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Recalling the basic numbers
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FCC-ee (numbers of events are for 2 detectors)
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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
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5 MeV 
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FCC-hh: what do 20/30ab-1 @ 100 TeV buy you?

➤ ~ ×5 in mass reach of new-physics searches relative to HL-LHC  
(fairly independently of the new physics scenario) 

➤ 100 → 500 × higher numbers of Higgs bosons,  pairs, etc. than HL-LHC 
(much more at high-pT & for high-mass pairs)

tt̄

4

790 The European Physical Journal Special Topics

Table 1.1. Higgs production event rates for selected processes at 100TeV (N100) and
statistical increase with respect to the statistics of the HL-LHC (N100 = �100 TeV⇥ 30 ab�1,
N14 = �14 TeV ⇥ 3 ab�1).

gg ! H VBF WH ZH tt̄H HH

N100 24⇥ 109 2.1⇥ 109 4.6⇥ 108 3.3⇥ 108 9.6⇥ 108 3.6⇥ 107

N100/N14 180 170 100 110 530 390

Table 1.2. Target precision for the parameters relative to the measurement of various Higgs
decays, ratios thereof, and of the Higgs self-coupling �.

Observable Parameter Precision Precision
(stat) (stat+syst+lumi)

µ = �(H)⇥B(H! ��) �µ/µ 0.1% 1.45%
µ = �(H)⇥B(H!µµ) �µ/µ 0.28% 1.22%
µ = �(H)⇥B(H! 4µ) �µ/µ 0.18% 1.85%
µ = �(H)⇥B(H! �µµ) �µ/µ 0.55% 1.61%
µ = �(HH)⇥B(H!��)B(H!bb̄) ��/� 5% 7.0%
R = B(H!µµ)/B(H!4µ) �R/R 0.33% 1.3%
R = B(H!��)/B(H! 2e2µ) �R/R 0.17% 0.8%
R = B(H!��)/B(H! 2µ) �R/R 0.29% 1.38%
R = B(H!µµ�)/B(H!µµ) �R/R 0.58% 1.82%
R = �(tt̄H)⇥B(H! bb̄)/�(tt̄Z)⇥B(Z! bb̄) �R/R 1.05% 1.9%
B(H! invisible) B@95%CL 1⇥ 10�4 2.5⇥ 10�4

Notes. Notice that Lagrangian couplings have a precision that is typically half that of what
is shown here, since all rates and branching ratios depend quadratically on the couplings.

1.5 Precision Higgs studies and the exploration of EWSB

1.5.1 Higgs couplings

Two elements characterise the Higgs physics programme of FCC-hh: the large statis-
tics (see Tab. 1.1), and the large kinematic range, which probes Higgs production
at very large pT . As shown in Table 1.2, these factors allow the measurement of
Higgs couplings with (sub)percent-level precision that FCC-ee can probe with lim-
ited statistics and the precision of the Higgs self-coupling to below 10%.

The results in Table 1.2 represent the target uncertainties due to statistics (taking
into account analysis cuts, expected e�ciencies, and the possible irreducible back-
grounds) and to systematics (limited here to the identification e�ciencies for the
relevant final states, plus an overall 1% to account for luminosity and modelling
uncertainties). The full details of the analyses are presented in [17]. While these esti-
mates do not reflect the full complexity of the experimental analyses in the huge pile-
up environment of FCC-hh, the systematics assumptions that were used are rather
conservative. The projections given here are considered to be reasonable targets for
the ultimate precision and useful benchmarks to define the goals of the detector
performance.

The µ parameters shown in Table 1.2 are typically a↵ected by systematics related
to the theoretical uncertainty in the production cross sections and the luminosity
measurement. It is reasonable to expect that these will be reduced to the percent level
by the time of operation. These systematics, however, cancel entirely in the ratio of
branching ratios, which are derived from events with identical Higgs kinematics. The
measurement of the tt̄H process allows the extraction of the top Yukawa coupling,
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together with PbPb, ep and ePb options
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Higgs physics
Higgs is the last particle of the SM.  

So the SM is complete, right?
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The Lagrangian and Higgs interactions: two out of three qualitatively new!

7

ℒSM = ⋯ + |Dμϕ |2 + ψi yij ψj ϕ − V(ϕ)

Gauge interactions, structurally 
like those in QED, QCD, EW, 

studied for many decades  
(but now with a scalar)

Yukawa interactions.  
Responsible for fermion 

masses, and induces “fifth 
force” between fermions. 

Direct study started only 
in 2018!

Higgs potential → 
self-interaction 
(“sixth?” force 
between scalars). 

Holds the SM 
together.  

Unobserved
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• Is the Higgs the only (fundamental?) scalar field, or are there other Higgs-
like states (e.g. H±, A0, H±±, ... , EW-singlets, ....) ?

• Do all SM families get their mass from the same Higgs field?

• Do I3=1/2 fermions (up-type quarks) get their mass from the same Higgs 
field as I3=–1/2 fermions (down-type quarks and charged leptons)?

• Do Higgs couplings conserve flavour? H→μτ? H→eτ? t→Hc?

• Is there a deep reason for the apparent metastability of the Higgs vacuum?

• Is there a relation among Higgs/EWSB, baryogenesis, Dark Matter, inflation? 

• What happens at the EW phase transition (PT) during the Big Bang?

• what’s the order of the phase transition?

• are the conditions realized to allow EW baryogenesis? 

Plenty of other important open 
questions on the Higgs sector

6

➡ the Higgs discovery does not close the book, it opens a whole new 
chapter of exploration, based on precise measurements of its 
properties, which require the LHC and a future generation of colliders

Mangano @ Higgs 2021
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FCC as a Higgs factory

9
Patrick Janot

q Higgs provides a very good reason why we need both e+e- AND pp colliders
u FCC-ee measures gHZZ to 0.2% (absolute, model-independent, standard candle) from sZH

l GH, gHbb , gHcc , gHtt , gHWW follow  

l Standard candle fixes all HL-LHC / FCC-hh couplings

u FCC-hh produces over 1010 Higgs bosons
l (1st standard candle ➝) gHµµ , gHgg , gHZg , Brinv

u FCC-ee measures top EW couplings (e+e-➝ tt)
l Another standard candle

u FCC-hh produces 108 ttH and 2. 107 HH pairs
l (2nd standard candle ➝) gHtt and gHHH

q FCC-ee / FCC-hh complementarity is outstanding
u Unreachable by high-energy lepton colliders

q FCC-ee is also the most pragmatic, safest, and most effective way toward FCC-hh

FCC as a Higgs factory

26 Nov 2021
Engagement meeting 5
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Refs for the table: arXiv:1905.03764, arXiv:2004.03505

*

* gHWW includes also ep
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meaning & value of EFT fit improvements
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the set
of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms of the
bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections, adding
further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from the growth
with energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive constraints
on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these studies are
usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects at high
energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with a
certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters [48] (which can be mapped into c2W,2B) from fermion pair production
at the HL-LHC, HE-LHC [13], FCC-hh [49], ILC at 250, 500 and 1000 GeV [4] and CLIC [46]15.

It must be noted that, for the HE-LHC, only the sensitivity to W and Y from pp ! `+`� is available in [13]. There is no
sensitivity reported from charged-current process, which can constrain W independently. No studies on the reach for the
W and Y parameters were available for CEPC or the FCC-ee. For this section for these two lepton colliders it has been

15 The studies in [46] and [4] make use of significantly different assumptions for the systematic uncertainties and efficiencies for each e+e� ! f f̄ channel.
The apparent small difference in terms of reach at the highest energy stages for CLIC/ILC is, however, due to the high luminosity assumed at ILC, as well as
the use of positron polarization, which allow to partially compensate the lower energy achievable compared to CLIC.
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meaning & value of EFT fit improvements
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processes [13].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the set
of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms of the
bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections, adding
further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from the growth
with energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive constraints
on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these studies are
usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects at high
energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with a
certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters [48] (which can be mapped into c2W,2B) from fermion pair production
at the HL-LHC, HE-LHC [13], FCC-hh [49], ILC at 250, 500 and 1000 GeV [4] and CLIC [46]15.

It must be noted that, for the HE-LHC, only the sensitivity to W and Y from pp ! `+`� is available in [13]. There is no
sensitivity reported from charged-current process, which can constrain W independently. No studies on the reach for the
W and Y parameters were available for CEPC or the FCC-ee. For this section for these two lepton colliders it has been

15 The studies in [46] and [4] make use of significantly different assumptions for the systematic uncertainties and efficiencies for each e+e� ! f f̄ channel.
The apparent small difference in terms of reach at the highest energy stages for CLIC/ILC is, however, due to the high luminosity assumed at ILC, as well as
the use of positron polarization, which allow to partially compensate the lower energy achievable compared to CLIC.

21/75

HL-LHC, 3.2%
interpret as mass-coupling sensitivity

Fi
g.

3 
&

 T
ab

le
 7

, 6
8%

 C
L 

 
19

05
.0

37
64

, S
M

E
FT

-N
D



FCC-UK: UK opportunities & the feasibility study, November 2021Gavin Salam

meaning & value of EFT fit improvements
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meaning & value of EFT fit improvements
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processes [13].
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FCC will explore many operators ≡ many observables (incl. high-pT @ FCC-hh)
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 fingerprints of new physics on Higgs couplings

arXiv:1708.08912

Higgs couplings can reveal physics beyond the SM

                                   

                                 

                               

pMSSM
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Illustration from ILC  
studies (slide taken 

from D. Jeans @ 
ICHEP 2020)
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Testing SM V(φ) by measuring  HH production
➤ Higgs self-interaction holds the SM together  

➤ FCC-ee will also provide indirect constraints at @  
~20% level 

➤ FCC-hh → few % determination  
(needs accurate  and Higgs couplings from FCC-ee)  tt̄Z
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Figure 3. Higgs pair invariant-mass distribution in ggHH (a) and tt̄HH (b) events for � = 0,
� = 1, � = 2 and � = 3.

(a) (b)

Figure 4. Transverse momentum spectra of the leading (a) and sub-leading (b) Higgs boson in
ggHH events for � = 0, � = 1, � = 2 and � = 3.

6 Determination of the Higgs self-coupling

While the Higgs pair can be reconstructed in a large variety of final states, only the most
promising ones are considered here: bb̄��, bb̄⌧⌧ and bb̄bb̄. For each of these final states,
the event kinematical properties are combined within boosted decision trees (BDTs) to form
a powerful single observable that optimally discriminates between signal and backgrounds.
The BDT discriminant is built using the ROOT-TMVA package [101, 102]. The statistical

– 16 –

@68% CL scenario I scenario II scenario III

�µ
stat only
stat + syst

2.2
2.4

2.8
3.5

3.7
5.1

��

stat only
stat + syst

3.0
3.4

4.1
5.1

5.6
7.8

Table 7. Combined expected precision at 68% CL on the di-Higgs production cross- and Higgs
self coupling using all channels at the FCC-hh with Lint = 30 ab�1. The symmetrized value
� = (�+ + �

�)/2 is given in %.

at � = 0 where the value dµ

d�
is large. Conversely, the maximum uncertainty ��⇡ 60% is

obtained at � ⇡ 2.5, and corresponds to the minimum of the total HH cross section, where
dµ

d�
! 0 . As can be expected, the likelihood function presents a broad second minimum9

in correspondence of the minimum of the HH cross section at � = 2.5. The presence of this
minimum is the reason behind the asymmetric behaviour of the uncertainties for the points
near � = 2.5. If the measurement is performed close enough to � = 2.5 the likelihood
falls in the second minimum before reaching the 68% C.L. threshold, thus enlarging the
measurement uncertainty in one direction. It should be noted that, while the HH cross
section is roughly symmetric around � = 2.5, we do not expected the uncertainties to be
symmetric as well, as the kinematic behaviour of the HH system are quite different between
� < 2.5 and � > 2.5. It can also be noticed that when switching on the systematic
uncertainties the precision at small � degrades compared to the SM case. This reflects the
fact that the HH kinematics at � ⇡ 0 are similar to the single-Higgs background.

7 Conclusions and perspectives

The precise measurement of the Higgs self-coupling must be a top priority of future high-
energy collider experiments. Previous studies on the potential of a 100 TeV pp collider
have discussed the sensitivity of various decay channels, often based on simple rectangular
cut-based analyses 10. In the present study the measurement strategy has been optimized
in the bb̄��, bb̄⌧⌧ and bb̄bb̄ channels using machine learning techniques. For the first time,
a precise set of assumptions of detector performances and possible sources of systematic
uncertainties has been defined and used to derive the achievable precision. Consistently
with our previous findings, the bb̄�� channel drives the final sensitivity, with an expected
precision of �� = 3.8 � 10.0% depending on the detector and systematic assumptions.
The bb̄⌧⌧ and bb̄bb̄ channels provide instead a less precise single channel measurement,
respectively of �� = 10� 14% and �� = 22� 32%.

The final combined sensitivity across all considered channels leads to an expected pre-
cision at the FCC-hh on the Higgs self-coupling �� = 3.4 � 7.8% with an integrated

9
The first minimum being at the probed value of �

10
Just before the public release of this work, we learned of a similar study presented in Ref. [41], using

a multivariate analysis of the bb̄�� final state. While many aspects of the two studies are different, in

particular for what concerns the consideration of systematic uncertainties, there is quantitative agreement

on the improvements induced by the use of multivariate analysis.
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Figure 3. Higgs pair invariant-mass distribution in ggHH (a) and tt̄HH (b) events for � = 0,
� = 1, � = 2 and � = 3.
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Figure 4. Transverse momentum spectra of the leading (a) and sub-leading (b) Higgs boson in
ggHH events for � = 0, � = 1, � = 2 and � = 3.

6 Determination of the Higgs self-coupling

While the Higgs pair can be reconstructed in a large variety of final states, only the most
promising ones are considered here: bb̄��, bb̄⌧⌧ and bb̄bb̄. For each of these final states,
the event kinematical properties are combined within boosted decision trees (BDTs) to form
a powerful single observable that optimally discriminates between signal and backgrounds.
The BDT discriminant is built using the ROOT-TMVA package [101, 102]. The statistical
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3.5

3.7
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��

stat only
stat + syst
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3.4

4.1
5.1

5.6
7.8

Table 7. Combined expected precision at 68% CL on the di-Higgs production cross- and Higgs
self coupling using all channels at the FCC-hh with Lint = 30 ab�1. The symmetrized value
� = (�+ + �

�)/2 is given in %.

at � = 0 where the value dµ

d�
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Direct BSM searches
FCC-hh: ~×5 in reach wrt HL-LHC across many hundred 

search channels + some interesting specific targets 

FCC-ee & FCC-eh: sensitivity to specific classes of models
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Extension of SM with one extra scalar (“h2”, gauge singlet)
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FIG. 6: The N� gaussian significance for rejecting the background-only hypothesis, obtained using the combination of the bb̄��
and 4⌧ final states, for each benchmark point. Di↵erent collider scenarios of energy and integrated luminosities are compared.
The vertical range corresponds to the maximum and minimum signal cross sections in the h2 mass window.

TABLE III: Combined results for the sensitivity N� to h2 ! h1h1 production from the combination of bb̄�� and 4⌧ final states.
The range (Nmax

� - Nmin
� ) indicates the variation in sensitivity that occurs when the signal cross section takes on its minimum

and maximum allowed values within the range of parameter space that admits a SFOEWPT.

14 TeV 50 TeV 100 TeV 200 TeV

3 ab�1 30 ab�1 3 ab�1 10 ab�1 30 ab�1 30 ab�1

Nmin
� Nmax

� Nmin
� Nmax

� Nmin
� Nmax

� Nmin
� Nmax

� Nmin
� Nmax

� Nmin
� Nmax

�

B1 0.6 23.7 9.5 316 5.6 189 10.3 347 17.7 606 30.7 1001

B2 0.8 21.0 12.0 284 7.4 170 13.6 313 22.8 537 38.9 902

B3 0.81 10.4 12.6 155 8.3 95.4 15.2 175 26.1 303 46.6 440

B4 0.41 8.2 7.1 124 4.6 78.8 8.4 143 14.2 246 25.9 434

B5 0.46 4.1 8.5 70.9 5.9 46.4 10.9 82.7 18.2 145 34.4 263

B6 0.58 2.5 11.8 49.7 8.3 31.9 14.3 58.1 26.2 103 47.3 186

B7 0.36 1.8 7.8 36.8 5.4 25.8 10.1 47.0 17.7 82.6 32.8 148

B8 0.23 1.2 5.3 24.5 3.6 17.2 6.7 30.4 11.5 54.0 24.5 100

B9 0.16 0.52 3.8 12.7 2.7 8.9 5.0 16.2 8.8 28.2 17.5 52.7

B10 0.17 0.31 4.6 7.5 3.0 5.5 5.8 9.9 10.1 17.1 21.0 34.5

B11 0.07 0.08 1.8 2.3 1.4 1.8 2.4 3.1 4.2 5.5 9.2 11.9

for various future collider scenarios in probing the xSM.
The final results are obtained by combining the N� sensi-
tivities of the ��bb̄ and 4⌧ channels. The combination is
performed by adding the respective N� values in quadra-
ture. The combined sensitivity is shown in Fig. 6 and in
Table III.

As mentioned earlier, the SFOEWPT-viable parame-
ter space has a maximum m2 ⇠ 850 GeV. We find that
with 30 ab�1 of integrated luminosity, a 50 TeV pp col-
lider can achieve 5� discovery of BM10 and lower h2

masses, but falls short of discovering BM11. With the
same integrated luminosity, a 100 TeV collider reaches
the 5� threshold for BM11, and a 200 TeV collider
achieves 10� sensitivity for the same. Thus, the higher
collider energies (or correspondingly higher integrated lu-

minosities at lower energies) are needed to discover the
h2 ! h1h1 process for 800 < m2 < 850 GeV, but the
lower mass range can be discovered by lower energy col-
liders.
We also note that a 100 TeV collider can discover up to

BM7, and slices of the parameter space up to BM10, with
3 ab�1 of integrated luminosity. Thus, increasing the
integrated luminosity to 30 ab�1 enables the discovery
in the 600 < m2 < 850 GeV mass range.

VI. CONCLUSIONS

Exploring the thermal history associated with EWSB
is an important task for high energy physics. While
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FIG. 1: Left pane: Distribution of SFOEWPT points in m2 vs cos ✓ space. Maximum (minimum) benchmark points are shown
in green (magenta). Right pane: Maximum (minimum) cross section times branching ratio as a function of m2 at a 100 TeV
pp collider, taken from Table I (Table II), is displayed as a solid green (dashed magenta) line.

xSM di↵er in two important ways: (i) For the xSM, the
1-loop gg h2 interaction is rescaled by sin ✓, leading to a
suppression of the cross section by sin2 ✓. (ii) The trilin-
ear coupling involved in producing the h1h1 final state is
di↵erent depending on whether h1 or h2 is the interme-
diate state. Moreover, the h

3
1
trilinear coupling �111 in

the xSM can also di↵er significantly from its SM value
within the parameter space leading to a SFOEWPT [16].

For �211 = 0 the branching fractions of h2 into SM
states equal those of a SM Higgs boson with mass m2

(recall the discussion at the end of Section II). For �211 6=
0, the branching fraction for h2 ! h1h1

BR(h2 ! h1h1) =
�h2!h1h1

�h2

(19)

incorporates a non-trivial parameter dependence through
�211 since the partial width �h2!h1h1 is proportional to
�
2
211

(see Eqn. 13).
The resonant di-Higgs cross section is thus given at

leading order (LO) by sin2 ✓ ⇥ �LO(pp ! h)SM(m2) ⇥
BR(h2 ! h1h1). Following [38], we write �LO(pp !

h)SM(m2) as

�LO(pp ! h)SM(m2) =
GF ↵

2
s

512
p
2⇡

�����
X

q

A1/2

✓
m

2
2

4m2
q

◆�����

2

⇥ m
2
2

dL

dm
2
2

(20)

where GF is the Fermi constant, ↵s is the strong cou-
pling (evaluated at 100 TeV), and A1/2 is the loop func-
tion given in [38]. In the case of resonant production, the
convolution of parton distribution functions with the LO
cross section yields a single parton luminosity function
dL
dm2

2
(given e.g. in [34]) for energies

p
s = 100 TeV and

Higgs mass values of throughout the m2 range of interest.

Our results at LO in QCD are expected to be conservative
estimates of signal sensitivity, as higher-order contribu-
tions, encoded in the relevant k-factors, would increase
both signal and background cross sections and increase
the sensitivity by ⇠

p
k.

Using the results in Eqs. (19) and (20), we choose two
sets of benchmark points from our previous MC scan of
the xSM parameter space. The first set, labeled BMmax,
consists of the points that maximize the LO di-Higgs rate
in each 50 GeV window within the range m2 2 [300 GeV,
1 TeV]. The second set, labeled BMmin, is analogous to
the first but for points that minimize the LO di-Higgs
rate. We show both sets in Fig. 1 (left), with BMmax as
green circles and BMmin as magenta stars, and display
their numerical values respectively in Tables I and II.
Also shown in Fig. 1 (right) are the maximum and mini-
mum cross section times branching ratio as a function of
m2, corresponding to these benchmark points. To guide
the reader’s eye and indicate the overall trends, we have
connected the BMmax (BMmin) di-Higgs cross sections
with a solid green (dashed magenta) line.

It is worth stressing that it is possible to find highly-
tuned points in the xSM parameter space that yield
a SFOEWPT while featuring a very fine cancellation
among di↵erent terms in (12), leading to �211 ! 0.
Such “outlier” points would thus yield a value for �⇥BR
much below a sensible BMmin, but they correspond to
very tuned corners of the xSM that do not represent the
general properties of the model. In our MC scan, these
outliers can be identified as yielding a dramatic drop in
�⇥BR with respect to the subsequent BMmin candidate
benchmark within each 50 GeV mass window. We have
identified and eliminated one such outlier point in favor
of the selected BM8min.

We note here that no SFOEWPT-viable points are dis-
covered by the scan above m2 ⇠ 850 GeV even though it

HL-LHC

ILC-1
ILC-3

circ. e +e –

precision constraints on all models (with m2 
> 2m1) that give strong 1st-order EW phase 

transition (needed for EW baryogenesis)
>5σ significance for discovery of  

(almost) all such models at FCC-hh

1605.06123
It is important to take these conclusions somewhat impressionistically, as we 

have made a number of simplifying assumptions in order to paint the broad picture.

http://arxiv.org/abs/1605.06123
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FCC-hh: strong reach for some models to explain B→K  anomaliesℓℓ
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Figure 11. Summary of MUM model and MDM model 95% sensitivities for future hadron
colliders: the 100 TeV FCC with 10/ab integrated luminosity, 27 TeV HE-LHC with 15/ab and
the 14 TeV LHC with 3/ab integrated luminosity. Each point in the plane fits the neutral current
B�anomalies, since Eq. 2.2 with x = 1.00 has been enforced meaning that gbs / M2

Z0/gµµ. The
solid lines show the regions of 95% CL and 99% CL sensitivity being below each contour. The region
ruled out by the Bs mixing constraint [57] is shown in red while the region derived from Ref. [59]
would be below the blue-dashed line. The grey dashed lines show the values of the relative decay
width �Z0/MZ0 . The FCC reach is shown in grey and extends throughout the whole perturbative
region where �Z0/MZ0 < 1 in the MDM model.

quark or the down-quark sector. Our projections improve upon previous work [47] by

including a dynamical width for the resonance and by modelling detector acceptance and

e�ciency e↵ects. Although we have presented our results strictly in terms of the MUM

and MDM models, any future dedicated studies should bear in mind that the width could

be larger than predicted in the model in question by the Z 0 having more couplings than

just those in Eq. 2.9. Therefore, the width could be kept as an additional free parameter

in any such studies. Generally, the MDM model has far more sensitivity than the MUM

model. Although the additional valence quark couplings are CKM suppressed in the MDM

model as compared to gbs, the coupling to bb̄ is CKM enhanced : a factor 1/|Vts|⇡ 25 larger

than gbs. Z 0 production is then dominantly via bb̄ ! Z 0, so it would be important to pin

down the b�quark parton distribution functions as well as possible in order to reduce the

theoretical uncertainty in the production cross-section.

Our main results are combined in Fig. 11, which shows the projected reach of our

chosen colliders in the MZ0–gµµ plane. In order to achieve 95% CL sensitivity requires

going beyond the HL-LHC to a higher energy machine for the MUM model. Higher energy

colliders also have substantially increased mass reach for these resonances: up to 23 TeV

for a resonance with 35% width in the MUM scenario. We note the importance of the
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FCC-ee, e.g. axion and heavy-neutral lepton searches
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Alain Blondel1, Patrick Janot2: FCC-ee overview: new opportunities create new challenges 9

Fig. 6. Expected sensitivity to axion-like particles in various future facilities. The reach of FCC-ee is down to very small
couplings in Z decays, while the reach of linear colliders is at higher masses for somewhat larger couplings. From Ref. [30]

Fig. 7. Left: sketch of the production of a Heavy Neutral Lepton at FCC-ee, e+e� ! ⌫N followed by the decay N ! e�W⇤+

at about 1m from the interaction point. Right: Expected sensitivity to Heavy Neutral Leptons (a.k.a. Right Handed Neutrinos)
in various future facilities. The reach of FCC-ee is for very small heavy-light mixing angle in Z decays, almost down to the
see-saw limit; it is complemented up to very high masses (60TeV or more) for heavy-light neutrino mixing larger than 10�5 by
constraints from Electroweak and tau decay precision measurements. From Ref. [30].

states, which leads to a violation of the SM relations in EWPOs; the corresponding sensitivity only depends on the
mixing angle, and extends to very high masses; (iii) the violation of lepton universality in ⌧ , b or c-hadron decays at
the Z factory; (iv) a smaller-than-expected Z invisible decay width; and (v) a lepton-number violation can also result
from Heavy-Neutral-Lepton production or exchange in high-energy processes at a hadron collider or a high-energy
e�e� collider. The most sensitive tests (i) and (ii) for masses above mN � 10GeV are performed at FCC-ee, as
shown on Fig. 7, both for a possible direct observation, or for a well defined pattern of SM deviations in EW and HF
observables.

8 News Challenges

Reaching experimental and theoretical systematic uncertainties commensurate to the statistical precision of the many
measurements feasible at the FCC-ee requires careful preparation of the detector concepts, possibly of the mode of
operation, and of theoretical developments. To this e↵ect a certain number of benchmark measurements [50] have been
defined encompassing those listed in Table 3. A repository of the Snowmass2021 documents describing them can be
found in Ref. [51].
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Reaching experimental and theoretical systematic uncertainties commensurate to the statistical precision of the many
measurements feasible at the FCC-ee requires careful preparation of the detector concepts, possibly of the mode of
operation, and of theoretical developments. To this e↵ect a certain number of benchmark measurements [50] have been
defined encompassing those listed in Table 3. A repository of the Snowmass2021 documents describing them can be
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FCC-eeFCC-ee

benefits from huge Z-pole luminosity  
(some models in these regions have potential to connect with dark matter, baryond asymmetry, neutrino masses, etc.)
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Flavour physics
besides quark-flavour physics illstrated in next slides 

there’s also a strong τ-physics programme  
(cf. arXiv:2107.12832)
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15× more b-pairs at FCC-ee than at Belle II
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Table 1: Advantageous attributes for flavour-physics studies at Belle II (⌥(4S)), the LHC (pp) and FCC-ee

(Z0
).

Attribute ⌥(4S) pp Z0

All hadron species 3 3
High boost 3 3
Enormous production cross-section 3
Negligible trigger losses 3 3
Low backgrounds 3 3
Initial energy constraint 3 (3)

flavour physics, in particular studies of beauty, charm, and of ⌧ leptons, is a vibrant field of
study, with the current flagship experiments being LHCb at the Large Hadron Collider, and
Belle II operating in the e+e� environment at the ⌥(4S).

Table 1 compares the advantages for flavour-physics studies at an e+e� ! ⌥(4S) ! bb̄
experiment, such as Belle II, a pp ! bb̄X experiment, such as LHCb, and an experiment that
relies on e+e� ! Z0

! bb̄ production, such as would be the case at FCC-ee. It can be seen that
the Z0 environment combines most of the advantages of Belle II and LHCb. For the former
these are the high signal-to-noise and fully e�cient trigger, as well as a very high geometrical
acceptance; for the latter they are the production of the full spectrum of hadrons, and the
high boost. The momenta of b and c hadrons produced at the Z0 are not known a priori, in
contrast to the ⌥(4S), although their distribution is very well understood. The momentum of
the produced tau leptons is of course perfectly known in both e+e� environments.

The one disadvantage that the Z0 has in comparison with the LHC is the production
cross section, but this is partially mitigated at FCC-ee by the enormous luminosity that is
foreseen. Table 2 gives the yields for each b-hadron species that will be produced in 5 ⇥ 1012

Z0 decays 1. The number of bb̄ pairs from which these yields arise is around fifteen times larger
than that expected at Belle II. As will be explained below, the particular advantages of the
Z0 environment will allow for many studies that are complementary or more sensitive to those
foreseen at LHCb and its upgrades. There will also be great opportunities in charm and tau
physics, for which yields are also listed in Table 2. In tau physics, in particular, the FCC-ee
will have unsurpassed physics reach in almost all measurements, as is discussed in companion
essays in this volume.

We also note that the proposed running strategy of FCC-ee, with the intention to collect
data at several collision energies, will open up flavour possibilities that are not restricted to

1
Note that about a factor of two more Z0

decays can be recorded if the design of the FCC-ee evolves towards

a four interaction-points layout.

2

2106.01259
FCC-ee

http://arxiv.org/abs/2106.01259
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Figure 2: Sensitivity to hd � hs parameters in Bd and Bs mixing with current sensitivity (top left), the

anticipated constraints after LHCb Upgrade I and Belle II operation (top right), and the FCC-ee expectation
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Figure 2: Invariant mass reconstruction of B̄0 → K∗0(892)τ+τ− candidates. The τ particles are
decaying into three prongs τ− → π−π+π−ντ allowing the τ decay vertex to be reconstructed. The
primary vertex (Z vertex) is reconstructed from primary tracks and the secondary vertex (B̄0 ver-
tex) is reconstructed thanks to the K∗(892) daughter particles (K∗(892) → K+π−). Two domi-
nant sources of backgrounds are included in the analysed sample, namely B̄s → D+

s D
−
s K

∗0(892)
and B̄0 → D+

s K̄
∗0(892)τ−ν̄τ . They are modelled by the red and pink probability density func-

tions (p.d.f.), respectively. The signal p.d.f. is displayed in green.

4

in light of flavour anomalies: FCC-ee is unique place to study B0 → K* τ τ
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Search for B0�K* ττ ILD type detector 
Momentum down to 10 MeV 
σ(PV) = 3 µm 
σ(B vtx) = 7µm
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Add π0 if possible ? 
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B̄0 → K*0(892)τ+τ−
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(NB:plot is for 1013 Z’s)
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Z-pole, WW and ttbar FCC-ee
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EW & top precision
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6 Alain Blondel1, Patrick Janot2: FCC-ee overview: new opportunities create new challenges

Table 3. Measurement of selected precision measurements at FCC-ee, compared with present precision. The systematic uncer-
tainties are initial estimates, aim is to improve down to statistical errors. This set of measurements, together with those of the
Higgs properties, achieves indirect sensitivity to new physics up to a scale ⇤ of 70TeV in a description with dim 6 operators,
and possibly much higher in specific new physics (non-decoupling) models.

Observable present FCC-ee FCC-ee Comment and
value ± error Stat. Syst. leading exp. 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✓e↵W (⇥106) 231480 ± 160 2 2.4 from Aµµ
FB at Z peak

Beam energy calibration

1/↵QED(m
2
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

` above

�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 ⌧ polarization 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) 1170 ± 420 3 small from RW

`

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

mtop (MeV/c2) 172740 ± 500 17 small From tt̄ threshold scan
QCD errors dominate

�top (MeV/c2) 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

of ↵QED(mZ) will be possible [41] with O(10�5) precision. How far can one push on the experimental and theoretical
systematic uncertainties? Can the statistical precision be matched? This perspective constitutes a superb opportunity
and considerable challenge for detector designers and for experts in theoretical calculations. As an illustration, Fig. 4
shows the projected uncertainty, for di↵erent e+e� colliders, on the S and T parameters (used to parameterise the
isospin-conserving and isospin-breaking virtual e↵ects in the Z and W propagators) from a global fit of EWPOs. The
FCC-ee measurements at the Z pole, at the WW threshold, and at the tt̄ threshold, give the best perspective (left
panel); and allow the parametric uncertainties to be reduced to a minimum (right panel). The right panel of Fig. 4 also
shows the tremendous stand-alone true potential of FCC-ee, should future experimental and theoretical systematic
uncertainties match the available statistics, a considerable challenge to the experiment and theory teams.

The complementarity between the Higgs and Electroweak observables has been investigated in the context of
specific heavy new physics, with a global EFT fit, as shown in Fig. 5. This figure, made for FCC-ee only, highlights the
complementarity of Higgs and electroweak measurements; the need of more statistics for the (statistics-limited) Higgs
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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
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FCC precision gain

geom.avg: 
18×  

better 
than 
today

Two messages 

➤ with a rough estimate for systematics, 
FCC brings a big step forward (geom.avg. 
= × 18, across  20 observables) 

➤ still huge scope for thinking about how to 
improve systematics (gain of up to further 
× 100 in some cases) 

This is the fun part for us as physicists! 
and will call for joint efforts by   
experiment/theory/accelerator 

physicists

≳
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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

123
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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

123
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Status of closure test after , and  runsZ W+W− tt̄
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Status of closure test after Z progamme, 
W+W- and tt threshold scans
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FCC-ee: strong coupling, etc.

➤ strong coupling from EW 
precision to per-mil accuracy 

➤ studies of colour 
reconnection in W-pair 
events 

➤ jet rates, substructure, 
flavour, fragmentation 

➤ etc.
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Fig. 5.1 Left: expected αs extraction from the hadronic/leptonic W
decay ratio (RW) at the FCC-ee (the diagonal blue line assumes CKM
matrix unitarity) [45]. Right: precision on αs derived from the elec-

troweak fit today (blue band) [30] and expected at the FCC-ee (yellow
band, without theoretical uncertainties and with the current theoretical
uncertainties divided by a factor of four)

2. High-precision analyses of perturbative parton radiation including high-order leading (NnLO) corrections and logarith-
mic (NnLL) resummations for jet substructure, quark/gluon/heavy-quark discrimination, and q,g,c,b parton-to-hadron
fragmentation functions studies.

3. High-precision non-perturbative QCD studies including colour reconnection, parton hadronisation, final-state multiparticle
correlations, and very rare hadron production and decays.

Compared to QCD studies at LEP, FCC-ee offers vastly increased statistical samples (1012 and 107 partons from Z and W
decays, respectively) and provides access to the previously unreachable Higgs boson and top-quark hadronic final states (105

jets). The expected experimental samples at the Z pole will be 105 larger than at LEP and therefore the statistical uncertainties
will be reduced by a factor of 300. In the W case, one goes from about 11 000 jets per experiment at LEP2, to tens of millions
at FCC-ee, enabling truly high-statistics e+e− → W+W− measurements for the first time. The latter will be a highly fruitful
testing ground, e.g. for colour reconnection studies (likewise for e+e− → tt̄ events) [104], and for precise extractions of αs
from W decays [45], competitive with those at the Z pole. A small selection of representative QCD measurements accessible
at the FCC-ee [43,103] is presented below.

5.1.1 High-precision αs determination

The combination of various high-precision hadronic observables at the FCC-ee, with state-of-the-art pQCD calculations
at NNLO accuracy or beyond, will lead to an αs determination with per mille uncertainty, at least five times better than
today [43,105]. First, the huge statistics of hadronic τ, W, and Z decays, studied with N3LO perturbative calculations, will
provide αs extractions with very small uncertainties: < 1% from τ, and ∼ 0.2% from W and Z bosons. Figure 5.1 shows the
expected αs extractions from the NNLO analysis of the ratio of W hadronic and leptonic decays RW = "had/"# (left) [45],
and from three hadronic observables ("Z, σ had

0 = 12π/mZ · "e"had/"
2
Z, and R0

# = "had/"#) at the Z pole (right) [30]. In
addition, the availability of millions of jets (billions at the Z pole) measured over a wide

√
s ≈ 90–350 GeV range, with

light-quark/gluon/heavy-quark discrimination and reduced hadronisation uncertainties (whose impact decreases roughly as
1/

√
s), will provide αs extractions with < 1% precision from various independent observables: hard and soft fragmentation

functions, jet rates, and event shapes. Last but not least, photon-photon collisions, γ γ → hadrons, will allow for an accurate
extraction of the QCD photon structure function (Fγ2 ) and thereby of αs.

5.1.2 High-precision parton radiation studies

Jet rates and event shapes

Jet rates at the one-in-a-million level in e+e− at the Z pole will be available at the FCC-ee, including: 4-jet events up
to kT ∼ 30 GeV (corresponding to | ln(y)| ∼ 2, for jet resolution parameter y = k2

T /s), 5-jet events at kT ∼ 20 GeV
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FCC-eh: huge improvement partonic luminosities

PDFs from FCC-eh 
are potentially crucial 
for full exploitation of 

FCC-hh physics 
programme. 

NB: at this level of 
precision, one may 

start worrying about 
non-perturbative 

contributions in PDF 
fits to moderate-  

DIS data 
Q2
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Fig. 5.13 Relative PDF
uncertainties on parton-parton
luminosities from the
PDF4LHC15 and FCC-eh PDF
sets, as a function of the mass of
the produced heavy object, MX ,
at

√
s = 100 TeV. Shown are

the gluon-gluon (top left),
quark–antiquark (top right),
quark-gluon (bottom left) and
quark–quark (bottom right)
luminosities
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Fig. 5.14 Relative PDF
uncertainties on parton-parton
luminosities from the FCC-eh
PDF set, as a function of the
mass of the heavy object
produced, MX , at√
s = 100 TeV. Shown are the

gluon-gluon (top left),
quark–antiquark (top right),
quark-gluon (bottom left) and
quark–quark (bottom right)
luminosities

5.3.2 Small x physics

Resummation at small x

As centre of mass energy in a scattering process becomes very large, the corresponding values of the Bjorken x variable
for the partons participating in the collision become very small. From the theoretical point of view there are number of
interesting phenomena that can occur in that regime. In the standard description of the hard processes, the presence of a
large scale in the hard process allows for the use of the collinear framework in which the hadronic cross section becomes
factorised into hard scattering partonic cross sections and the parton distribution functions which are evolved using the DGLAP
evolution equations. The latter ones resum powers of large logarithms of the hard scale, i.e powers of αs ln Q2. However,
when Bjorken x is small there is a possibility that other logarithms, namely αs ln 1/x become large and need to be resummed
appropriately. The resummation of such logarithms in the QCD is performed via Balitskii–Fadin–Kuraev–Lipatov (BFKL)
evolution [154,155]. This equation is an appropriate evolution in perturbative QCD in the Regge limit, that is when the centre
of mass energy s is much larger than any other scales in the scattering problem. The BFKL evolution is known up to NLO in
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FCC-hh PbPb collisions: top & W decays probe q/g-plasma across yoctosecond time-scales
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474 Page 22 of 161 Eur. Phys. J. C (2019) 79 :474

Fig. S.6 Left: total delay time for the QGP energy-loss parameter
q̂ = 4 GeV2/fm as a function of the top transverse momentum (black
dots) and its standard deviation (error bars). The average contribution
of each component is shown as a coloured stack band. The dashed line

corresponds to a q̂ = 1 GeV2/fm. Right: reconstructed W boson mass,
as a function of the top pT . The upper axis refers to the average total
time delay of the corresponding top pT bin

Fig. S.7 Relative PDF
uncertainties on parton-parton
luminosities, resulting from the
FCC-eh PDF set, as a function
of the mass of the heavy object
produced, MX , at

√
s = 100

TeV. Shown are the gluon-gluon
(top left), quark–antiquark (top
right), quark-gluon (bottom left)
and quark–quark (bottom right)
luminosities

 FCC-eh

gg qq

qg qq

 = 100 TeV)sparton-parton luminosities (

310 410 310 410

-0.02

-0.01

0

0.01

0.02

-0.04

-0.02

0

0.02

0.04

 [GeV]XM  [GeV]XM

Re
la

tiv
e 

un
ce

rta
in

ty

Table S.4 Expected production
yields for b-flavoured particles
at FCC-ee at the Z run, and at
Belle II (50 ab−1) for
comparison

Particle production (109) B0/B̄0 B+/B− B0
s /B̄0

s !b/!̄b cc̄ τ+τ−

Belle II 27.5 27.5 n/a n/a 65 45

FCC-ee 1000 1000 250 250 550 170

Flavor physics

The FCC flavour programme receives important contributions from all 3 machines, FCC-ee, hh, and eh.
The Z run of the FCC-ee will fully record, with no trigger, 1012 Z → bb̄ and Z → cc̄ events. This will give high statistics

of all b- and c-flavoured hadrons, making FCC-ee the natural continuation of the B-factories, Table S.4.
Of topical interest will be the study of possible lepton flavour and lepton number violation. FCC-ee, with detection

efficiencies internally mapped with extreme precision, will offer 200000 B0 → K∗(892)e+e−, 1000 K∗(892)τ+τ− and 1000
(100) Bs (resp. B0) events, one order of magnitude more than the LHCb upgrade. The determination of the CKM parameters
will be correspondingly improved. First observation of CP violation in B mixing will be within reach; a global analysis of
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Interplay of EW & Higgs with strong interaction

32

2 gluon-tagged jet, 70% eff/jet  
light-quark mistag: 1%
BDT MVA result (removing some  
jet vars already used in g-uds  
discrimination)

5/7Higgs-2021, SUNY (virtual), Oct 2021                                                      David d'Enterria (CERN)

Most significant channel: Most significant channel: ee++ee--   H(gg)  H(gg)  jj jj

■ Final state definition (retains 50% of s(gg) = 24 ab):

     2 gluon-tagged jets (with 70% effic. each) 

     Light-q mistagging rate: ~1% 

     Challenging, but not impossible:

     Dedicated QCD studies needed

     (reco&PID of ALL hadrons in jets).

■ BDT MVA result (removing jet vars.

     potentially already used in g-uds 

     discrimination):

       Signal reduction ~50%

       Backgd. reduction: x17

For ⇥
int

=10 ab
-1

S/B = 55/2500 » 1.1

Significance » 1.1

■ Signal & backgrounds cross sections cut flow:

5/7Higgs-2021, SUNY (virtual), Oct 2021                                                      David d'Enterria (CERN)

Most significant channel: Most significant channel: ee++ee--   H(gg)  H(gg)  jj jj

■ Final state definition (retains 50% of s(gg) = 24 ab):

     2 gluon-tagged jets (with 70% effic. each) 

     Light-q mistagging rate: ~1% 

     Challenging, but not impossible:

     Dedicated QCD studies needed

     (reco&PID of ALL hadrons in jets).

■ BDT MVA result (removing jet vars.

     potentially already used in g-uds 

     discrimination):

       Signal reduction ~50%

       Backgd. reduction: x17

For ⇥
int

=10 ab
-1

S/B = 55/2500 » 1.1

Significance » 1.1

■ Signal & backgrounds cross sections cut flow:

Progress needed:  
Today’s best machine-learning, at particle level, gives 
~ 1/4 the corresponding  for (gluon/quark)2 
part of H discrimination (Dreyer, Soyez & Takacs prelim)

S/ B

2107.02686 

FCC-ee: The Lepton Collider 305

Table 1.1. Relative statistical uncertainty on �HZ⇥BR(H! XX) and �⌫⌫̄H⇥BR(H! XX),
as expected from the FCC-ee data, obtained from a fast simulation of the CLD detector
and consolidated with extrapolations from full simulations of similar linear-collider detectors
(SiD and CLIC).

p
s (GeV) 240 365

Luminosity (ab�1) 5 1.5
�(�BR)/�BR (%) HZ ⌫⌫ H HZ ⌫⌫ H
H! any ±0.5 ±0.9
H! bb̄ ±0.3 ±3.1 ±0.5 ±0.9
H! cc̄ ±2.2 ±6.5 ±10
H! gg ±1.9 ±3.5 ±4.5
H!W+W� ±1.2 ±2.6 ±3.0
H! ZZ ±4.4 ±12 ±10
H! ⌧⌧ ±0.9 ±1.8 ±8
H! �� ±9.0 ±18 ±22
H! µ

+
µ
� ±19 ±40

H! invisible <0.3 <0.6

Notes. All numbers indicate 68% CL intervals, except for the 95% CL sensitivity in the
last line. The accuracies expected with 5 ab�1 at 240 GeV are given in the middle column,
and those expected with 1.5 ab�1 at

p
s = 365 GeV are displayed in the last column.

pair of Z bosons. Under the same coupling assumption, this number is proportional
to the ratio �HZ ⇥ �(H! ZZ)/�H, hence to g4

HZZ
/�H. The measurement of gHZZ

described above thus allows �H to be extracted. The numbers of events with exclu-
sive decays of the Higgs boson into bb̄, cc̄, gg, ⌧+⌧�, µ+µ�, W+W�, ��, Z�, and
invisible Higgs boson decays (tagged with the presence of just one Z boson and miss-
ing mass in the event) measure �HZ ⇥ �(H! XX)/�H with precisions indicated in
Table 1.1.

With �HZ and �H known, the numbers of events are proportional to the square
of the gHXX coupling involved. A significantly improved measurement of �H and of
gHWW can be achieved from the WW-fusion process at

p
s = 365 GeV. In practice,

the width and the couplings are determined with a global fit in the  framework,
which closely follows the logic of reference [50]. The results of this fit are summarised
in Table 1.2 and are compared to the same fit applied to HL-LHC projections [51]
and to those of other e+e� colliders [52–54] exploring the 240–380 GeV centre-of-
mass energy range.

In addition to the unique electroweak precision measurement programme pre-
sented in Section 1.2, the FCC-ee also provides the best model-independent preci-
sions for all couplings accessible from Higgs boson decays, among the e+e� collider
projects at the EW scale. With larger luminosities delivered to several detectors at
several centre-of-mass energies (240, 350, and 365 GeV), the FCC-ee improves over
the model-dependent HL-LHC precisions by an order of magnitude for all non-rare
decays. With a sub-per-cent precision for all these decays, the FCC-ee is therefore
able to test the quantum nature of the Higgs boson. The FCC-ee also determines
the Higgs boson width with a precision of 1.6%, which in turn allows the HL-LHC
measurements to be interpreted in a model-independent way as well. Other e+e�
colliders at the EW scale are limited by the precision with which the HZ or the
WW fusion cross sections can be measured, i.e. by the luminosity delivered either
at 240–250 GeV, or at 365–380 GeV, or both.
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e+e‒ → ZH(→ WW)

With  > 200,000 H → WW events, can one do better than 1% 
on the measurement? 

Many decay channels, each with specific features / difficultiesExcepted signal events of each type

4
Wei Yuqian’s work

Done

To do

Mila

Liao Libo 2017 @
 CEPC

https://arxiv.org/abs/2107.02686
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Resources: FCC CDR (https://fcc-cdr.web.cern.ch/) & EPJ+ special issue

34

Patrick Janot

New opportunities create new challenges
q EPJ+ special issue “A future Higgs and EW Factory: Challenges towards discovery”

26 Nov 2021
Engagement meeting 4

All 34 references in this Overleaf document:
https://www.overleaf.com/read/xcssxqyhtrgt

MDI, √s

Challenges to match 
statistical precision

Detector requirements 
& possible solutions

Theory
challenges

Software and computing
challenges

https://fcc-cdr.web.cern.ch/
https://www.overleaf.com/read/xcssxqyhtrgt
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Benchmark studies (https://www.overleaf.com/read/dyjpdszrqxhz)
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or with the direct search and the observation of feebly interacting new particles (such as sterile
neutrinos, axion-like particles, dark photons, ...) to cover many order of magnitudes of coupling
strengths down to 10

�11 of the weak coupling.

A first list of benchmark studies

1. Towards an ultimate measurement of R` =
�(Z!hadrons)

�(Z!leptons)

2. Towards an ultimate measurement of the Z total width �Z

3. Towards an ultimate measurement of the Z peak cross section

4. Direct determination of sin2 ✓`
e↵

and of ↵QED(m
2

Z
) from muon pair asymmetries

5. Determination of the QCD coupling constant ↵S(m
2

Z
)

6. Tau Physics, Lepton Universality, and Lepton Flavour Violation

7. Tau exclusive branching ratios and polarization observables

8. Z-pole Electroweak observables with heavy quarks

9. Long lived particle searches

10. Measurement of the W mass

11. Measurement of the Higgs boson coupling to the c quark

12. Measurement of the ZH production cross section

13. Measurement of the Higgs boson mass - Part I

14. Measurement of the Higgs boson mass - Part II

15. Inferring the total Higgs boson decay width - Part I

16. Inferring the total Higgs boson decay width - Part II

17. Determination of the HZ� effective coupling

18. Electron Yukawa via s-channel e+e� !H production at the Higgs pole

19. Measurement of top properties at threshold and above

20. Search for FCNC in the top sector

21. Theory Needs for FCC-ee

22. Beyond MFV: constraints on RH charged currents and on dipole operators

23. Construction of CP-odd observables to probe CP-violating Higgs couplings

24. Combined fit of Higgs and top data

More detailed letters of interest and contacts specific to each case study (if not already indi-
cated below) will be available shortly. Meanwhile, Alain Blondel, Patrick Janot, and Markus
Klute are the main entry points to these case studies. The complete document is available at
https://www.overleaf.com/read/dyjpdszrqxhz and will be regularly updated with more case stud-
ies and contacts.
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FCC feasibility study: Physics-Experiments-Detector (PED), many places to get involved!
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Patrick Janot

PED pillar organisation to tackle these challenges

26 Nov 2021
Engagement meeting 16
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Abstract submission deadline: 
8 December 

Registration deadline for in-person 
participation: 
16 January 

 
https://cern.ch/FCCPhysics2022 

https://cern.ch/FCCPhysics2022
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Conclusions
➤ no single talk can do justice to the wealth of physics possible across the FCC programme 

➤ FCC programme combines strong ambition with likely feasibility  

➤ an effective  in direct energy reach (like Tevatron → LHC) 

➤ at least an order of magnitude in precision (potentially much more) 
and associated indirect energy reach 

➤ no-lose theorem: directly establishing Higgs self-interaction (it holds the SM together) 

➤ beyond that we don’t know what will come out, but it is win/win: 

➤ establish SM simplicity up to unprecedented scales (a win for Occam’s razor and firm 
foundations for future theories and experiments) 

➤ or gain clues to problems such as scale-hierarchy/DM/flavour/etc 

× 3 − 5
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Tasks ahead
➤ Consolidate & communicate the physics case 

➤ as part of building a broad FCC community  

➤ & explaining why it is exciting to those outside the FCC 

➤ Design experimental setup & develop theoretical foundations 

➤ ensure accelerator design / interface is optimal for physics case 

➤ develop tools for detailed, robust studies (detector simulations, software, theory) 

➤ carry out representative physics analyses (make firmer/better statements about 
performance, establish detector requirements) 

➤ use them to benchmark detector concepts (up to 4 for FCC-ee), evaluate 
computing requirements, etc.
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backup
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Patrick Janot

√s
Observable

mZ 2mW
HZ max.
240-250 GeV

2mtop
340-380 GeV

500 GeV 1.5 TeV 3 TeV
28 TeV
37 TeV
48 TeV

100 TeV
Leading Physics

Questions

Precision EW 
(Z, W, top)

Transverse
polarization

Transverse
polarization

mtop

(mW, aS)
Existence of more SM-

Interacting particles

QCD (aS) 
QED (aQED) 5×1012 Z 3×108 W 105 H➝gg

Fundamental constants
and tests of QED/QCD

Model-independent
Higgs couplings

1.2×106 HZ and 75k WW➝H
at two energies

<1% precision
(*) Test Higgs nature

Higgs rare decays <1% precision
(*) Portal to new physics

Higgs invisible decays 10-4 BR 
sensitivity Portal to dark matter

Higgs self-coupling 3 to 5s from loop corrections
to Higgs cross sections

3% (HH prod)
(*) Key to EWSB

Flavours (b, t) 5×1012 Z
Portal to new physics

Test of symmetries

RH n’s, Feebly 
interacting particles 5×1012 Z 1011 W Direct NP discovery 

At low couplings

Direct search
at high scales

Mc<250GeV
Small DM

Mc<750GeV
Small DM

Mc<1.5TeV
Small DM Up to 40 TeV

Direct NP discovery
At high mass

Precision EW
at high energy Y W, Z Indirect Sensitivity to 

Nearby new physics

Quark-gluon plasma
Physics w/ injectors QCD at origins

e+e- collisions pp collisions

ee ➝ H
√s = mH

arXiv:1906.02693, FCC-ee: Your questions answered

26 Nov 2021
Engagement meeting 21Green = Unique to FCC; Blue = Best with FCC; (*) = if FCC-hh is combined with FCC-ee; Pink = Best with other colliders; 
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Electroweak fits (1910.11775), e.g. S & T parameters (i.e. specific EFT operator combinations)

43

3.2. FUTURE PROSPECTS 31

Fig. 3.5: Number of Z bosons and W+W� boson pairs at past and future e+e� colliders. The
numbers are summed over experiments (four for LEP, two for FCC-ee and CEPC and one for
the other colliders). For LEP the number of W pairs shown includes all energies

p
s & 2MW .

Table 3.3: Values for 1s sensitivity on the S and T parameters. In all cases the value shown
is after combination with HL-LHC. For ILC and CLIC the projections are shown with and
without dedicated running at the Z-pole. All other oblique parameters are set to zero. The
intrinsic theory uncertainty is also set to zero.

Current HL-LHC ILC250 CEPC FCC-ee CLIC380
(& ILC91) (& CLIC91)

S 0.13 0.053 0.012 0.009 0.0068 0.0038 0.032 0.011
T 0.08 0.041 0.014 0.013 0.0072 0.0022 0.023 0.012

S and T parameters for the different colliders.
In addition to measurements that probe the electroweak sector of the SM, there are also

several approaches at low-energy which provide interesting and complementary information.
The forward-backward asymmetry Ab

FB for the production of b quarks measured at zero polari-
sation disagrees with the SM prediction by 2.3s [33]. There is also a long-standing discrepancy
of about 3s between the value for the weak mixing angle, sin2 qW measured at LEP/SLC, and
that measured in neutrino deep-inelastic scattering by the NuTeV experiment [40]. The dis-
crepancy may well be due to nuclear effects in the latter measurement [41]. The DUNE [42]
experiment, primarily designed to measure the neutrino oscillations, plans to measure sin2 qW
with a precision of about 1% using its near detector. This should clarify the discrepancy further
and serve as a complementary probe for the Z-boson to neutrinos at low energies

p
s ⌧ MZ .

The electron-ion collider (EIC [43]), planned in the US, also plans to measure the dependence
of sin2 qW on Q2 in the range Q2 ⇠ 10�70 GeV2 using polarised electrons scattered off unpo-
larised deuterons with a precision better than 1%.

FCC-ee brings × 14-18  
increase in precision 

https://arxiv.org/abs/1910.11775
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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perturbative uncertainties associated with the relation between the measured value of the top
mass and the actual definition of the top pole mass used here (presumably of the order of ⇤QCD)
are buried inside the parameter Mt in eq. (64). For this reason we include a theoretical error
in the top pole mass and take Mt = (173.34± 0.76exp ± 0.3th)GeV. Combining in quadrature
theoretical uncertainties with experimental errors, we find

Mh > (129.6± 1.5)GeV (stability condition). (65)

From this result we conclude that vacuum stability of the SM up to the Planck scale is excluded
at 2.8� (99.8% C.L. one-sided). Since the main source of uncertainty in eq. (64) comes from
Mt, any refinement in the measurement of the top mass is of great importance for the question
of EW vacuum stability.

Since the experimental error on the Higgs mass is already fairly small and will be further
reduced by future LHC analyses, it is becoming more appropriate to express the stability
condition in terms of the pole top mass. We can express the stability condition of eq. (64) as

Mt < (171.53± 0.15± 0.23↵3
± 0.15Mh

)GeV = (171.53± 0.42)GeV. (66)

In the latter equation we combined in quadrature the theoretical uncertainty with the experi-
mental uncertainties on Mh and ↵3.

Notice that the stability bound is scheme and gauge independent. While intermediate
steps of the computation (threshold corrections, higher-order RG equations, and the e↵ective
potential) are scheme-dependent, the values of the e↵ective potential at its local minima are
scheme-independent physical observables, and thus the stability condition has the same prop-
erty.

The instability scale ⇤V can be defined in a gauge-independent and scheme-independent
way as ⇤V ⌘ (maxh Ve↵(h))1/4, in terms of the value of the e↵ective SM potential of eq. (63) at
the maximum of its barrier. Numerically we find

log
10

⇤V

GeV
= 9.5 + 0.7

✓
Mh

GeV
� 125.15

◆
� 1.0

✓
Mt

GeV
� 173.34

◆
+ 0.3

↵3(MZ)� 0.1184

0.0007
. (67)

The alternative definition of the instability scale, as the scale ⇤� at which the running coupling �
vanishes, is scheme-dependent. In the ms scheme we find ⇤� ⇡ 2⇤V . The alternative definition
of the instability scale, as the scale ⇤I at which �e↵ vanishes, is gauge dependent. In the Landau
gauge we find ⇤I ⇡ 13⇤V around the observed values of the SM parameters.

4.4 The SM phase diagram in terms of Planck-scale couplings

The discovery of the SM near-criticality has led to many theoretical speculations [4,27–50,110,
111]. In order to address such speculations and to investigate if the measured value of Mh is
really special in the SM, it is more appropriate to study the phase diagram in terms of the
Higgs quartic and the top Yukawa coupling evaluated at some high-energy scale, rather than
at the weak scale. This is because of our theoretical bias that the SM is eventually embedded
into a new framework at short distances, possibly as short as the Planck length. Therefore,
it is more likely that information about the underlying theory is directly encoded in the high-
energy coupling constants. For this reason in fig. 4 we recast the phase diagram of fig. 3 in
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It’s not inconceivable 
that the top mass 

could be sufficiently 
mis-measured at 

hadron colliders that 
the SM-universe is 

stable all the way to 
the Planck scale
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mass reach at FCC-hh v. LHC (http://collider-reach.web.cern.ch/)
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1910.11775 Fig 3.5: numbers of bosons (FCC-ee W breakdown looks wrong)
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Fig. 3.5: Number of Z bosons and W+W� boson pairs at past and future e+e� colliders. The
numbers are summed over experiments (four for LEP, two for FCC-ee and CEPC and one for
the other colliders). For LEP the number of W pairs shown includes all energies

p
s & 2MW .

Table 3.3: Values for 1s sensitivity on the S and T parameters. In all cases the value shown
is after combination with HL-LHC. For ILC and CLIC the projections are shown with and
without dedicated running at the Z-pole. All other oblique parameters are set to zero. The
intrinsic theory uncertainty is also set to zero.

Current HL-LHC ILC250 CEPC FCC-ee CLIC380
(& ILC91) (& CLIC91)

S 0.13 0.053 0.012 0.009 0.0068 0.0038 0.032 0.011
T 0.08 0.041 0.014 0.013 0.0072 0.0022 0.023 0.012

S and T parameters for the different colliders.
In addition to measurements that probe the electroweak sector of the SM, there are also

several approaches at low-energy which provide interesting and complementary information.
The forward-backward asymmetry Ab

FB for the production of b quarks measured at zero polari-
sation disagrees with the SM prediction by 2.3s [33]. There is also a long-standing discrepancy
of about 3s between the value for the weak mixing angle, sin2 qW measured at LEP/SLC, and
that measured in neutrino deep-inelastic scattering by the NuTeV experiment [40]. The dis-
crepancy may well be due to nuclear effects in the latter measurement [41]. The DUNE [42]
experiment, primarily designed to measure the neutrino oscillations, plans to measure sin2 qW
with a precision of about 1% using its near detector. This should clarify the discrepancy further
and serve as a complementary probe for the Z-boson to neutrinos at low energies

p
s ⌧ MZ .

The electron-ion collider (EIC [43]), planned in the US, also plans to measure the dependence
of sin2 qW on Q2 in the range Q2 ⇠ 10�70 GeV2 using polarised electrons scattered off unpo-
larised deuterons with a precision better than 1%.
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current gluon/quark discrimination (Dreyer, Soyez, Takacs prelim, particle-level)
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