S U M  R U L E S  

M S S M

1 +  L O O P S  A B O V E  W E A K  S C A L E

S U P E R S Y M M E T RY

H E AV Y / ( M I N I - ) S P L I T

H I G G S  M A S S  F O R M U L A

Direct Production

D A R K  M AT T E R  

��������	

X5/3
T2/3
StopL
StopR
Higgsino
Wino

1000 2000 3000 4000 5000 6000 7000

500
1000

5000
1×104

5×104
1×105

M [GeV]

N
ev
en
ts

14 TeV �+ �-, Lint=20 ab-1

hard at hadron 
colliders !

Lint much more than needed 
for discovery !


allows 1% "stat-precision" !

Direct pair production µµ ➜ XX

∫L /100  would be enough for discovering pairs  
of  new  EW  multi-TeV particles !
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 heavy-pair production


 heavy-resonance production [X0/+/-]


 a "WW collider"     µµ ➜ W*W*vv 


 precision reach  (Higgs and beyond)


 . . .

a vast physics case for multi-TeV muon colliders 
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Figure 2. Illustrations for the ⇢ resonances pair production Feynman diagrams. Left panel: µ+µ�

annihilation; right panel: VBF production. Other final states are obtained by the proper changes
of labels of internal/final particles as required by electric charge conservation.

In addition to the single production, the ⇢ resonances can also be produced in pairs at

the muon collider. They can be produced either by µ+µ� annihilation:

µ+µ� ! ⇢+⇢�, µ+µ� ! ⇢0⇢0, (2.4)

or by VBF:

µ+µ� ! ⇢+⇢�µ+µ�, ⇢+⇢�⌫µ⌫̄µ, µ+µ� ! ⇢0⇢0⌫µ⌫̄µ. (2.5)

The relevant Feynman diagrams are shown in Fig. 2. Among the annihilation processes,

the cross section of ⇢+⇢+ is mainly determined by their EW couplings to the Z and � gauge

bosons, which are insensitive to the value of g⇢, especially at large g⇢. On the contrary, the

cross section of ⇢0⇢0 is suppressed by their couplings to the muon and neutrino as g8/g4⇢
and is negligible in most of the parameter space. For the W+W�/ZZ fusion processes,

we expect that their cross sections are mainly determined by their strong coupling to the

longitudinal components of the W±/Z-bosons and thus scale like g4⇢. The �� fusion process

is dominated by the electric coupling of the ⇢±, while the Z� fusion has a g2⇢ scaling between

the two extreme cases.
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Figure 3. The ⇢ resonances production rates at muon colliders with

p
s = 10 TeV for di↵erent

g⇢ ( g⇢ = 4 for the left panel and g⇢ = 8 for the right panel). The ⇠ is derived by assuming
a⇢ = m⇢/(g⇢f) = 1/

p
2.

In Fig. 3, we show the production cross sections of the ⇢ resonances as functions of the

mass M⇢ by choosing g⇢ = 4 (8) at muon colliders with
p
s = 10 TeV. The cross sections

– 3 –

2312.09117, see also 2304.12362

charged resonance real production via W radiation
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Figure 1. Feynamn diagrams for the single production of ⇢-resonances through ⇢V associated
production (left) and VBF production (right). Other final states are obtained by the proper changes
of internal/final particles as required by electric charge conservation.

2 The spin-1 resonances ⇢±,0 2 (3,1)

In this section, we investigate the potential reach in mass scale and coupling for the (3,1)

spin-1 ⇢-resonances of the strong dynamics sector. For a comprehensive description of the

models, we refer to Refs. [49–52]. A summary of the Lagrangian, relevant mass matrices,

and couplings can be found in Appendix A.

2.1 Production and decay

The ⇢ resonances couple to the Standard Model (SM) bosons via the e↵ective Lagrangian:

L ⇡
M2

⇢

g⇢
⇢aµ

✓
gW a

µ � 1

f2
H†�

a

2
i
$
DµH

◆
, (2.1)

where g⇢ ⇠ 4⇡/
p
N with N the number of “hyper color” of the strong dynamics sector.

The first term in Eq. (2.1) implies a mixing angle ✓ ⇡ g/g⇢ between ⇢a and W a, and

hence ⇢ couples to the SM fermions with a strength of ⇡ g2/g⇢; and the second term

provides the ⇢V V (V = W±, Z) vertex through the Goldstone equivalence theorem. As

a result, the ⇢±,0 resonances can be singly produced at a µ+µ� collider mainly via two

types of processes: the electroweak (EW) gauge boson associated production (denoted as

⇢V production)

µ+µ� ! ⇢±W⌥, µ+µ� ! ⇢0Z, ⇢0�; (2.2)

and vector boson fusion (VBF), i.e.
(

µ+µ� ! ⇢+µ�⌫̄µ, ⇢�µ+⌫µ, (W±Z fusion);

µ+µ� ! ⇢�⌫µ⌫̄µ, ⇢0µ+µ�, (W+W�/ZZ fusion).
(2.3)

The examples of Feynman diagrams of these processes are shown Fig. 1. The former

production mechanism was called “radiative return” in the literature [53]. Its cross section

is proportional to the square of the ⇢ff̄ , thus scales as g4/g2⇢ at the leading order (LO).

The rate of VBF production can be estimated by using the e↵ective W approximation [54–

56], which states that the total cross section can be written as the SM gauge boson PDFs

convoluted with the partonic cross sections. We expect that the cross section is dominated

by the longitudinal W±, Z gauge boson subprocesses as the ⇢ resonances couple strongly

to the longitudinal components. The ratio between the VBF production cross section and

the associated production ⇢V cross section will scale like g4⇢ at fixed mass M⇢.

– 2 –

composite Higgs Model



 INFN  e  Strategia Europea,  6  May 2024Barbara Mele 37

a multi-TeV MC  could make a robust measurement of  λ'H4  !!

FCC week, London, June 2023Gavin Salam

triple Higgs at muon collider from 2003.13628
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Figure 2: Expected cross sections (left) and signal event numbers for a reference integrated
luminosity of 100 ab�1 (right) for µ

+
µ
�

! HHH⌫⌫ versus the c.m. collision energy, for
M⌫̄⌫ & 150GeV. Cross sections for different assumptions of the trilinear and quartic couplings
are presented, as well as for the SM case, obtained by Whizard (left-hand side) and Mad-

Graph5_aMC@NLO (right-hand side). Details on the scenarios are given in the text.

In order to get a first feeling of the cross section sensitivity to variations of the Higgs quartic
coupling, in figures 2 we also show the cross section obtained by keeping the SM value for �3

and switching off �4 (�3 = 0, �4 = �1 or 3 = 1,4 = 0). The effect is an increase, as expected
from general arguments on unitarity cancellation, of production rates of about 20%�30% in
the

p
s range considered here. On the right-hand plot, we show the corresponding results as

obtained from MG5aMC also including two scenarios of interest: the �3 = ±1, �4 = ±6 cases,
corresponding to relative shift between �3 and �4 consistent with an EFT approach, and a
scenario �3 = 0, �4 = +1 with no change in �3, yet a 100% increase of �4. It is interesting to note
that, as far as total rates are concerned, the latter case turns out to be hardly distinguishable
from the scenario where �3 = �SM and �4 = 0.

A second set of relevant information is provided in table 2, where we report the µ
+
µ
�
!

HHH⌫⌫ total cross sections and event numbers 7 for the reference set of collision energies and
integrated luminosities of table 1. In addition to total cross sections, also the number of events
close to threshold, i.e., with a requirement on the HHH-invariant-mass (MHHH) to be less
than 1 and 3 TeV is given. As we will discuss in the following, the sensitivity to the quartic
coupling depends rather strongly on the phase space region occupied by the Higgs bosons in
the final state, being the strongest close to threshold.

Given the very small cross section at 1.5 TeV (cf. table 2), we will not consider this option in
our sensitivity studies. On the other hand, in section 4 we will include the case

p
s =3 TeV even

7
A cut M⌫̄⌫ & 150 GeV will be implicit from now on.

8

Figure 9: Dependence of the µ
+
µ
�

! HHH⌫⌫ cross section on the anomalous Higgs self-
couplings in two different scenarios: A (�3 = 0) on the left and B (�4 = 6 �3) on the right. In
the latter case the ratio of the cross sections is expressed in terms of �3.

Constraints on �4 (with �3 = 0)
p
s (TeV) Lumi (ab�1) x-sec only x-sec only threshold + MHHH > 1 TeV

1 � 2 � 1 �

6 12 [�0.60, 0.75] [�0.90, 1.00] [�0.55, 0.85]
10 20 [�0.50, 0.55] [�0.70, 0.80] [�0.45, 0.70]
14 33 [�0.45, 0.50] [�0.60, 0.65] [�0.35, 0.55]
30 100 [�0.30, 0.35] [�0.45, 0.45] [�0.20, 0.40]
3 100 [�0.35, 0.60] [�0.50, 0.80] [�0.45, 0.65]

Table 5: Summary of the constraints on the quartic deviations �4, assuming �3 = 0, for various
muon collider energy/luminosity options, as obtained from the total expected cross sections
(1� and 2� CL). The third column shows the bounds obtained from the combination of the
constraints corresponding to the setups MHHH < 1 TeV and MHHH > 1 TeV.
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! HHH⌫⌫ versus the c.m. collision energy, for
M⌫̄⌫ & 150GeV. Cross sections for different assumptions of the trilinear and quartic couplings
are presented, as well as for the SM case, obtained by Whizard (left-hand side) and Mad-

Graph5_aMC@NLO (right-hand side). Details on the scenarios are given in the text.

In order to get a first feeling of the cross section sensitivity to variations of the Higgs quartic
coupling, in figures 2 we also show the cross section obtained by keeping the SM value for �3

and switching off �4 (�3 = 0, �4 = �1 or 3 = 1,4 = 0). The effect is an increase, as expected
from general arguments on unitarity cancellation, of production rates of about 20%�30% in
the

p
s range considered here. On the right-hand plot, we show the corresponding results as

obtained from MG5aMC also including two scenarios of interest: the �3 = ±1, �4 = ±6 cases,
corresponding to relative shift between �3 and �4 consistent with an EFT approach, and a
scenario �3 = 0, �4 = +1 with no change in �3, yet a 100% increase of �4. It is interesting to note
that, as far as total rates are concerned, the latter case turns out to be hardly distinguishable
from the scenario where �3 = �SM and �4 = 0.

A second set of relevant information is provided in table 2, where we report the µ
+
µ
�
!

HHH⌫⌫ total cross sections and event numbers 7 for the reference set of collision energies and
integrated luminosities of table 1. In addition to total cross sections, also the number of events
close to threshold, i.e., with a requirement on the HHH-invariant-mass (MHHH) to be less
than 1 and 3 TeV is given. As we will discuss in the following, the sensitivity to the quartic
coupling depends rather strongly on the phase space region occupied by the Higgs bosons in
the final state, being the strongest close to threshold.

Given the very small cross section at 1.5 TeV (cf. table 2), we will not consider this option in
our sensitivity studies. On the other hand, in section 4 we will include the case

p
s =3 TeV even

7
A cut M⌫̄⌫ & 150 GeV will be implicit from now on.
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Xsect [ab]

p
s [TeV]

3 14 30 14 30 14 30 14 30 3 14 30

MHHH < X, X [TeV] 10 10 5 5 3 3 1 1.1 1
SM 0.31 7.02 18.51 6.99 16.48 5.91 11.30 3.98 6.69 0.12 0.60 0.86
3 = 0, 4 = �0.5 0.42 7.63 19.55 7.60 17.49 6.50 12.21 4.52 7.49 0.20 0.93 1.32
3 = 0, 4 = �0.2 0.34 7.13 18.68 7.10 16.65 6.02 11.45 4.09 6.83 0.14 0.69 0.97
3 = 0, 4 = �0.05 X X X X X X X X X X X X
3 = 0, 4 = 0.05 X X X X X X X X X X X X
3 = 0, 4 = 0.2 0.31 7.09 18.68 7.06 16.64 5.97 11.42 4.02 6.76 0.11 0.58 0.83
3 = 0, 4 = 0.5 0.34 7.53 19.54 7.50 17.48 6.39 12.15 4.37 7.33 0.12 0.67 0.96
4 = 63, 3 = �0.5 1.09 5.92 36.79 15.88 33.91 14.17 25.76 10.71 17.50 0.55 2.63 3.74
4 = 63, 3 = �0.2 0.52 9.43 23.51 9.40 21.24 8.14 15.22 5.78 9.59 0.23 1.12 1.59
4 = 63, 3 = �0.05 X X X X X X X X X X X X
4 = 63, 3 = 0.05 0.29 6.69 17.79 6.66 15.80 5.61 10.75 3.75 6.29 0.11 0.55 0.79
4 = 63, 3 = 0.2 0.30 6.40 16.99 6.38 15.07 5.37 10.25 3.62 6.06 0.13 0.65 0.93
4 = 63, 3 = 0.5 0.79 9.48 22.18 9.45 20.18 8.37 15.01x 6.40 10.29 0.51 2.25 3.21

Table 1: Cross section for HHH production.

Process: µ+
µ
� ! HHH⌫⌫, (⌫ = ⌫e, ⌫µ, ⌫⌧ )

Conventions:

• g3H = g
SM

3H , g4H =
⇣
1 + 4

⌘
g
SM

4H

• g3H =
⇣
1 + 3

⌘
g
SM

3H , g4H =
⇣
1 + 63

⌘
g4H

Luminosities:

• L = 5⇥ 20 ab�1 for
p
s = 3 TeV

• L = 20 ab�1 for
p
s = 14 TeV

• L = 100 ab�1 for
p
s = 30 TeV
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FIG. 1: Representative leading-order Feynman diagrams for
triple Higgs production in proton-proton collisions.

sensitivity [14]. However, with the e↵ort of exploiting
previously overlooked advantages of the ditau system and
a boosted configuration, we show in this work that the
bb̄bb̄⌧⌧ channel can be promoted to a leading discovery
channel for triple-Higgs production.

This paper is organized as follows. In Sec. 2, we in-
troduce the adopted simplified model parameterizing in
a model-independent way any new physics e↵ect on the
Higgs self-interactions, and we present technical details
related to our simulation setup. Sec. 3 is dedicated to
our event selection strategy and exhibits details on its
specificity. Our results are given in Sec. 4, together with
prospects for a future 100 TeV proton-proton colliders.

2. THEORETICAL FRAMEWORK AND
TECHNICAL DETAILS

In order to probe for possible new physics e↵ects
in multiple-Higgs interactions, we modify in a model-
independent fashion the SM Higgs potential,

Vh =
m

2

h

2
h
2 + (1 + 3)�

SM

hhhvh
3 +

1

4
(1 + 4)�

SM

hhhhh
4
,

by introducing two i parameters that vanish in the SM.
In our notation, h denotes the physical Higgs-boson field,
mh its mass and v its vacuum expectation value. The SM
self-interaction strengths moreover read

�
SM

hhh = �
SM

hhhh =
m

2

h

2v2
.

We simulate our triple Higgs signal and the associ-
ated backgrounds by implementing the above Lagrangian
in the FeynRules package [18] that we use along
with the NloCT program [19] to generate a UFO li-
brary [20]. The latter allows for event generation for both
tree-level and loop-induced processes within the Mad-

Graph5 aMC@NLO [21, 22] framework, that we use
to convolute hard scattering matrix elements with the
next-to-leading (NLO) set of NNPDF 2.3 parton densi-
ties [23] for a center-of-mass energy of

p
s = 100 TeV.

FIG. 2: Triple-Higgs production cross-section for a center-
of-mass energy of

p
s = 100 TeV presented as a function of

the 3 and 4 parameters depicting the possible deviations
from the SM (indicated by a black star). The results include
a conservative NLO K-factor of 2.

The hard-scattering events are then decayed, showered
and hadronized within the Pythia 6 environment [24]
and reconstructed by using the anti-kT algorithm [25] as
implemented in FastJet [26], with a radius of R = 1
and 0.4 for a fat jet and slim jet definition, respectively.

Hadronic taus are defined as specific slim jets for which
there is no hadronic object of pT > 1 GeV and no photon
with a pT > 1.5 GeV at an angular distance of the jet
axis greater than rin = 0.1 and smaller than rout = 0.4.
The resulting tau-tagging e�ciency is of about 50%, for
a fake rate of mistagging a light-flavor jet as a tau of
roughly 5%. Those performances can be compared to
what could be expected from the high-luminosity phase of
the LHC, for which an e�ciency of 55% can be expected
for a mistagging rate of 0.5% [7].

Our analysis relies on the reconstruction of boosted
Higgs bosons. To this aim, we employ the template over-
lap method [27, 28] as embedded in the TemplateTag-

ger program [29], and we use a new template observable
derived from the ty quantity proposed in Ref. [30], which
we here maximize over the di↵erent three-body Higgs
templates. We make use of various two-body and three-
body (NLO) Higgs templates featuring a sub-cone size
of 0.1 to compute the discriminating overlaps Ov

h
2
and

Ov
h
3
, respectively, that allow for a boosted Higgs boson

identification. The performance of the method yields a
tagging e�ciency of 40% for a mistagging rate of 2%.

As suggested by the representative Feynman diagrams
of Fig. 1, triple-Higgs production depends on both i

parameters as well as on the top Yukawa coupling.
While in either an e↵ective field theory framework or
an ultraviolet-complete model building approach, the i

parameters are not independent, they will be varied in-
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Figure 7: Representative tree-level Feynman diagrams for triple Higgs production.

ratio over �00 �10 �20 �30 �40
500 GeV (2.2,�9.0) (1.4, 8.5) (0.3, 34) (0.02, 19)

1 TeV (2.2,�3.7) (1.5, 16) (0.2, 17) (0.01, 6)

1.4 TeV (2.2,�3.4) (1.6, 16) (0.2, 12) (0.01, 3.8)

3 TeV (2.2,�2.1) (1.9, 7.6) (0.2, 3.8) (0.01, 1.0)

ratio over �00 �01 �11 �21 �02
500 GeV (0.1,�4.0) (0.1,�14) (0.01, 16) (0.002, 3.3)

1 TeV (0.1,�1.5) (0.2, 10) (0.02, 7.1) (0.006, 2.3)

1.4 TeV (0.1,�1.0) (0.2, 9.2) (0.02, 5.2) (0.009, 2.0)

3 TeV (0.1,�0.3) (0.3, 4.1) (0.03, 1.6) (0.02, 0.9)

Table 2: �ij/�00 ratios for (ZHHH, WBF HHH). �ij are defined in eq. (3.22).

3.3 Triple Higgs production

In triple Higgs production cubic and quartic self-couplings are present already at the tree-

level and therefore both the leading dependences on c̄6 and c̄8 are already present at LO

(see diagrams in Fig. 7). Following the same notation used for double Higgs production,

the cross section used for our phenomenological predictions can be written as

�LO(HHH) = �00 +
X

1i+2j4

�ij c̄
i

6c̄
j

8
, (3.22)

where the �00 term corresponds to the LO SM prediction. Similarly to the case of double

Higgs production at one loop, terms up to the eighth power in the (v/⇤) expansion are

present at the cross section level, although in this case only the fourth power is present at

the amplitude level. The upper bounds on c̄6 and c̄8 mentioned in the previous section and

discussed in Appendix C have to be considered also in this case. It is important to note

that although for large values of c̄6 and c̄8 loop corrections may be sizeable, at variance

with double Higgs production, c̄6 and c̄8 are both entering at LO. Thus, when limits on c̄6
and c̄8 are extracted, loop corrections may slightly a↵ect them, but only for large c̄6 and c̄8
values. In Tab. 2 we give all the �ij/�00 ratios, so that the size of all the relative e↵ects from

the di↵erent NP contributions can be easily inferred.10 In Fig. 8, we show �LO at di↵erent

energies for representative values of c̄6 and c̄8, including the SM case (c̄6 = 0, c̄8 = 0) where

�LO = �00. There, we also explicitly show the value of the �02 component, which factorises

10There are large cancellations among the di↵erent contributions; more digits than those shown here have

to be taken into account in order to obtain a reliable result.
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bckgr can be tamed by 
 b-tagging (soft?) /  

Higgs reconstruction / 
 Z,W vetoes !
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Outlook  

  an e+e- circular collider running at ZH, tt , WW, Z, (H) 
   with L ~ 10(34-36) cm-2s-1  can go well beyond the (HL-) LHC reach  
   in many many different physics sectors...


  it is “not just” a wonderful Higgs precision probe !


  EWPT : order of magnitudes improvements wrt LEP 
                            (badly needed : advances in theory accuracies !)


  ideal setup for discovering (very) weakly interacting particles


  whatever deviation from SM predictions will be observed 
   will require an Energy Frontier machine to be clarified !


  presently a few great options...no one technogically mature yet...


  much more on Physics potential tomorrow by Dario and Roberto


