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

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

In practical terms, this means testing the SM



Testing the SM
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Complementarity

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

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

The Higgs plays a major role in testing the SM
and looking for new physics



Higgs properties
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Higgs “pole” 
measurements

Higgs “pole” measurements

‣ Mass, width
‣ Spin / CP properties
‣ Yukawas, couplings to gauge bosons
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Higgs “pole” 
measurements

High-energy
Higgs dynamics

Higgs “pole” measurements

‣ Mass, width
‣ Spin / CP properties
‣ Yukawas, couplings to gauge bosons

High-energy Higgs dynamics

‣ Restoration of EW symmetry / 
Goldstone equivalence theorem

‣ Non-linear couplings



Higgs properties

4

Higgs “pole” 
measurements

High-energy
Higgs dynamics

Higgs potential

Higgs “pole” measurements

Higgs potential

‣ Higgs self-couplings

‣ Mass, width
‣ Spin / CP properties
‣ Yukawas, couplings to gauge bosons

High-energy Higgs dynamics

‣ Restoration of EW symmetry / 
Goldstone equivalence theorem

‣ Non-linear couplings



Relevance of Higgs properties
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The Higgs is connected to the most fundamental aspects of the SM

Higgs

Origin of EWSB

Thermal History
of the Universe

Naturalness

Origin of flavour
(and flavour hierarchies)

Vacuum stability

CPV
(and baryogengesis)

[Adapted from S. Dawson et al. ’22]



Relevance of Higgs couplings
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EWSB

flavor structure and  
hierarchies, CP violation

vacuum stabilitynaturalness

<latexit sha1_base64="vDWJBA80EdvdpWgdsFA+LgSM1lk="></latexit>
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How to describe new physics?
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Various approaches can be used to describe the effect of new physics 
on the Higgs dynamics

✦ Deviations in single couplings 
(i.e.     -framework)<latexit sha1_base64="oSmadJQEM+dfhESbxE2tl3bACvk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAF48RzAOSJfROJsmY2dlhZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrUoIb6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqyho0EYluR2iY4JI1LLeCtZVmGEeCtaLx7cxvPTFteCIf7ESxMMah5ANO0Tqp2R2jUtgrV/yqPwdZJUFOKpCj3it/dfsJTWMmLRVoTCfwlQ0z1JZTwaalbmqYQjrGIes4KjFmJszm107JmVP6ZJBoV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sFNmHGpUsskXSwapILYhMxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6rBVTW4v6zULvM4inACp3AOAVxDDe6gDg2g8AjP8ApvXuK9eO/ex6K14OUzx/AH3ucPk+6PFw==</latexit>

✦ EFT parametrization

✦ Explicit new-physics models 
(eg. Higgs portal models, extended Higgs sectors …)

m
odel independence

stronger correlations



Correlations in Higgs couplings
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Higgs “pole” 
measurements

High-energy 
Higgs dynamics Higgs potential

EFT

The EFT approach (and also explicit new-physics models) predicts 
correlations between different Higgs couplings 



Higgs “pole” measurements



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

FCC Physics Opportunities

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

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

+
e
� colliders proceeds mainly via the Higgsstrahlung

process e
+
e
� ! HZ and WW fusion e

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

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

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

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

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

�1 at
p

s = 365 GeV.

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

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

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

At
p

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

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

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

Recoil = s + m2
Z � 2

p
s(E

`
+ + E

`
�), so that HZ events have

mRecoil equal to the Higgs boson mass and can be easily counted from the accumulation around mH.
Their number allows the HZ cross section, �HZ, to be precisely determined in a model-independent
fashion. This precision cross-section measurement alone is a powerful probe of the SM predictions for
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Guy Wilkinson 7

FCC-ee: the ultimate e+e- Higgs laboratory 

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

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

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

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

Complementarity with 365GeV on top of 240GeV

Higgs @ FCC-ee.

7.2 ab-1 @ 240GeV 
1.5x106 HZ evts 
45k WW→H evts

2.7 ab-1 @ 365 GeV 
330k HZ evts 
80k WW→H evts

(plot in bonus)�/W /b/g,c/�improvement factor: ∞/3/2/1.5/1.2 on 
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Higgs @ FCC-ee.

7.2 ab-1 @ 240GeV 
1.5x106 HZ evts 
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330k HZ evts 
80k WW→H evts
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‣ determination of absolute 
normalization of couplings 
(via recoil method                      )

‣ sensitivity to invisible decays

‣ measurement of Higgs width

‣ measurement of Higgs mass
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��H ⇠ 1%

<latexit sha1_base64="EjAUKYMMPv/lcvGMh1Aug/VoTUk=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgECwl3KipWgo2NoGCikDuOvc0kWbJ7d+zOieFIaeNfsbFQxNafYOe/cRNT+PVg4PHeDDPz4kwKg5734ZQmJqemZ8qzlbn5hcUld3mlYdJcc6jzVKb6OmYGpEigjgIlXGcamIolXMW9k6F/dQPaiDS5xH4GoWKdRLQFZ2ilyF0PWiCRURWd0sAIRXeD7QDhFrUqzqAxiNyqV/NGoH+JPyZVMsZ55L4HrZTnChLkkhnT9L0Mw4JpFFzCoBLkBjLGe6wDTUsTpsCExeiRAd20Sou2U20rQTpSv08UTBnTV7HtVAy75rc3FP/zmjm2D8NCJFmOkPCvRe1cUkzpMBXaEho4yr4ljGthb6W8yzTjaLOr2BD83y//JY2dmr9f8y/2qsdH4zjKZI1skC3ikwNyTE7JOakTTu7IA3kiz8698+i8OK9frSVnPLNKfsB5+wSn1pkZ</latexit>

�mH ⇠ 3MeV

<latexit sha1_base64="z4UPMaUv6rXozGuE5bK80OHhKrI=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKmKZEVFxVXDTZQX7wM5YMumdNjTzIMkIZezCX3HjQhG3/oY7/8a0nYW2Hgg5nHMv997jxZxJZVnfRm5hcWl5Jb9aWFvf2Nwyt3caMkoEhTqNeCRaHpHAWQh1xRSHViyABB6Hpje4HvvNBxCSReGtGsbgBqQXMp9RorTUMfeqd7jkqAg7wPn98fQ7OeqYRatsTYDniZ2RIspQ65hfTjeiSQChopxI2batWLkpEYpRDqOCk0iICR2QHrQ1DUkA0k0n+4/woVa62I+EfqHCE/V3R0oCKYeBpysDovpy1huL/3ntRPmXbsrCOFEQ0ukgP+FY3zsOA3eZAKr4UBNCBdO7YtonglClIyvoEOzZk+dJ47Rsn5ftm7Ni5SqLI4/20QEqIRtdoAqqohqqI4oe0TN6RW/Gk/FivBsf09KckfXsoj8wPn8AWIaUXQ==</latexit>

HZ(! `
+
`
�)

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024
24

``Golden channel’’: e+e� ! ZH,Z ! e
+
e
�
, µ

+
µ
�

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

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

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

``Golden channel’’ at the ILC: 

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

41

e
+
e
� ! ZH,Z ! e

+
e
�
, µ

+
µ
�

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

�
L
e
+

R
at

p
s

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

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

�1, 333 fb
�1, and 500 fb

�1 for
p
s = 250, 350,

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

X and e
+
e
�
X

channels. p
s 250 GeV 350 GeV 500 GeV

��ZH/�ZH ��ZH/�ZH ��ZH/�ZH

e
�
L
e
+

R
µ+µ�

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

combined 2.5% 3.1% 5.0%
e
�
R
e
+

L
µ+µ�

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

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

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

R
µ+µ�

H 39 103 592
e
+
e
�
H 121 450 1160

combined 37 100 527
e
�
R
e
+

L
µ+µ�

H 43 120 660
e
+
e
�
H 149 502 1190

combined 41 117 577

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

�1, 333 fb
�1, and 500 fb

�1 for
p
s = 250, 350,

and 500 GeV, respectively.

Pol.
p
s 250 GeV 350 GeV 500 GeV

e
�
L
e
+

R
��ZH/�ZH 2.5% 3.2% 5.1%

e
�
R
e
+

L
��ZH/�ZH 2.9% 3.6% 5.6%

be extracted as

�ZH =
NS

RlL⌃
i
Bi"i

⌘ NS

RlL"
, (7)

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

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

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

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

⇒ Large quantitative + qualitative improvements over HL-LHC                                                                                                                

[FCC report ’18]



‣ Model-independent measurement of linear Higgs couplings 

‣ Significant improvement with respect to HL-LHC in

Low-energy e+e− colliders

11

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

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

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

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

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

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

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

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

537

Table from mid-term report

X =
ghXX

gSMhXX

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

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

•   
• Model-independent coupling determination and 

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

up to 70 TeV (for maximally strongly coupled models) 

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

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



‣ Model-independent measurement of linear Higgs couplings 

‣ Significant improvement with respect to HL-LHC in

Low-energy e+e− colliders

11

[Table from mid-term report, from C. Grojean, Corfu ’24]
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Results from Ref. [452], updated with the 4-IPs scenario.

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

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

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

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

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

X =
ghXX

gSMhXX

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

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

•   
• Model-independent coupling determination and 

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

up to 70 TeV (for maximally strongly coupled models) 

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

��H ⇠ 1%, �mH ⇠ 3MeV (resp. 25%, 30 MeV @ HL-LHC)
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‣ Exception: decay channels with low BR
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1. Note
the Higgs total width measurement from the o↵-shell Higgs processes at the HL-LHC is not
included in the global fit.
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‣ improvement in          (and          )  with 10 TeV (and 125GeV) run

‣ improvement in          with 10 TeV run; excellent determination with 125GeV run
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Figure 2: Sensitivity at 68% probability to deviations in the di↵erent e↵ective Higgs cou-
plings and aTGC from a global fit to the projections available at each future collider project.
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Figure 2: Sensitivity at 68% probability to deviations in the di↵erent e↵ective Higgs cou-
plings and aTGC from a global fit to the projections available at each future collider project.
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FCC-hh can improve the 
measurement of the top Yukawa 
 
 
(improvement also possible at HE-LHC and 
CLIC 3TeV)

<latexit sha1_base64="6/mBd+1dhtW87RDSQbO9jst+VOQ=">AAACD3icbVDLSgMxFM3Ud32NunQTLBVXZUaKuiy46VLBPqBTSya9U0MzjyZ3xDL0D9z4K25cKOLWrTv/xvQhqPVAyOGce0ju8RMpNDrOp5VbWFxaXlldy69vbG5t2zu7dR2nikONxzJWTZ9pkCKCGgqU0EwUsNCX0PD752O/cQtKizi6wmEC7ZD1IhEIztBIHfuwd+0h3JlkBkEw6mRVxBH1BoOUdb8v1yt27IJTciag88SdkQKZ4aJjf3jdmKchRMgl07rlOgm2M6ZQcAmjvJdqSBjvsx60DI1YCLqdTfYZ0aJRujSIlTkR0on6M5GxUOth6JvJkOGN/uuNxf+8VorBWTsTUZIiRHz6UJBKijEdl0O7QgFHOTSEcSXMXym/YYpxNBXmTQnu35XnSf245J6U3MtyoVKe1bFK9skBOSIuOSUVUiUXpEY4uSeP5Jm8WA/Wk/VqvU1Hc9Yss0d+wXr/AgrinJQ=</latexit>

ge↵
Htt

1%

[De Blas et al. ’22]
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Low-energy e+e− colliders could also access the electron Yukawa 
with a dedicated run at 125 GeV

CG - May 19, 2024/ 38

Resonant Higgs production 

1.64 fb

0.6 fb 
with ISR

Electron Yukawa coupling

10

0.3 fb with 4.2 MeV 
c.m.e. spread

Reduce energy spread by mono-
chromatisation (https://cds.cern.ch/record/2159683)  

2(7) ab-1 per year with c.m.e spread of  
6 (10) MeV  

 

10 decay 
channels 
analysed

arXiv:1509.02406

15% precision on SM coupling 
with 4 IP, 3yr

Jadach+, arXiv: 1509.02406

The high luminosity, the precise control of the beam √s, the clean reconstruction of final states 
make it possible to observe:

25

The stuff we are made of: Ye.

2/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)
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■ LHC can only measure 3rd (plus a few 2nd)-generation Yukawas. 
■ Can we prove mass generation for stable (u,d,e,n) matter in the Universe?

5/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)

√s
spread 

= G
H 

= 4.2 MeV

~45% x-section reduction

■  s(e+e-H) = 1.64 fb for Breit-Wigner with natural G
H 

= 4.2 MeV width.
    But Higgs production greatly suppressed off resonant peak.

■ Convolution of Gaussian energy spread of each e± beam with Higgs
    Breit-Wigner leads to a (Voigtian) effective cross-section decrease:

              √              √ss
eeee

 spread (MeV) spread (MeV)

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Reachable with beams 
monochromatization?
What luminosity loss price?

[F.Zimmermann, A.Valdivia:
 JACoW-IPAC2017-WEPIK015
 JACoW-IPAC2019-MOPMP035
 See F. Zimmemann’s slides]

6/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)

■ Extra ~40% reduction 
    due to QED radiation:

s
spread+ISR

(e+e-H)=0.17´s(e+e-H)=290 ab 

√s
spread 

~ G
H 

= 4.2 MeV
■ Full convolution of both effects:

Reduction: ~45%

              √              √ss
eeee

 spread (MeV) spread (MeV)

e± energy loss due to 
QED (ISR+FSR)

Reduction: ~40%

[S.Jadach, R. Kycia, PLB755 (2016) 58]

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Note: Higgs pole known to within ±5MeV
         Monochrom. goal: √s

spread
»G

H 
= 4.2 MeV

[Jadach, Kycia ’15]

e+

e−

H

X = W,Z, b, g

X = W,Z, b, g

‣ peak cross section 

‣ significant reduction due to IRS and beam energy spread
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� ' 1.64 fb
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Low-energy e+e− colliders could also access the electron Yukawa 
with a dedicated run at 125 GeV

CG - May 19, 2024/ 38Patrick Janot

Comparisons with other scenarios
q Low-energy Higgs factories

u One million Higgs in three years at FCC-ee
u gHZZ and GH: typically twice better at FCC-ee

u Higgs self-coupling sensitivity only at FCC-ee

14 Novembre 2019
FCC France, LPNHE, Paris 8

q Unique to FCC-ee: Hee coupling
u 20 ab-1 / year at √s = 125 GeV   (not in baseline FCC-ee)

u Monochromatization s√s ~ 1-2 × GH ~ 6 to 10 MeV

l Resonant ee→ H production

l 2s excess in one year with 2 IP

l ±15% precion on ke in 3 years with 4 IP
è Not feasible at ILC or CLIC

# Higgs bosons:        500k        175k       1.1M           1.3M

First number: kappa fit / Second number: EFT fit
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The high luminosity, the precise control of the beam √s, the clean reconstruction of final states 
make it possible to observe:

25

The stuff we are made of: Ye.

L/5 
0.6σ

2IPs 
1.3σ

4IPs 
1.7σ

L×5 
3σ

Still working on optimizing luminosity vs monochromatization

= 5 yrs @ √s = 125 GeV

1IP/1yr 
0.4σ

‣ precision ~1-2σ could be 
reached with ~5 years of data

[from C. Grojean, Corfu ’24]
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New physics

collider energy range
Looking for the tail:    Indirect searches

even if we can not directly produce 
the new particles,

we can test their indirect effects

‣ new-physics effects tend to grow with energy 
[“energy helps accuracy”, Farina et al. ’16]



High-energy Higgs probes

16

�

E

SM

New physics

collider energy range
Looking for the tail:    Indirect searches

even if we can not directly produce 
the new particles,

we can test their indirect effects

‣ new-physics effects tend to grow with energy 
[“energy helps accuracy”, Farina et al. ’16]

‣ deviations are “universal”
• limited number of behaviors dictated by symmetry
• can be parametrised by EFT
• can test large set of BSM scenarios



Testing the Higgs dynamics

1717

Di-boson production is a golden channel test 
the high-energy Higgs dynamics

Challenging analysis
‣ energy-growing new physics effects confined to subleading helicity channels 

(longitudinal)     (        interference resurrection via differential measurements)

‣ non-trivial complex final states

✦ can probe deviations in non-linear Higgs couplings

OW = (H†
�
i !
D µH)(D⌫

Wµ⌫)
i

OHW = (DµH)†�i(D⌫
H)W i

µ⌫

q

q̄

Vµ

Vµ

〈H〉
〈H〉

… but very interesting       can be used to test a large set of BSM theories



WZ production: LHC
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✦ Big improvement with respect to LEP
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~ mass of new states

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

✦ Non-trivial analysis:   longitudinal channels small         exploit transverse zeroes

Estimate of the bounds on a
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~ mass of new states

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

✦ Non-trivial analysis:   longitudinal channels small         exploit transverse zeroes

✦ Accuracy plays an important role for the BSM reach
‣ weakly coupled new physics only accessible with low systematics  (≪100% )

“weak” new physics
a(3)q ⇠ g2/M2

strongly-coupled 
new physics

Estimate of the bounds on a
(3)
q (qL�

a
�
µ
qL)(iH

†
�
a
 !
DµH)



WZ production: Future colliders
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✦ additional improvement possible at future colliders

✦ reach at FCC-hh comparable with CLIC      see  [Ellis, Roloff, Sanz, You ’17]

~ mass of new states
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WZ Production and Universal Theories

2020

✦ better determination on trilinear gauge couplings (      ) with respect to global 
fit at LEP

�gZ1

direction testable
with Zh

ZWW interaction

qRqR
→WLWL/ZL

h

d
L d
L →
Z
L h,

u
L u
L →
W
L W

L

u L
u L
→
Z L
h,
d L
d L
→
W
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L

⨯
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3/ab syst=5%
300/fb syst=10%
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Test universal theories in WZ production channel [Franceschini, GP, Pomarol, Riva, Wulzer ’17]



WZ Production and Universal Theories

2020

✦ better determination on trilinear gauge couplings (      ) with respect to global 
fit at LEP

�gZ1

direction testable
with Zh

ZWW interaction

S@LEP1 marginalized

S@LEP1 T=0

3/ab
syst=5%

300/fb
syst=10%

Composite Higgs
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✦ LHC and LEP probe independent operators

• correlations can exist in specific theories  (eg. composite Higgs                )bS ' ��gZ1
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Test universal theories in WZ production channel [Franceschini, GP, Pomarol, Riva, Wulzer ’17]



High luminosity and rare channels

21

High integrated luminosity          very rare but very clean channels



High luminosity and rare channels

21

High integrated luminosity          very rare but very clean channels

Different decay channels:

‣ large cross section, but sizeable background

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

H → bb

H → γγ

Example:  VH production

a
(3)
q (qL�

a
�
µ
qL)(iH

†
�
a
 !
DµH)

q

q
0

W

h

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

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

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

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

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

precision.

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

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

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

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

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

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

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

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

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

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

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

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

high Higgs transverse momentum (ph
T

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

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

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

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

the FCC-hh at 100TeV and 30 ab�1.

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

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

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

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

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

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

e↵ects at the 5–10% level.

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

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

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

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

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

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

(3)
'q , c

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

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

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

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

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

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

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

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

�g1z.

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

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

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

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

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

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

– 20 –

[Bishara, Englert et al. ’22]

✦  and  provide 
similar sensitivity

✦ Bounds competitive with WZ

VH( → bb) VH( → γγ)
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bounds for 1%, 5% and 10% systematic errors. Projections for some future hadron colliders are also
shown. For c

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

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

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

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

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

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

�g1z.

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

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

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

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

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

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

– 20 –

[Bishara, Englert et al. ’22]

✦  and  provide 
similar sensitivity

✦ Bounds competitive with WZ

VH( → bb) VH( → γγ)

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

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

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

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

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

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

'q , O
(1)

'q , O'u and O'd

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

on bounding c
(3)

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

– 22 –

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

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

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

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

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

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

some limitation in their interpretability within the EFT formalism.

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

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

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

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

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

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

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

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

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

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

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

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

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

at the price of significantly larger backgrounds. Hadronic decays of the W and Z bosons

– 22 –

[Bishara, De Curtis et al. ’20]

FCC-hh can match (or surpass) sensitivity at e+e− colliders



Higgs trilinear coupling



Theoretical Motivations

Measuring the Higgs self-couplings 
is essential to understand the structure 

of the Higgs potential
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‣ Current measurements only tested locally the 
minimum of the Higgs potential 
(Higgs mass and VEV, i.e. quadratic approximation of 
the potential)

V
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‣ Directly measuring the Higgs self-interactions gives us direct evidence of the 
full structure of the Higgs potential
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High-luminosity LHC

[See Di Micco et al.  ‘19]DRAFTλk
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Fig. 62: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+backgrond fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standlone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.
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Fig. 63: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a conditional
signal+backgrond fit to the background and SM signal. The coloured dashed lines correspond to the
combined ATLAS and CMS results by channel, and the black line to their combination. The likelihoods
for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels are scaled to 6000fb�1.(b) Expected
measured values of � for the differents channels for the ATLAS in blue and the CMS experiment
in red, as well as the combined measurement. The lines with error bars show the total uncertainty
on each measurement while the boxes correspond to the statistical uncertainties. In the cases where
the extrapolation is performed only by one experiment, same performances are assumed for the other
experiment and this is indicated by a hatched bar.
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✦ HL-LHC can test the Higgs trilinear with O(50%) precision
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Low-energy e+e− colliders

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

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

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

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

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

Table 9.1.

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

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

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

9.4 H H production processes at e
+

e
° colliders

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

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

[Di Micco et al. ’19]

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

CECP and FCC-ee 
provide fair 
sensitivity

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

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

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

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

Table 9.1.

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

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

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

9.4 H H production processes at e
+

e
° colliders

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

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

[Di Micco et al. ’19]

Expected precision from global fit  (  bounds)1σ

runs at single energy 
do not provide 

significant bounds

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

with 4 interaction 
points

runs at single energy 
do not provide 

significant bounds

Low-energy e+e− colliders

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

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

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

Table 9.1.

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

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

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

9.4 H H production processes at e
+

e
° colliders

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

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

[Di Micco et al. ’19]

Expected precision from global fit  (  bounds)1σ

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

collider excl. from HH

HL-LHC 50%

ILC 500 27%

ILC 1000 10%

CLIC 1500 36%

CLIC 3000 [-7%, 11%]

Expected precision from HH production channels 
(  bounds)1σ

Can reach the 10% 
threshold
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FCC-hh

[Di Micco et al. ’19]

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

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

�S & 2.5% �� ' 2�S

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

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

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

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

±∑∏ 6% 8% 14% 40% 30%

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

10.3 Other Probes of Multi-Linear Higgs Interactions

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

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

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

p
s = 100 TeV L = 30 ab�1

[Mangano et al. 2004.03505]
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Muon collider

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

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

+ ee

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

⇤
Z� 10 10 10


⇤
t 3.3 3.1 3.1

⇤ No input used for µ collider
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FCC-hh

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

+
e
�

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

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

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

5 High-energy measurements
Direct µ

+
µ

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

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

+
µ

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

11

[Snowmass reports 
2203.07256, 2203.07261]

‣ High-energy muon collider can be competitive with FCC-hh
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Important to exploit complementarity of different machines

low-energy lepton colliders
‣ “pole” properties (mass, width, …)
‣ (most) linear Higgs couplings

high-energy lepton/hadron colliders
‣ top Yukawa, effective coupling to photon and Z
‣ non-linear couplings (+ Goldstone equivalence)
‣ Higgs potential

Future colliders can provide big quantitative and qualitative improvements in 
our understanding of the Higgs boson
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HL and HE LHC

DRAFT

parameter could be measuremed with a precision of 10 to 20%, as illustrated in Figure 75. It should also2735

be noted that the second minimum of the likelihood would be unambiguously excluded at the HE-LHC.2736

It should be emphasized that these results rely on assumptions of experimental performance in very2737

high pile up environment O(800-100) that would require further validation with more detailed studies,2738

and that no systematic uncertainties are considered at this point. On the other hand these studies do not2739

include the additional decay channels that have already been studied for HL-LHC, and of others that2740

could become relevant at the HE-LHC. Exclusive production modes are also very interesting to take into2741

consideration for this measurement. The potential improvements from these have not yet been assessed2742

yet.2743
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Fig. 75: Expected sensitivity for the measurement of the Higgs trilinear coupling through the measure-
ment of direct HH production at HE-LHC. The black line corresponds to the combination of ATLAS
and CMS measurements with HL-LHC data presented in Section 3.2.3, with systematic uncertainties
considered. The red band corresponds to an estimate of the sensitivity using a combination of the bb̄��
and bb̄⌧⌧ channels, without systematic uncertainties considered.

3.5 Indirect probes2744

In this section we discuss the possibility of indirectly extract information on the trilinear self interaction2745

of the Higgs boson via precise measurements of single-Higgs production [329–337] at the HL-LHC and2746

HE-LHC. This strategy is complementary to the direct measurement via double-Higgs production, which2747

already at leading order, i.e. at one loop in the case of gg ! HH , depends on the trilinear Higgs self2748

interaction. In the case of single-Higgs production, on the contrary, the Higgs self interactions enter only2749

via one-loop corrections, i.e., at the two-loop level for the gluon-fusion (ggF ) production mode. The2750

effects of modified Higgs self interactions are therefore generically much smaller, but for single-Higgs2751

production processes the precision of the experimental measurements is and will be much better than for2752

double-Higgs production. This, and the fact that for single-Higgs production many different final states2753

and both inclusive as well as differential measurements are possible will lead to competitive indirect2754

determinations of the trilinear Higgs self coupling. In [338, 339] also electroweak precision observables2755

have been considered to this purpose.2756
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[See Di Micco et al.  ‘19]
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Fig. 62: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+backgrond fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standlone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.
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Fig. 63: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a conditional
signal+backgrond fit to the background and SM signal. The coloured dashed lines correspond to the
combined ATLAS and CMS results by channel, and the black line to their combination. The likelihoods
for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels are scaled to 6000fb�1.(b) Expected
measured values of � for the differents channels for the ATLAS in blue and the CMS experiment
in red, as well as the combined measurement. The lines with error bars show the total uncertainty
on each measurement while the boxes correspond to the statistical uncertainties. In the cases where
the extrapolation is performed only by one experiment, same performances are assumed for the other
experiment and this is indicated by a hatched bar.
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✦ HL-LHC can test the Higgs trilinear with O(50%) precision
at C.L.

✦ HE-LHC could test the Higgs trilinear with O(10-20%) precision 
(depending on systematics)
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Sensitivity to Higgs self-coupling
The two channels provide complementary information
✦          gives stronger constraints on 

✦      gives stronger constraints on
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Fig. 11: Left: Cross section of the main di-Higgs production modes in a lepton collider as a function
of the centre-of-mass energy. Right: Dependence of the signal strengths on the trilinear coupling of the
Higgs for different centre-of-mass energies. The horizontal bands show expected sensitivities.

channels depends on the trilinear Higgs self coupling. The result is presented as a function of

�� = � � 1 = ĉ6 �
3

2
ĉH (10)

which denotes the correction to the Higgs self coupling normalized to its SM value, here given in terms
of the dimension-6 operator of Table 2.

The right panel of Figure 11 shows an interesting complementarity between the two Higgs pair
production channels. Due to a positive interference, the Zhh cross section grows for �� > 0, so
that it can more easily constrain positive deviations in the trilinear Higgs self coupling, but is mostly
insensitive to negative deviations. On the contrary, ⌫⌫̄hh production is more sensitive to negative shifts
of the trilinear coupling that increase the cross section. Notice moreover that the vector-boson-fusion
cross section reproduces the SM one also for �� ⇠ 1, therefore such large positive deviations can not be
tested with the ⌫⌫̄hh inclusive rate. So, although the Zhh sensitivity is weaker than the ⌫⌫̄hh one, the
former can still be useful to probe values �� ⇠ 1. We stress that the above considerations are valid in
the case in which the true value of the Higgs trilinear self coupling is close to the SM one (i.e. �� ' 0).
In the presence of sizeable deviations the sensitivity can become significantly different.

We find that, after combining both vector boson fusion and double Higgsstrahlung channels, CLIC
stages 2 and 3 are sufficient to exclude the second fit minimum at �� ⇠ 1 at 95%C.L. . Another
possibility to lift the degenerate minima is to consider the information on the invariant mass spectrum
of the two Higgs bosons, mhh, since it offers an excellent discrimination power thanks to the large
sensitivity to modifications of the Higgs trilinear coupling [32]. Large positive values of �� lead to
a spectrum with a sharp peak close to threshold followed by a steep fall off. A simple cut-and-count
analysis with a few bins is thus sufficient to distinguish this distribution from the SM one [33]. Here we
present a simplified version of the analysis in Section 2.2.2, where the mhh distribution is splitted in 5
bins.

As can be seen from the results in Table 7, differential information in vector boson fusion di-Higgs
production at

p
s = 3 TeV allows one to constrain �� to the range [�0.11, 0.13] at the ��2 = 1 level.

This result should be compared with the [�0.13, 0.16] [ [1.13, 1.42] constraint that is achievable with
inclusive cross section measurements only.
Low-energy and global fit
Let us now consider the impact of the low-energy CLIC Stage 1 run. Such a run leads to very small
double-Higgs-production rates, making these channels irrelevant for determining the Higgs trilinear self

23

�� > 0

�� < 0

ZHH

⌫⌫̄HH

‣ dependence on        decreases with energy in           , but compensated 
by large increase in cross section

�� ⌫⌫̄HH
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Help from differential distributions
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Figure 2: Invariant mass distribution of the hh pair of e+e≠
æ ‹‹̄hh at CLIC 1.4 TeV

(left) and 3 TeV (right) at parton level, with the total number of events normalized to one.
The blue solid curve corresponds to the SM case while red dashed one corresponds to the
other solution of ”Ÿ⁄ for which the cross section equals the SM one. The cross sections
given by MadGraph is 0.18 (0.80) fb at 1.4 (3) TeV. The cyan dotted curves correspond to
”Ÿ⁄ = ≠1 (⁄3 = 0), with cross sections 0.51 (1.72) fb at 1.4 (3) TeV. They are normalized
with respect to the SM cross sections. (The total number of events is normalized to 0.51

0.18
(1.72

0.80) for 1.4 (3) TeV.) The interference term of the diagram with the triple Higgs coupling
and the ones without seems to be destructive both overall and at the threshold.

at ”Ÿ⁄ = ≠5.9 (besides ”Ÿ⁄ = 0). This also suggests that the linear approximation is
pretty good for the ILC 500 GeV e+e≠

æ Zhh measurement (if we do not worry about
the other solution of ”Ÿ⁄, which will probably be excluded by single Higgs measurements
anyway).

In Ref. [1], it was stated that the dependence on ”Ÿ⁄ was determined using WHIZARD,
parameterized by Ÿ as �⁄

⁄
¥ Ÿ ·

‡hh‹e‹̄e

‡
SM
hh‹e‹̄e

. The value of Ÿ was determined to be (negative)
1.22 (1.47) for 1.4 TeV (3 TeV), which gives �⁄/⁄ = 54%(29%) for 1.4 TeV (3 TeV). This
seem to only account for the linear dependence. Translating into the coe�cients of the
linear term of ”Ÿ⁄ in our Eq. (C.2), this gives -0.82 (-0.68) for 1.4 TeV (3 TeV), which are
a bit di�erent from my numbers, -0.97 (-0.65).

Some results on the constraints of ”Ÿ⁄ from di-Higgs process are shown in Fig. 13 and
Table 1. For these results, all other BSM parameters are set to zero.

2.2 loop contributions to single Higgs processes

discuss a bit about measurements at circular colliders (or ILC 250) and the results of
Ref. [2].

we can also put some of the technical details in the appendix
also mention that we have checked the contributions of ”Ÿ⁄ to hZ asymmetries (which

turns out to be negligible?)

5

The Higgs trilinear coupling strongly modifies the distributions

cross section equal 
to SM one

‣ differential analysis can help to exclude large deviations form the SM

signal ev. bkg. ev.

CLIC 1.4 TeV ⇠ 20 ⇠ 40

CLIC 3 TeV ⇠ 60 ⇠ 100

[Di Vita et al. ’17]
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