
Overview of Theory / deliverables for the FCC
Feasibility Study

Fulvio Piccinini

INFN, Sezione di Pavia

November 21, 2022

Joint FCC-France & Italy 2022 Workshop in Lyon, Lyon, 21 – 22 November 2022

F. Piccinini (INFN) Joint FCC-France & Italy 2022 November 21, 2022 1 / 36



SM tested up to ∼ 200 GeV with e+e− colliders
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LEP EWWG, SLD WG, ALEPH, DELPHI, L3, OPAL, Phys. Rept. 427 (2006) 257

• precision O(0.1%) measurements of the processes e+e− → ff̄

• O(1%) for the processes e+e− →WW/ZZ → 4 fermions
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LEP/SLC legacy at the Z pole

Measurement Fit |O
meas−O

fit
|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5)
0.02758 ± 0.00035 0.02767

mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874

ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4965

σhad [nb]σ0
41.540 ± 0.037 41.481

RlRl 20.767 ± 0.025 20.739

AfbA
0,l

0.01714 ± 0.00095 0.01642

Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1480

RbRb 0.21629 ± 0.00066 0.21562

RcRc 0.1721 ± 0.0030 0.1723

AfbA
0,b

0.0992 ± 0.0016 0.1037

AfbA
0,c

0.0707 ± 0.0035 0.0742

AbAb 0.923 ± 0.020 0.935

AcAc 0.670 ± 0.027 0.668

Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1480

sin
2θeffsin
2θlept

(Qfb) 0.2324 ± 0.0012 0.2314

mW [GeV]mW [GeV] 80.425 ± 0.034 80.389

ΓW [GeV]ΓW [GeV] 2.133 ± 0.069 2.093

mt [GeV]mt [GeV] 178.0 ± 4.3 178.5

Figure 8.14: Comparison of the measurements with the expectation of the SM, calculated for
the five SM input parameter values in the minimum of the global χ2 of the fit. Also shown
is the pull of each measurement, where pull is defined as the difference of measurement and
expectation in units of the measurement uncertainty. The direct measurements of mW and ΓW

used here are preliminary.
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Figure 8.13: ∆χ2(mH) = χ2
min(mH) − χ2

min as a function of mH. The line is the result of
the fit using all 18 results. The associated band represents the estimate of the theoretical
uncertainty due to missing higher-order corrections as discussed in Section 8.4. The vertical
band shows the 95% confidence level exclusion limit on mH of 114.4 GeV derived from the
direct search at LEP-II [39]. The dashed curve is the result obtained using the theory-driven
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Z) determination of Equation 8.4. The direct measurements of mW and ΓW used here

are preliminary.
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2012→ Higgs boson @LHC: mass and width

Higgs mass
• Mass measurement only in H→γγ and H→4l with excellent exp. precision


• dominated by stat. (Run 1+ part. Run 2) and exp. systematics: 140 MeV~0.1%

19

Phys. Lett. B 805 (2020) 135425

m(H)=125.38±0.14 (0.11) GeVm(H)=124.92±0.19+0.09-0.06 GeV

ATLAS-CONF-2020-005

T.B. Ta, La Thuile 2022

• ∼ 0.1% precision on Higgs mass
• Width (SM ∼ 4 MeV)

• Γ < 14.4 MeV (ATLAS 36 fb−1)
• Γ < 3.2+2.4

−1.7 MeV (CMS)
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2012→ Higgs boson @LHC

• production (and decay) measured in several channels
• for some channel th. uncertainties of same order of exp

systematics
Production Decay

Higgs production & decay 

21

A large number of Higgs production and decay modes have 
been established. Excellent agreement with theory predictions.  

Cross-sections Branching ratios

ATLAS Nature 607 (2022) 7917ATLAS Coll., Nature 607 (2022) 7917

• agreement with th. predictions
F. Piccinini (INFN) Joint FCC-France & Italy 2022 November 21, 2022 5 / 36



2022: Higgs @LHC

• coupling strengths in the “k” framework

ki =
gHi

gSMHiProduction Decay

22

Higgs production & decay 
Signal strength (production) Signal strength (decay)

A large number of Higgs production and decay modes have 
been established. Excellent agreement with theory predictions.  

CMS Nature 607 (2022) 7917CMS Coll., Nature 607 (2022) 7917

• agreement with th. predictions
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2022: Higgs @LHCHiggs couplings to fermions 
and bosons

30

“Global” fermion and 
vector coupling modifiers 
can be used to quantify 
the LHC capability to 
constrain BSM effects 

Very many ways of constraining BSM effects in Higgs physics using 
SMEFT, including using non-Higgs related observables and vice-versa 

⇒ see e.g. talks of R. Franceschini, D. Marzocca, E. Vryonidou, A. Martin, G. Piaquadio  

CMS Nature 607 (2022) 7917

CMS Coll., Nature 607 (2022) 7917

Footprint of the SM Higgs

29

So far, the Higgs behaves SM like, as far as couplings to third and 
second generation are concerned. 

Still large room for BSM effects in couplings to 1st and 2nd generation 

ATLAS Nature 607 (2022) 7917

ATLAS Coll., Nature 607 (2022) 7917
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Higgs self-coupling: sensitivity through

• double Higgs production (at NLO or LO in associated
production)

Borowka et al., arXiv:1604.06447; Grazzini et al., arXiv:1803.02463

Double Higgs production at the LHC Louis Portales

1. Introduction6

Since the discovery of the Higgs boson in 2012 [1–3], the associated production of pairs of Higgs bosons7

(��) has been one of the most sought after processes for the ATLAS [4] and CMS [5] Collaborations, for8

the insight it can provide on the Electroweak Symmetry Breaking Mechanism. �� pairs can be produced9

either through non-resonant or resonant processes. The non-resonant production mainly occurs through10

gluon-gluon fusion (66F), with a low production cross-section of fNNLO
SM (66F ��) = 31.1 fb−1. The sub-11

leading production mechanism, the Vector-Boson Fusion (VBF), is also interesting to consider. Diagrams12

corresponding to the two production modes are shown in Figure 1. Although its production cross-section,13

fN3LO
SM = 1.73 fb−1, is much lower than that of the 66F production mode, its study has already allowed the14

production of a variety of interesting results. The study of non-resonant �� production can provide insights15

on the Electroweak symmetry breaking mechanism, through the direct access to the trilinear Higgs coupling16

_��� and give an additional handle for the measurement of couplings of other particles to the Higgs boson.17

The resonant �� production can also be a direct sign of new physics, with many BSM models predicting18

heavy spin-0 or spin-2 resonances - decaying to �� with significant branching ratios for <- > 2<� .

Figure 1: Main Feynman diagrams for the non-resonant production of Higgs boson pairs.
19

The choice of the final state used to study �� production is mainly driven by the branching ratios (BR).20

So far, analyses have been looking at final states where at least one of the Higgs bosons decays to 11̄, to21

benefit from the sizable BR(� → 11̄) ' 58 %, with the second Higgs decay selected accounting for the22

trade-off between the BR and the expected contamination from background processes.23

Constraints on the �� production cross-section have been set by the ATLAS and CMS collaborations24

using 36 fb−1 of data collected in 2016 by the ATLAS and CMS Collaborations [6, 7], achieving upper25

limits on the �� production cross-section of about ten times the SM prediction, from combinations of their26

respective analyses. These results were extrapolated to evaluate the expected constraints on the cross-section27

and on ^_ at HL-LHC [8]. They highlight a possible exclusion of ^_ = 0 at a 95 % confidence level from the28

combination of ATLAS and CMS results, but the experiments may not be able to claim the observation of29

the process, with the expected discovery significance from such a combination expected to reach 4.0 f.30

The Run 2 of the LHC came to an end in 2018, and allowed both experiments to collect about 140 fb−1
31

of data, with which numerous results on the topic of �� have been made public. Most of them present32

significant improvements with respect to the partial Run 2 analyses. These analyses are reviewed in Section 2-33

5, covering all relevant published results as of September 2021, grouped with respect to the studied final34

states.35

2. �� → 1111 analyses36

A study of the non-resonant�� → 1111 production with a fully resolved final state is made by the CMS37

Collaboration [9], targetting both VBF and 66F production modes. Events are required to contain at least 438

jets, and at least 3 of them are required to be well-identified b-jets. The b-jet pairing combinatorics issue is39

solved through a distance-based pairing method, where the two pairs of b-jet minimizing 3 =
|<�1−:<�2 |
(1+:2)40

are used to reconstruct the Higgs candidates. Two event categories are defined, targetting either of the VBF41

or 66F signals, based on the identification of the two energetic forward jets characterizing VBF events, in42

addition to a dedicated BDT discriminant trained to separate the two signals. A second BDT discriminant43

is used for the signal extraction fit in the 66F category, while in the VBF category, the di-Higgs invariant44

mass <�� is used instead. Limits are extracted for ^_ and ^2+ , and found to be −2.3 < ^_ < 9.4 (exp.45

−5.0 < ^_ < 12.0) and −0.1 < ^2+ < 2.2 (exp. 0.4 < ^2+ < 2.5). An upper limit on the 66F+VBF46

2

• single Higgs production (at NNLO or NLO in associated
production) and decay (at NLO or NNLO for H → γγ)
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Figure 2: Examples of one loop λHHH -dependent diagrams for the Higgs boson self-energy (a) and the single-Higgs
production in the ggF (b), VBF (c), VH (d), and tt̄H (e) modes. The self-coupling vertex is indicated by the filled
circle.

particular, λHHH contributes at NLO EW via Higgs boson self energy loop corrections and via additional
diagrams, examples of which are shown in Figure 2. Therefore, an indirect constraint on λHHH can be
extracted by comparing precise measurements of single-Higgs production and decay yields and the SM
predictions corrected for the λHHH -dependent NLO EW effects. A framework for a global fit to constrain
the Higgs boson trilinear coupling and the other coupling modifiers κm = gm/gSMm , where gm is a coupling
of the Higgs boson to fermions or vector bosons altered by BSM physics, has been proposed in Refs. [11,
12]; the model dependent assumptions of this parameterisation are described in the same references. In
this work inclusive production cross sections, decay branching ratios and differential cross sections are
exploited to increase the sensitivity of the single-Higgs analyses to κλ and κm. The differential information
is encoded through the simplified template cross-section (STXS) framework [34, 48]. The signal yield in a
specific decay channel and STXS bin is then proportional to:

nsignal
i, f
(κλ, κm) ∝ µi(κλ, κm) × µ f (κλ, κm) × σSM,i × BRSM, f × (ε × A)i f , (3)

where µi and µ f describe respectively the multiplicative corrections of the expected SM Higgs boson
production cross sections in an STXS bin (σSM,i) and each decay-channel branching fraction (BRSM, f ) as a
function of the values of the trilinear Higgs boson self-coupling modifier κλ and the LO-inspired modifiers
κm. The (ε × A)i f coefficients take into account the analysis acceptance times efficiency in each production
and decay mode.

The functional dependence of µi(κλ, κm) and µ f (κλ, κm) on κλ and κm varies according to the production
mode, the decay channel and, in particular for the VH production mode, on the STXS bin. Therefore STXS
information of the VBF, WH and ZH production modes are exploited here to constrain κλ and κm. For the

5

• EW precision observables at two loops
Degrassi et al., arXiv:1702.01737; Kribs et al., arXiv:1702.07678

The ultimate challenge: measuring the Higgs potential

From double/single Higgs production

(cannot rely on large mt approx.)

(Borowka et al., 1604.06447; Grazzini et al., 1803.02463)

2

Standard Model Higgs Lagrangian:

EW symmetry breaking

TH: coupling known in SM 
EXP: need to find and measure 
processes involving Higgs self couplings

V (�) = �µ2(�†�) + �(�†�)2L � �V (�),

µ2 = �v2

m2
H = 2�v2

V (H) =
1

2
m2

HH2 + �vH3 +
�

4
H4,

SM: self-couplings 
determined by mH , v

The Higgs self-coupling
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Figure 1. Example of a 2-loop diagram with an insertion of the effective operator O6 that
contributes to the gg ! h amplitude at O(�).

to take the infinite quark-mass limit. In such a case, one arrives at the classic Shifman-
Vainshtein-Zakharov result c

(0)
g = 1/12 ' 0.083 derived first in [41].

The O(�) correction to the coefficient cg arises from both 2-loop Feynman diagrams
and 1-loop counterterm graphs involving a Higgs wave function renormalisation. To find the
former type of contribution, we apply EFT techniques (see for instance [42] for a non-trivial
application to Higgs production) and employ a hard-mass expansion procedure ⌧t !1 to
the full 2-loop diagrams involving a top-quark loop and a h3 vertex that arises from the
insertion of O6. A prototype graph of such a contribution is shown in Figure 1. After
setting mh = 0 and Taylor expanding in the external momenta, this technique reduces the
calculation to the evaluation of 2-loop vacuum bubbles with a single mass scale, which can
all be expressed in terms of Gamma functions (cf. [38]).

The correction proportional to the O(�) contribution to the Higgs wave function renor-
malisation constant

Zh = 1 +
�

(4⇡)2
Z

(1)
h , (4.4)

is instead found from the 1-loop Higgs-boson selfenergy with one and two insertions of O6.
By a straightforward calculation, we obtain the analytic result

Z
(1)
h =

⇣
9� 2

p
3⇡

⌘
c̄6 (c̄6 + 2) . (4.5)

Combining both contributions, we arrive at

c(1)
g = � 1

12

✓
1

4
+ 3 ln

µ2
w

m2
t

◆
c̄6 +

Z
(1)
h

2
c(0)
g , (4.6)

with c
(0)
g given in (4.2). As a powerful cross-check of our calculation, we have extracted

the O(�) correction to the coefficient cg arising from 2-loop diagrams by matching in ad-
dition the gg ! 2h and gg ! 3h Green’s functions, obtaining in all three cases the exact
same result. Details on the renormalisation of the bare 2-loop gg ! h amplitude can be
found in Appendix C. Given the good convergence of the infinite quark-mass expansion
in the case of c

(0)
g , we believe that our analytic expression (4.6) should approximate the

full O(�) correction to the on-shell 2-loop form factor quite well. To make this statement
more precise would require an explicit calculation of the relevant gg ! h amplitudes that
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Figure 2: Higgs boson pair invariant mass distribution at NNLO for the di↵erent approximations,
together with the NLO prediction, at 14TeV (left) and 100 TeV (right). The lower panels show the
ratio with respect to the NLO prediction, and the filled areas indicate the NLO and NNLOFTapprox

scale uncertainties.

harder and the softer Higgs boson (pT,h1 and pT,h2, Figs. 6 and 7), and the azimuthal separation
between the two Higgs bosons (��hh, Fig. 8). For the sake of clarity, we only show the scale
uncertainty bands corresponding to the NLO and NNLOFTapprox predictions.

We start our discussion from the invariant-mass distribution of the Higgs boson pair, re-
ported in Fig. 2. We observe that the NNLOB-proj and NNLONLO-i approximations predict a
similar shape, with very small corrections at threshold, an approximately constant K-factor for
larger invariant masses, and only a small di↵erence in the normalization between them, which
increases in the 100 TeV case. The NNLOFTapprox, on the other hand, presents a di↵erent shape,
in particular with larger corrections for lower invariant masses, a minimum in the size of the
corrections close to the region where the maximum of the distribution is located, and a slow
increase towards the tail. The di↵erent behavior of the NNLOFTapprox in the region close to
threshold is more evident at 100 TeV, where the increase is about 30% in the first bin. Naively
we could expect that if this region is dominated by soft parton(s) recoiling against the Higgs
bosons, the Born projection and FTapprox should provide similar results. We have investigated
the origin of this di↵erence, and we find that in the region Mhh ⇠ 2Mh the cross section is actu-
ally dominated by events with relatively hard radiation recoiling against the Higgs boson pair
(for example, at

p
s = 100 TeV, the average transverse momentum of the Higgs boson pair in

the first Mhh bin is pT,hh ⇠ 100 GeV at NLO). In this region the exact loop amplitudes behave
rather di↵erently as compared to the amplitudes evaluated in the HEFT: As the production
threshold is approached, they go to zero faster than in the mass-dependent case, thus explain-
ing the di↵erences we find. Within the NNLOFTapprox, the corrections to the Mhh spectrum
range between 10% and 20% at 14 TeV. The scale uncertainty is substantially reduced in the

10

From indirect effects (Degrassi et al., 1702.01737; Kribs et al., 1702.07678)
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HIGGS SELF COUPLING IN THE FUTURE

61

Collider Accuracy 
on kl

Running 
Years

HL-LHC 50% 12

HE-LHC 10-20% 20

ILC(500) 27% 21

CLIC(1500) 36% 15

CLIC(3000) +11%,
-7%

23

FCC(hh) 5% 13

Difficult measurement 
at all colliders!

pp

pp

e+e-

Higgs self-coupling(s) ↔ EWSB

↪→ Double vs single H production?

↪→ Indirect measurement?

↪→ Can we measure both λ3 and λ4?

Odds can change by exploring all ideas!
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Present sensitivity to kλ

• kλ = λHHH/λ
SM
HHH

H+HH combination

36

⇒ no relevant gain from 
single-Higgs BUT ⇒ the combination of H and 

HH  allows to constrain 𝜅𝝀 
and other “𝜅” (e.g. 𝜅t) 

ATLAS-CONF-2022-050 (see also 2211.01216)

ATLAS, arXiv:2211.01216

• HH driven constraining power
• −1.4 < kλ < 6.1 @95% CL

• additional constraining power also from EWPO MW and sin2 ϑ`eff ,
in particular in view of future FCC precision

Degrassi et al., arXiv:2102.07651
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Summarizing the present status

• SM gauge sector tested with O(0.1%) precision

• SM Higgs interaction with 3rd-generation fermions tested with
O(10%) level

• SM Higgs interaction with W -Z gauge boson tested at the O(10%)
level

• hardly constrained SM Higgs self-coupling

• negative searches of New Physics at high energy
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From low energy...: Muon g − 2 recent result

7

Run ωa/2π [Hz] ω̃′p/2π [Hz] R′µ × 1000
1a 229081.06(28) 61791871.2(7.1) 3.7073009(45)
1b 229081.40(24) 61791937.8(7.9) 3.7073024(38)
1c 229081.26(19) 61791845.4(7.7) 3.7073057(31)
1d 229081.23(16) 61792003.4(6.6) 3.7072957(26)
Run-1 3.7073003(17)

TABLE I. Run-1 group measurements of ωa, ω̃′p, and their
ratios R′µ multiplied by 1000. See also Supplemental Mate-
rial [66].

COMPUTING aµ AND CONCLUSIONS

Table I lists the individual measurements of ωa and
ω̃′p, inclusive of all correction terms in Eq. 4, for the four
run groups, as well as their ratios, R′µ (the latter multi-
plied by 1000). The measurements are largely uncorre-
lated because the run-group uncertainties are dominated
by the statistical uncertainty on ωa. However, most sys-
tematic uncertainties for both ωa and ω̃′p measurements,
and hence for the ratios R′µ, are fully correlated across
run groups. The net computed uncertainties (and cor-
rections) are listed in Table II. The fit of the four run-
group results has a χ2/n.d.f. = 6.8/3, corresponding to
P (χ2) = 7.8%; we consider the P (χ2) to be a plausible
statistical outcome and not indicative of incorrectly esti-
mated uncertainties. The weighted-average value is R′µ
= 0.0037073003(16)(6), where the first error is statistical
and the second is systematic [67]. From Eq. 2, we arrive
at a determination of the muon anomaly

aµ(FNAL) = 116 592 040(54)× 10−11 (0.46 ppm),

where the statistical, systematic, and fundamental con-
stant uncertainties that are listed in Table II are com-
bined in quadrature. Our result differs from the SM value
by 3.3σ and agrees with the BNL E821 result. The com-
bined experimental (Exp) average[68] is

aµ(Exp) = 116 592 061(41)× 10−11 (0.35 ppm).

The difference, aµ(Exp)− aµ(SM) = (251± 59)× 10−11,
has a significance of 4.2σ. These results are displayed in
Fig. 4.

In summary, the findings here confirm the BNL exper-
imental result and the corresponding experimental aver-
age increases the significance of the discrepancy between
the measured and SM predicted aµ to 4.2σ. This result
will further motivate the development of SM extensions,
including those having new couplings to leptons.

Following the Run-1 measurements, improvements to
the temperature in the experimental hall have led to
greater magnetic field and detector gain stability. An
upgrade to the kicker enables the incoming beam to be
stored in the center of the storage aperture, thus reducing
various beam dynamics effects. These changes, amongst
others, will lead to higher precision in future publications.

Quantity Correction terms Uncertainty
(ppb) (ppb)

ωma (statistical) – 434
ωma (systematic) – 56
Ce 489 53
Cp 180 13
Cml -11 5
Cpa -158 75
fcalib〈ω′p(x, y, φ)×M(x, y, φ)〉 – 56
Bk -27 37
Bq -17 92

µ′p(34.7◦)/µe – 10
mµ/me – 22
ge/2 – 0
Total systematic – 157
Total fundamental factors – 25
Totals 544 462

TABLE II. Values and uncertainties of the R′µ correction
terms in Eq. 4, and uncertainties due to the constants in Eq. 2
for aµ. Positive Ci increase aµ and positive Bi decrease aµ.

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5

4.2

a × 10
9

1165900

Standard Model Experiment
Average

BNL g-2

FNAL g-2

FIG. 4. From top to bottom: experimental values of aµ
from BNL E821, this measurement, and the combined aver-
age. The inner tick marks indicate the statistical contribution
to the total uncertainties. The Muon g − 2 Theory Initiative
recommended value [13] for the standard model is also shown.
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• Increased experimental precision expected soon
• puzzle of SM prediction based on LQCD
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LFU @LHC from B meson decays

Tensions in measurements involving the transitions

• b̄→ c̄`+ν` (RD, RD∗ )

• b̄→ s̄`+`−

(` = µ, e)

e.g.

RK =

B(B+→K+µ+µ−)
B(B+→J/ψ(→µ+µ−)K+µ+µ−)

B(B+→K+e+e−)
B(B+→J/ψ(→e+e−)K+e+e−)

RK∗ = . . .

RK0
S

= . . .

4. Result 43/44
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PRD 105 (2022) 034503
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2021
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• New preliminary average: slightly lower R(D∗), slightly higher
R(D), reduced correlation
• 3.3σ → 3.2σ agreement with SM
• Excellent overall agreement between measurements

G.M. Ciezarek, LHC Seminar, CERN 18/10/2022
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-1LHCb 9 fb
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4c/2 < 8.12 GeV2q0.1 < 

Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+→ K+`+`− and
B0→ K0

S`
+`− decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.

8

R. Aaij et al. (LHCb Coll.), arXiv:2103.11769

∼ 3 σ
F. Piccinini (INFN) Joint FCC-France & Italy 2022 November 21, 2022 12 / 36



Exotic hadron spectroscopy

F. Blanc, ICHEP 2022

• Several conventional and 
exotic hadronic states 
discovered at the LHC, many  
of them (59/66) by LHCb 
- key to study of 

non-perturbative QCD 
 

• nature of exotic states still unclear: 
loosely (hadronic molecule) or tightly bound?  
 
 

• LHCb report the observation of new exotic states 
- ,  (tetra-quark states) 

-  (penta-quark state)

Ta
cs̄0(2900)++ Ta

cs̄0(2900)0

PΛ
ψs(4438)0

5

Search for exotic hadronic states

LHCb-FIGURE-2021-001 (update)

Ente
ring

 a 

new
 Era!

New naming convention 
proposed by LHCb

arXiv:2206.15233

confirmed by 
ATLAS and 

CMS at ICHEP

F. Blanc (LHCb Coll.), ICHEP 2022

Challenge for QCD in the non-perturbative regime
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In addition to unanswered questions, e.g.

• Nature of EWSB

• Neutrino masses

• Higgs and Flavour

• Dark Matter

• Baryon asymmetry in the Universe

• Gravity

• . . .

connections with Higgs in the following picture
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What is the origin of the 
vast range of quark and 
lepton masses in the 
Standard Model? 

• Are there modified interactions 
to the Higgs boson and known 
particles?


• Does the Higgs decay into 
pairs of quarks and leptons 
with distinct flavours (for 
example, H → μ+τ-)? 

Why is the electroweak 
interaction so much 
stronger than gravity? 

• Are there new particles 
close to  the mass of the 
Higgs boson?


• Is the Higgs boson 
elementary or made of other 
particles?


• Are there anomalies in the 
interactions of the Higgs 
with the W and Z?

Why is there more 
matter than antimatter in 
the universe? 

• Are there charge-parity 
violating Higgs decays? 


• Are there anomalies in the  
Higgs self-coupling that 
would imply a strong first-
order early-universe 
electroweak phase 
transition?


• Are there multiple Higgs 
sectors?

What is the origin of the 
early-universe inflation? 

• Is the Higgs connected to the 
mechanism that drives inflation?


• Are there any imprints in 
cosmological observations?

What is dark matter? 

• Can the Higgs provide a 
portal  to dark matter or a 
dark sector?


• Is the Higgs lifetime 
consistent with the 
Standard Model? 


• Are there new decay 
modes of the Higgs? 

Higgs     
boson

Possible connections of the 
Higgs to major open questions

42Salam, Wang, GZ Nature 607 (2022) 7917 G.P. Salam, L.-T. Wang, G. Zanderighi, Nature 607 (2022) 7917

F. Piccinini (INFN) Joint FCC-France & Italy 2022 November 21, 2022 15 / 36



Prospects for HL-LHC: SM EW fit

level. The improvement in the precision on mt would also reduce the parametric uncertainty on some
observables, e.g. the W mass, bringing the total residual error very close to the intrinsic uncertainty as-
sociated to missing higher-order corrections in the calculation of MW . As in the case of some of the SM
inputs, the expected improvement on the experimental precision of MW , without a significant deviation
on the central value, would add some tension between theory and experiment, pushing the pull for this
observable well beyond the 2σ level. The impact of the HL-LHC measurements on the EW fit is well
illustrated in Fig. 46 where one can see the comparison between direct (i.e. experimental) and indirect
constraints on the fit input parameters given for both the current and HL-LHC scenarios in the MW vs.
mt and the MW vs. sin2 θlept

eff planes respectively.
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Fig. 46: Comparison of the indirect constraints on MW and mt with the current experimental mea-
surements and the expected improvements at the HL-LHC (left). The same in the MW -sin2 θlept

eff plane
(right).

The EWPO, being measured in processes mediated by the exchange of a Z or W boson, are extremely
sensitive to any new physics that modifies the propagation of such particles. This results in a universal
modification of the interactions between the EW gauge bosons and the SM fermions, which, from the
point of view of EWPO, can be described in terms of only three parameters: the well-known S, T , and
U oblique parameters [512]. The study of the constraints on the S, T , and U parameters is one of the
classical benchmarks in the study of EW precision constraints on new physics, and it is well motivated
from a theory point of view, within the context of universal theories. The results of the fit to the S, T ,
and U parameters are given in Table 29. The results are presents in terms of the full (S,T ,U ) fit and also
assuming U = 0, which is motivated in theories where EW symmetry breaking is realised linearly, since
in that case U � S, T . In both cases the current constraints are compared with the expected precision at
the HL-LHC, which, in some cases, could improve the sensitivity to such new physics effects by up to
∼ 30%. The results for the ST fit (U = 0) are shown in Fig. 47, illustrating also the constraints imposed
by the different EWPO.

As stressed above, the STU parameterisation only describes universal deformations with respect to
the SM predictions. In order to systematically explore the impact of global EW precision fits on new
physics, the framework of the SMEFT is adopted in what follows. In this formalism, the SM Lagrangian
is extended via operators of dimension five and higher, i.e.

Leff = LSM +
∑

d>4

1

Λd−4
Ld, with Ld =

∑

i

CiO(d)
i ,

[
O(d)
i

]
= d , (28)
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The EWPO, being measured in processes mediated by the exchange of a Z or W boson, are extremely
sensitive to any new physics that modifies the propagation of such particles. This results in a universal
modification of the interactions between the EW gauge bosons and the SM fermions, which, from the
point of view of EWPO, can be described in terms of only three parameters: the well-known S, T , and
U oblique parameters [512]. The study of the constraints on the S, T , and U parameters is one of the
classical benchmarks in the study of EW precision constraints on new physics, and it is well motivated
from a theory point of view, within the context of universal theories. The results of the fit to the S, T ,
and U parameters are given in Table 29. The results are presents in terms of the full (S,T ,U ) fit and also
assuming U = 0, which is motivated in theories where EW symmetry breaking is realised linearly, since
in that case U � S, T . In both cases the current constraints are compared with the expected precision at
the HL-LHC, which, in some cases, could improve the sensitivity to such new physics effects by up to
∼ 30%. The results for the ST fit (U = 0) are shown in Fig. 47, illustrating also the constraints imposed
by the different EWPO.

As stressed above, the STU parameterisation only describes universal deformations with respect to
the SM predictions. In order to systematically explore the impact of global EW precision fits on new
physics, the framework of the SMEFT is adopted in what follows. In this formalism, the SM Lagrangian
is extended via operators of dimension five and higher, i.e.

Leff = LSM +
∑

d>4

1

Λd−4
Ld, with Ld =

∑

i

CiO(d)
i ,

[
O(d)
i

]
= d , (28)

89

J. de Blas et al., (Azzi, Farry, Nason, Tricoli, Zeppenfeld Eds.)

CERN-LPCC-2018-03, arXiv:1902.04070

not including the latest CDF MW measurement
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Prospects for HL-LHC: Higgs and global analysis

Expected relative uncertainty
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Fig. 30: (left) Summary plot showing the total expected ±1σ uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1σ uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

a simple scaling of the cross sections and luminosities is applied, which is a fair assessment with the
current systematic uncertainties and assuming that the experimental performance and systematic uncer-
tainties are unchanged with respect to the current LHC experiments. Two scenarios are then assumed
for the theoretical and modelling systematic uncertainties on the signal and backgrounds. The first (S2)
is the foreseen baseline scenario at HL-LHC, and the second (S2′) is a scenario where theoretical and
modelling systematic uncertainties are halved, which in many cases would correspond to uncertainties
roughly four times smaller than for current Run 2 analyses. It should be noted that HL-LHC measure-
ments, whose precision is limited by systematic uncertainties, would also improve for S2’. The results
of these projections are reported in Table 40.

2.8 Higgs couplings precision overview in the Kappa-framework and the nonlinear EFT24

After the discovery of the Higgs boson at the LHC, the first exploration of the couplings of the new
particle at Run I and Run II has achieved an overall precision at the level of ten percent. One of the main
goals of Higgs studies at the HL-LHC or HE-LHC will be to push the sensitivity to deviations in the
Higgs couplings close to the percent level.

In this section we study the projected precision that would be possible at such high luminosity
and high energy extensions of the LHC from a global fit to modifications of the different single-Higgs
couplings. Other important goals of the Higgs physics program at the HL/HE-LHC, such as extend-
ing/complementing the studies of the total rates with the information from differential distributions, or
getting access to the Higgs trilinear coupling, will be covered in other parts of this document.

In order to study single-Higgs couplings, we introduce a parametrisation, the nonlinear EFT, that
24 Contacts: J. de Blas, O. Catà, O. Eberhardt, C. Krause

67

• few % uncertainty for
signal strengths
• foreseen th. uncertainty

dominant

• in the SMEFT approach

Leff = LSM +
∑

d>4

1

Λd−4
Ld

Ld =
∑

i

CiO(d)
i

Fig. 136: Marginalised 95% CL projected sensitivities for LHC, HL-LHC, HE-LHC, and combined
HL/HE-LHC in increasingly darker shades of red. The vertical axis gives the reach to the scale of new
physics divided by the dimensionless Wilson coefficient, in units of TeV.
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Fig. 137: 95% probability limits on the new physics interaction scale Λ/
√
|Ci| [TeV ] (left axis) and

coefficients |Ci|/Λ2 [TeV −2] (right axis) associated to each dimension-six operator from the global
fit to universal new physics at the HL-LHC (green bars, light and dark shades indicate the S1 and S2
assumptions for systematics, respectively). The limits are compared with the ones from current data (in
blue), as well as those obtained assuming only one operator at a time (dashed lines).

232

J. de Blas et al., (Azzi, Farry, Nason, Tricoli,

Zeppenfeld Eds.) arXiv:1902.04070
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With no clearcut compelling direction for an extension of the
SM, a future machine with very broad physics potential is
necessary to advance our knowledge

FCC is an ideal machine allowing to investigate at a never
explored level both the intensity and the energy frontier

in the following some considerations on the first stage, FCC-ee
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FCC-ee will

• revisit LEP physics with much larger statistics

• at Z pole (∼ 0.1% at LEP1)

• at WW threshold (∼ 1% at LEP2)

• explore for the first time at a leptonic collider

• ZH threshold

• tt̄ threshold
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Cross sections and event numbers
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Figure 1: Potential instantaneous luminosity versus center-of-mass energy for FCC-ee.
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Figure 2: Cross sections for various processes in e+e− collisions versus center-of-mass
energy.
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8

G. Bernardi et al., arXiv:2203.06520[hep-ex]

• Z-pole, 3 points:
5× 1012 Z

• WW threshold, 2 points:
108 W pairs
• HZ threshold: 106 HZ

+ 2.5× 104 WW → H

• tt̄ threshold, 3 points:
106 tt̄ + 2× 105 HZ
+5× 104 WW → H
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Higgs@FCCee

Figure 4: Lowest order Feynman diagrams for WW fusion and Higgsstrahlung (left) and
the corresponding cross sections versus the center-of-mass energy per production process
along with their sum (right). The default running scenarios at 250 GeV and 365 GeV are
indicated with dashed lines. Figure from [36].

.

well-determined four-momenta of the initial state leptons and the fully reconstructed Z
boson (recoil system) in the final state allow clean recovery of the Higgs boson kinematics
independent of the Higgs boson decay mode. This cannot be accomplished at a hadron
collider (or in the WWH production mode) and gives access to the total ZH cross section.
Assuming perfect efficiency and no background, the statistical precision is as small as one
per mill.

The various cross section measurements to exclusive Higgs final states are used to determine
the corresponding branching fractions. The expected uncertainties are based on studies
in Ref. [6] and summarized in Table 3. These fundamental measurements will serve in
Section 3.2 as an input to the determination of the Higgs boson couplings.

The primary tool used in the measurement of the Higgs boson mass is the already introduced
recoil system in the ZH production mode of the Higgs boson. Without initial state radiation
and neglecting the beam energy spread, the Higgs boson mass is given by the mass of the
difermion recoil system: mrecoil = s + mff − 2

√
s(Ef + Ef ). Initial ZH studies utilized

the Z boson decays to dimuons because it has excellent energy resolution and very low
background. Studies based on DELPHES simulations [6, 36] show that rather conservatively
a statistical precision of 6 − 9 MeV will be reached on the Higgs boson mass, depending
on the choice of the tracking detectors. The energy calibration of the collider, expected to
reach a precision below 100 keV [8], as well as the muon momentum measurement, are the
essential experimental uncertainties to be controlled. Given the clean environment and the
large background from single and double vector boson production, it is plausible that the
experimental uncertainties can be controlled well within the required precision.

15

P. Azzurri et al., arXiv:2106.15438

• key feature: model-independent measurement of gHZZ
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Higgs@FCCee

Table 4: Expected sensitivity to measurements of various Higgs boson couplings at the
HL-LHC, the FCC-ee with two IPs, and the full FCC program (FCC-ee, FCC-hh, and
FCC-eh), in the kappa framework. Combined sensitivities of the FCC-ee and the HL-LHC,
and the full FCC and the HL-LHC programs are also presented. The HL-LHC sensitivities
are evaluated [39] while fixing the charm Yukawa coupling and the total Higgs boson width
to their Standard Model values, and assuming no BSM Higgs decays. All numbers are in
% and indicate the 68% confidence level intervals. Results from the Higgs@FutureColliders
group [40], Table adapted from [35]. The self-coupling projection for the FCC-hh is updated
in [41].

Collider HL-LHC FCC-ee240→365 FCC-ee FCC-INT FCC-INT
+ HL-LHC + HL-LHC

Int. Lumi (ab−1) 3 5 + 0.2 + 1.5 – 30 –

Years 10 3 + 1 + 4 – 25 –

gHZZ (%) 1.5 0.18 0.17 0.17 0.16
gHWW (%) 1.7 0.44 0.41 0.20 0.19
gHbb (%) 5.1 0.69 0.64 0.48 0.48
gHcc (%) SM 1.3 1.3 0.96 0.96
gHgg (%) 2.5 1.0 0.89 0.52 0.5
gHττ (%) 1.9 0.74 0.66 0.49 0.46
gHµµ (%) 4.4 8.9 3.9 0.43 0.43
gHγγ (%) 1.8 3.9 1.3 0.32 0.32
gHZγ (%) 11. – 10. 0.71 0.7
gHtt (%) 3.4 – 3.1 1.0 0.95

gHHH (%) 50. 44. 33. 3–4 3–4

ΓH (%) SM 1.1 1.1 0.91 0.91

18

G. Bernardi et al., arXiv:2203.06520[hep-ex]
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EWPO@FCCeeTable 5: Expected statistical and systematic uncertainties for selected electroweak precision
measurements at FCC-ee, compared with present precision and accuracy [35, 59]. These
precisions and accuracies can be obtained using the run plan shown in Table 1. The sys-
tematic uncertainties are initial estimates; the aim is to improve them so that they reach
the same level as the statistical errors.

Observable Present FCC-ee FCC-ee Comment and dominant exp. error
value ± error Stat. Syst.

mZ (keV) 91, 186, 700± 2200 4 100 From Z lineshape scan; beam energy calibration
ΓZ (keV) 2, 495, 200± 2300 4 25 From Z lineshape scan; beam energy calibration
RZ
` (×103) 20, 767± 25 0.06 0.2− 1.0 Ratio of hadrons to leptons; acceptance for letpons

αS(m2
Z) (×104) 1, 196± 30 0.1 0.4− 1.6 From RZ

` above

Rb (×106) 216, 290± 660 0.3 < 60 Ratio of bb to hadrons; stat. extrapol. from SLD
σ0

had (×103) (nb) 41, 541± 37 0.1 4 Peak hadronic cross section; luminosity measurement
Nν (×103) 2, 996± 7 0.005 1 Z peak cross sections; luminosity measurement
sin2 θeff

W (×106) 231, 480± 160 1.4 1.4 From AµµFB at Z peak; beam energy calibration
1/αQED(m2

Z) (×103) 128, 952± 14 3.8 1.2 From AµµFB off peak

Ab,0FB (×104) 992± 16 0.02 1.3 b-quark asymmetry at Z pole; from jet charge

Ae (×104) 1, 498± 49 0.07 0.2 from Apol,τ
FB ; systematics from non-τ backgrounds

mW (MeV) 80, 350± 15 0.25 0.3 From WW threshold scan; beam energy calibration
ΓW (MeV) 2, 085± 42 1.2 0.3 From WW threshold scan; beam energy calibration
Nν (×103) 2, 920± 50 0.8 Small Ratio of invis. to leptonic in radiative Z returns
αS(m2

W) (×104) 1, 170± 420 3 Small From RW`

of the top quark [57, 58] and Higgs boson [1] masses before their discoveries in 1995 and
2012 respectively. These predictions were made assuming the minimal SM (three families
and a unique Higgs scalar), which, following these discoveries, no longer contains any un-
measured parameters. Any significant deviation would decisively point to the existence of
new physics.

The combination of large data samples at different center-of-mass energies from the Z to
above the top quark pair threshold and continuous parts-per-million control of the beam
energy at the Z and WW threshold [8] will allow the experimental precision of many EWPOs
to be improved by 1–3 orders of magnitude. A summary of the main EWPOs with their
expected statistical uncertainties and a provisional set of systematic uncertainties is shown in
Table 5 and compared to present uncertainties. The improvement in statistical uncertainties
at the Z is typically a factor 500. Performing the measurements with systematic accuracy
matching the available statistics requires proactive design of the detectors, of the analysis
techniques and tools, and considerable development of theoretical calculation techniques.
The resulting improved precision, as well as the increased number of observables reaching
interesting precision, equates to increased sensitivity to new physics, and hence to enhanced
discovery potential.

4.1 Electroweak program around the Z pole

The typical proposed Z-pole operation plan contains runs taken at three energy points:
87.7 GeV, 91.2 GeV, and 93.9 GeV. These points correspond to half integer spin tunes
to ensure good energy calibration by resonant depolarization. About half the data will be
taken at 91.2 GeV. The integrated luminosity will be 2×105 times the integrated luminosity
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Global EW fit@FCC-ee

• through oblique S, T , U
parameters
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Figure 6: Left: W+W− production cross section as a function of the e+e− collision en-
ergy [9]. The central curve corresponds to the predictions obtained with mW = 80.385 GeV
and ΓW = 2.085 GeV. Purple and green bands show the cross section curves obtained vary-
ing the W mass and width by ±1 GeV. Right: Expected uncertainty contour for the S and
T parameters for various colliders in their first energy stage [68, 40].

of the W+W− decay products using fully-hadronic (qqqq) and semileptonic (qq`ν) decay
events [67]. In both cases the reconstructed W mass values are obtained by imposing
the constraint that the total four-momentum in the event should be equal to the known
initial center-of-mass energy and zero momentum. The four-momentum constraints are
implemented by means of a kinematic fit where the measured energies of jets and leptons
are adjusted within their measurement uncertainties. The reconstructed W mass resolution
can be further improved with the additional constraint of equal mass for both W bosons
in each event. With this methodology, it is estimated that the combined statistics of all
FCC-ee data would deliver a precision of around 1 MeV for ΓW and below 0.5 MeV for
mW, matching the precision delivered by the threshold scan.

A simultaneous kinematic fit of WW, ZZ and Zγ events, can lead to a determination of
mW/mZ ratio where many systematic uncertainties common to the three channels can
cancel, and the W mass can be derived given the independent precision on the Z mass form
the Z peak data [67].

4.3 Global electroweak fits and theoretical challenges

With the discovery of the Higgs boson, all the parameters defining the SM have been
measured, and global electroweak fits can be used to test the internal consistency of the
theory, while any deviation will constitute a definite BSM signal. In addition, high-precision
measurements will enlarge the phase space over which significant deviations from the SM
predicted values can be observed in one or several observables. This search method can be
remarkably robust, sensitive to a wide variety of new physics models and potentially able to
distinguish between them. The right plot of Fig. 6 shows the projected uncertainty on the S

24

• in the SMEFT approach

Table 6: Estimated precision for the direct determination of several EWPOs at FCC-ee
(column 2), current intrinsic theory uncertainties for the prediction of these quantities
within the SM as well as the main sources of theory uncertainties (column 3), and estimated
projected intrinsic theory uncertainties when leading 3-loop corrections become available
(column 4) [72].

Quantity FCC-ee Current intrinsic theory uncertainty Projected intrinsic theory uncertainty

mW (MeV) 0.5− 1 4 (α3, α2αS) 1
sin2 θ`eff (10−5) 0.6 4.5 (α3, α2αS) 1.5
ΓZ (MeV) 0.1 0.4 (α3, α2αS , αα2

s) 0.15
Rb (10−5) 6 11 (α3, α2αS) 5
R` (10−3) 1 6 (α3, α2αS) 1.5

equally accurate theory predictions for the relevant quantities within the SM. For Z-pole
physics, it is estimated [72] that one will need N3LO and leading N4LO QED corrections
for this purpose, which is at least one order beyond the current state of the art. As an
example, the estimated precision for several EWPOs at FCC-ee, current and projected
intrinsic theory errors are shown in Table 6.

To achieve these goals, new and improved calculational techniques for multiloop compu-
tations and new developments for Monte Carlo event generators are called for, but recent
developments on this front are encouraging [75, 76, 77].

Figure 7: The 68% probability reach for ci/Λ
2 from a fit to the EFT Lagrangian in Eq. (3.19)

of [40]. The right axis shows the corresponding bound on the new physics interaction scale.
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Two directions for theoretical studies towards FCC

• analysis of presently conceivable and/or new scenarios of
BSM physics

• study of potential FCC sensitivity to new heavy degrees of freedom
through EFT approaches

• investigation of light new degrees of freedom through classes of
models

=⇒ this will be discussed within the Theory session of tomorrow
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Theory session (many thanks to Giacomo Cacciapaglia)
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Two directions for theoretical studies towards FCC

• development of theoretical calculations necessary to satisfy
the unprecedented precision requirements of FCC

=⇒ some example concerning FCC-ee in the following slides
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Challenges for theory: an example, Z pole
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LEP EWWG, SLD WG, ALEPH, DELPHI, L3, OPAL, Phys. Rept. 427 (2006) 257

FCC-ee will require pushing th. uncertainty down by at least a
factor of 10 on cross sections and even more on AFB w.r.t LEP
What changed from LEP era in the field of theory predictions?
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Impressive development during LHC era

reality: automatic codes for event generation at NLO (QCD and
EW) precision matched to all order resummation of logarithmic
enhanced corrections

2→ 2@NNLO QCD perturbative accuracy for all processes

2→ 3@NNLO QCD accuracy becoming available for selected
processes

N3LO QCD calculations for Higgs and DY production

different approaches for matching NNLO calculation and
resummation of logs

not enough for FCC-ee
• Workshop “Precision calculations for future e+e− colliders: targets

and tools”, CERN, 7-17 June 2022
https://indico.cern.ch/event/1140580/
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• Need at FCC-ee around Z pole
• improved description of ISR QED radiation and IF interference

(non-factorizable effects larger than the required precision, contrary
to LEP precision), together with a sensible procedure for extracting
EWPO in presence of higher order corrections (beyond one loop)

• some progress already achieved and future paths identified
Blondel, Gluza, Jadach, Janot, Riemann (Eds), CERN-2019-003

• at least complete NNLO accuracy in e+e− → ff̄
• expansion of the amplitude for e+e− → ff̄ around the complex pole
s0 = M2

Z − iΓZMZ

M =
R

s− s0
+ S + S

′
(s− s0)

R → known@NNLO + leading higher orders

S → known@NLO

S
′ → known@(N)LO

• EWPO extraction: → Zff̄ vertex at N3LO and leading N4LO
A. Freitas

• The above two items are beyond present knowledge
• progress needed on the study of the mathematical structure of

scattering amplitudes

• as well as seminumerical approaches to Feynman diagram
calculation
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• Also new MC generators will be necessary to keep under control
the theoretical precision at the few 10−5 level
• through matching between fixed order perturbative corrections and

(exclusive) resummation
• different groups already started, e.g. MG5 aMC@NLO, Whizard,

Sherpa, Herwig7, Pythia8, KKmc, BhLumi, BabaYaga

• Luminosity requires control of QED corrections (and had vacuum
polarization) for Bhabha scattering with one order of magnitude
better than for LEP ∼ 0.06% (recently revisited at ∼ 0.04%)

P. Janot and S. Jadach, arXiv:1912.02067

• beam-beam interaction effects have to be considered
• e.g. tiny shift on luminosity (∼ 0.05%) which contributes to remove

the LEP tension in the number of light neutrinos

Nν = 2.9840± 0.0082 =⇒ Nν = 2.9963± 0.0074

P. Janot and S. Jadach, arXiv:1912.02067; Voutsinas, Perez, Dam, Janot, arXiv:1908.01704
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• for hadronic final states (→ A0
FB, αs(Q2) from event shape

variables, τ+τ−)
• parton shower precision, non perturbative QCD corrections
• quark and gluon fragmentation
• jet substructure

P. Nason, D. D’Enterria, G. Soyez

• otherwise the perturbative precision would be spoiled

• Improvements in QED corrections crucial also for Flavour physics
• two rare decays B0 → K∗τ+τ− and B+ → πτ+ντ (n.a. at LHC and

BELLEII) will allow to perform strong checks of LFU
• while QCD effects cancel in the ratio of BRs, QED do not (because

of the different leptonic masses)
• Workshop “FCC Flavour Physics Programme”, CERN, 12-13 Sept.

2022
https://indico.cern.ch/event/1186057
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Another example, WW threshold: e+e− → 4 fermions

102 G. MONTAGNA, O. NICROSINI and F. PICCININI
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Fig. 51. – The tree-level Feynman diagrams for the CC03 class.

A full classification of the various Feynman diagrams contributing to a give 4f final
state goes beyond the aims of the present paper. The interested reader is referred to
refs. [234,257,258], and references therein, for a more detailed account. Here it is worth
noticing that for particular final states, for instance fully hadronic final states, also neutral
current (NC) and QCD backgrounds appear and become relevant.

The calculation of the scattering amplitudes for 2 → 4 processes is, already at the
tree level, considerably more involved than the corresponding calculation for 2 → 2
processes, typical of LEP1/SLC physics. There are two main reasons for this, namely
the fact that a single Feynman amplitude for 2 → 4 is algebraically more involved and
the fact that, typically, for a given final state there are much more Feynman diagrams
contributing. The calculational techniques adopted in the literature can be classified as
follows:

• helicity-amplitude techniques: in this approach, the scattering amplitude for a given
process, and for a given helicity pattern of the initial- and final-state fermions,
is computed analytically as a complex number by exploiting the formal prop-
erties of the spin projection operators; the squared modulus of the amplitude
is then computed numerically; the approach, in all its actual implementations
(see refs. [259–262] and references therein), is particularly powerful for massless
fermions, albeit also mass effects can be taken into account;

• automatic calculations: these approaches adopt both standard techniques for the
evaluation of the squared matrix element [263] and the helicity amplitude formal-
ism for the evaluation of the scattering amplitude [264], properly interfaced with
software packages that render the calculation of cross sections almost automatic;

• numerical evaluation of the generating functional for the connected Green’s func-
tions: it is a new method, presented in ref. [265], in which the scattering amplitude
is computed numerically by means of an iterative algorithm starting from the effec-
tive action of the theory and with no use of Feynman diagrams; it becomes strongly
competitive with respect to standard techniques as the number of final-state par-
ticles becomes larger and larger.

5
.
2.2. Gauge invariance. Being in the framework of a gauge theory, as is the case

of the SM, means that the calculations of physical observables must be gauge invariant,

Status at LEP2 7

• σWW : 1%-level agreement with NLO theory

RacoonWW (Denner et al.), YFSWW (Jadach et al.)

• Residual theory uncertainty ∆σWW ∼ 0.5%

• FCCee: Luminosity increase ×104

Reduction of theory error to < 0.1% realistic?
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• first NLO exact calculation completed in 2005 for WW → 4f
• th. accuracy . 1% A. Denner et al., PLB612 (2005) 223; NPB 724 (2005) 247

• at present e+e− → 4f cross sections @NLO accuracy can be
calculated with automated tools
• NNLO enhanced contributions because of Coulomb photon

effects calculated by means of EFT methods
M. Beneke et al., NPB 792 (2008) 89; S. Actis et al., NPB807 (2009) 1

• th. accuracy ∼ 0.5% ∆MW ∼ 3 MeV
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WW threshold: future prospects

• Having in mind a target precision ∆MW ∼ 1 MeV we would need

• an improved treatment of EFT, which requires

• NNLO corrections to e+e− →WW in NWA
• NNLO accuracy in the W decay

• improved treatment of ISR including the partonic structure of the
electron up to NLL

S. Frixione, Bertone, Cacciari, Stagnitto, Zaro, Zhao
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tt̄ threshold (from M. Beneke)
Summary

I e+e− → t̄tX cross section near threshold now computed at NNNLO in (PNR)QCD
+ top-Yukawa effects

• Sizeable 3rd order corrections and reduction of theoretical uncertainty to
about ±3%.

II Realistic predictions for e+e− → W+W−bb̄ near top-pair threshold

• NNLO available, including cuts invariant mass cuts.

III Parameter dependences (mt,Γt, yt, αs) can be studied.

• (mt,Γt) with unrivaled accuracy.

• yt with 20% accuracy from threshold already challenging.

IV Further requirements:

• ISR / QED PDF’s for x→ 1 with NLL evolution

• N4LO QCD would be reassuring, but appears prohibitive.

https://www.hepforge.org/downloads/qqbarthreshold/

M. Beneke (TU München) CERN, 08 June 2022 25 / 25
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Summary and outlook

• FCC colliders necessary to improve our knowledge of Nature

• exciting challenges for model building looking for the “right”
extension of the SM using data from colliders, GW, cosmological
surveys, expts from space, neutrino expts, DM passive searches
• See Theory section tomorrow!

• FCC-ee needs a very big jump in the accuracy of theoretical
predictions
• according to LEP and LHC experience, we had an enormous

progress in the calculation techniques and development of new
Monte Carlo generators, but
progress requires coherent efforts in a long range in order to
avoid as much as possible the systematics being dominated by
theoretical uncertainty
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