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1 (Triple) Higgs coupling imprints at future lepton colliders
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1.1 Triple Higgs coupling studies in an EFT framework

The measurement of the triple Higgs coupling is one of the major goals of the future colliders.
The direct measurement at lepton colliders relies on the production of Higgs boson pairs in
two main channels: ete” — ZHH, which is dominant at centre-of-mass energies below 1 TeV
and maximal at around 500 GeV, and e*e” — HHv.V,, which becomes dominant for high-
energy colliders. This direct measurement is required to be at least at a centre-of-mass energy
of 500 GeV, and is hence only possible at future linear colliders, such as the International Linear
Collider (ILC), operating at 500 GeV or 1 TeV [1], or the Compact Linear Collider (CLIC),
operating at 1.4 TeV (stage 2) or 3 TeV (stage 3) [2]. The SM triple Higgs coupling sensitivity
is estimated to be 8k) = (Agun/MNpg — 1) ~ 28% at the 500 GeV ILC, with a luminosity of
4 ab™! [3,4], and 8ky ~ 13% at the CLIC, when combining the 1.4 TeV run, with 2.5 ab™! of
data, and the 3 TeV run, with 5 ab™! of data [5].

Still, circular lepton collider projects, such as the Circular Electron—Positron Collider
(CEPC) [6] or the FCC-ee [7,8], which run at energies below 500 GeV (not to mention the
ILC or the CLIC running at lower energies), can provide a way to constrain the triple Higgs
coupling [9]. Since Ref. [10], in which it was first proposed to use precision measurements to
constrain the triple Higgs coupling, in particular, the measurements in single Higgs production
at lepton colliders, there have been studies of the combination of single and double Higgs
production observables, not only at lepton but also at hadron colliders [11-14]. The analyses
use the framework of Standard Model effective field theory (SMEFT). According to the latest
ECFA report [15], the combination of HL-LHC projections [16] with ILC exclusive single Higgs
data gives 8k) = 26% at 68% CL, while with the FCC-ee (at 250 or 365 GeV) this goes down
to 8k = 19%, and with CEPC we get k) = 17%. We will present in more detail the results of
Refs. [12,13], which demonstrate how important the combination of the LHC results with an
analysis at lepton colliders is, and show the potential of the FCC-ee.f

Figure E.1.1 (left) displays the latest experimental results available at the 13 TeV LHC
for the search of non-resonance Higgs pair production and the 95% CL limits on the triple
Higgs coupling, which have been presented in Ref. [17]. The results constrain 8« in the range
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Fig. E.1.1: Left: Latest experimental bounds on the triple Higgs coupling from the ATLAS
collaboration at the 13 TeV LHC, combining bbbb, bbttt~, and bbyy final states. Taken from
Ref. [17]. Right: Minimum negative-log-likelihood distribution of xy at the HL-LHC with 3 ab™!
of data, including differential observables in Higgs pair production, with ATLAS (blue), CMS
(red), and ATLAS+CMS (black) projected results. Figure taken from Ref. [16].

[—6.0 : 11.1]. We can compare them with the projections at the HL-LHC with 3 ab™! presented
in the HL-HE LHC report [16] in an SMEFT framework, using a differential analysis in the
channel pp — HH. Compared with the projection in Ref. [12], which also included single Higgs
data in the channels pp — W*H, ZH, ttH, there is a substantial improvement, thanks to the
experimental differential analysis. We have —0.5 < 8k < 0.5 at 68% CL and —0.9 < 8k < 1.3
at 95% CL. The degeneracy observed in Ref. [12] with a second minimum at 8k ~ 5 is now
excluded at 4o.

The combination with data from lepton colliders removes the second minimum even more
drastically and only the SM minimum is left at 8x, = 0 [13], in particular when data from
250 GeV and 350-365 GeV centre-of-mass energies are combined [13]. This is shown in Fig. E.1.2,
where two set-ups are compared, the combination of HL-LHC data with circular lepton colliders
(FCC-ee or CEPC) data on the left-hand side, and the combination of HL-LHC data with the
ILC data on the right-hand side. In both cases, the lepton collider data consist of measurements
in the channels ete™ — W*W~, ZH, v.v.H. The second minimum disappears completely even
with a relatively low integrated luminosity of £ = 200 fb™! at 350 GeV, when combined with
the data at 250 GeV. Note that the FCC-ee (or CEPC), thanks to its much higher luminosity
in the 250 GeV run, is doing significantly better than the ILC.

1.2 Probing heavy neutral leptons via Higgs couplings

Since the confirmation of neutrino oscillations in 1998 by the Super-Kamiokande
experiment [18], it has been established that at least two neutrinos have a non-zero mass [19].
This experimental fact cannot be accounted for in the SM and requires new physics. One of the
simplest extensions is the addition of new heavy neutral leptons that are gauge singlets and mix
with the active neutrinos to generate the light neutrino masses. An appealing model, allowing
for these new fermionic states to be in the range of gigaelectronvolts to a few teraelectronvolts
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Fig. E.1.2: Ax? distributions for a global fit of the parameter 8x) at circular lepton colliders
(left) or at the ILC (right), combined with HL-LHC data. The different lines compare the
different centre-of-mass energies and luminosity scenarios. Figures taken from Ref. [13].

while having Yukawa couplings of order one, is the inverse see-saw (ISS) model [20-22], in
which a nearly conserved lepton-number symmetry [23,24] is introduced, naturally explaining
the smallness of the mass of the lightest neutrino states while allowing for large couplings be-
tween the heavy neutrinos and the Higgs boson, leading to a rich phenomenology. In this view,
the very precise study of the Higgs sector at lepton colliders can offer a unique opportunity to
test low-scale see-saw mechanisms, such as the ISS.

1.2.1 Heavy neutral leptons in the gigaelectronvolt regime

We begin with the gigaelectronvolt regime. In these low-scale see-saw models, the mixing be-
tween the active and the sterile neutrinos leads to modified couplings of neutrinos to the W,
7, and Higgs bosons. This naturally leads to the idea of using precision measurements of the
Higgs boson branching fractions into gauge bosons in order to test the mass range My < My,
where My is the mass of the heavy neutrino states and My is the mass of the Higgs boson.
As H — NN is allowed, the invisible Higgs decay width is modified and hence the branch-
ing fraction BR(H — WTW™) is modified via the modified total decay width I'y. Accord-
ing to an analysis of 2015 [25], the FCC-ee could be the most competitive lepton collider to
test this option, as demonstrated in Fig. E.1.3. In particular, the experimental sensitivity to
BR(H — WTW™) is expected to be 0.9% at the FCC-ee, compared with 1.3% at the CEPC,
operating at 240 GeV [26], and 6.4% at the ILC, operating at 250 GeV [1].}

1.2.2 Probing heavy neutral leptons in the multi-teraelectronvolt regime

Since the coupling of the heavy neutral leptons to the Higgs boson can be quite large in low-
scale see-saw models for masses My of a few teraelectronvolts, it is also very appealing to use,
again, Higgs properties to probe a mass regime of My ~ O(1 — 10 TeV).

Off-diagonal couplings of the Higgs boson to heavy neutral leptons will induce charged-
lepton-flavour-violating (cLFV) decays [28]. In particular, simplified formulae were provided in
Ref. [29], showing that ¢cLFV Higgs decays exhibit a different functional dependence on see-

'The latest analysis at the ILC, using a luminosity of 500 fb~!, states that a precision of 4.1% can be
achieved [27].
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Fig. E.1.3: Estimated sensitivities on the heavy sterile neutrino properties from the decay
H — WHW~, assuming 10 years of data collection. The black line denotes the bound from the
LHC coming from H — yy with up to 2015 data. Taken from Ref. [25].

saw parameters than cLFV radiative decays. They thus provide complementary observables
to search for heavy neutral leptons. In a typical low-scale see-saw model like the ISS, the
predicted branching fraction can be as large as BR(H — tu) ~ 107 and could even reach
BR(H — 1) ~ 1072 in a supersymmetric model [30], thus being well within the reach of
a Higgs factory like the FCC-ee. However, Higgs observables are also uniquely sensitive to
diagonal couplings and this was discussed in particular in Refs. [31,32], using the triple Higgs
coupling, and in Ref. [33], using a direct physical observable, the production cross-section
o(efe — WTW~H). Taking into account all theoretical and experimental constraints that
were available, the three studies have found sizeable effects.

In the triple Higgs coupling studies, the one-loop corrections to Agyy, defined as the
physical triple Higgs coupling after electroweak symmetry breaking, are studied. The calculation
is performed in the on-shell scheme and compares the SM prediction with the prediction in
low-scale see-saw models (specifically the ISS presented in Ref. [32]). Representative one-loop
diagrams involving the new heavy neutral leptons are given in Fig. E.1.4 and details of the
calculation and analytical formulae can be found in the original articles. The results are given
in terms of deviations with respect to the tree-level value A% and to the renormalised one-loop
value in the SM )\Ilqﬁl\é of the triple Higgs coupling,

1

AW\ = 10 ()\Il{HH _ )\o) ’
1
AP = LS (A%IHH - )‘Ilﬂsil\é) ; (1.1)
HHH

with Mg being the one-loop renormalised triple Higgs coupling in the low-scale see-saw model
considered. The constraints from low-energy neutrino observables are implemented via the p
parametrization; see Ref. [29] for more details and Appendix A of Ref. [32] for terms beyond
the lowest order in the see-saw expansion. All relevant theoretical and experimental bounds
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Fig. E.1.4: Representative Feynman diagrams for the one-loop corrections to Agpy involving
the neutrinos in the ISS model.

are taken into account. The most stringent constraint comes from the global fit to electroweak
precision observables and lepton universality tests [34].

Figure E.1.5 displays the results of the analysis in the plane Mr—|Y, | where Mg is the see-
saw scale and |Y, | is the magnitude of the Yukawa coupling between the heavy neutral leptons
and the Higgs boson. For an off-shell Higgs momentum of g« = 500 GeV splitting into two on-
shell Higgs bosons, sizeable deviations can be obtained, up to APSM ~ —8%. Compared with the
expected sensitivity of ~10% at the ILC at 1TeV with 5ab™! [35] or the FCC-hh sensitivity
of ~5% when two experiments were to be combined [36], the deviation can be probed and
hence test masses of order O(10 TeV). In the case of the FCC-hh, as the hadronic centre-of-
mass energy is large, the case qu« = 2500 GeV is even more interesting, with a deviation up
to ABSM ~ 135% leading to a larger coverage of the parameter space and the possibility of
testing the model at the 3 TeV CLIC, where the sensitivity to Aggy is expected to be of the
order of 13% [5]. The triple Higgs coupling Aygy is a viable new (pseudo-)observable for the
neutrino sector in order to constrain mass models, and might also be used in the context of the
FCC-ee in an indirect way in ete™ — ZH at the two-loop order, given the expected sensitivity
the FCC-ee is supposed to reach in this channel. Studies remain to be done in this context.

The study presented in Ref. [33] considered a more direct observable, the production
cross-section o(ete™ — WTW~H) at lepton colliders. The set-up is the same as in Ref. [32],
albeit with an updated global fit using NuFIT 3.0 [37] to explain neutrino oscillations. The
representative diagrams in the Feynman—'t Hooft gauge are displayed in Fig. E.1.6, with the
contributions of the heavy neutral leptons in the t channel.

The deviation APSM now stands for the comparison between the total cross-section

o(ete™ — WHW~H) calculated in the ISS model and in the SM, ABSM = (5158 — 55M) /5SM,
Using the CLIC baseline for the polarisation of the beams [2] with an unpolarised positron
beam, P, = 0, and a polarised electron beam, P,_ = —80%, the contour map at 3 TeV in
the same Mg — |Y,| plane is presented in the left-hand side of Fig. E.1.7. Again, the grey
area is excluded by the constraints that mostly originate from the global fit [34]. The process
ete”™ — WTW™H exhibits sizeable negative deviations, of at least —20%. Note that the full
results can be approximated within 1% for My > 3 TeV by the simple formulae presented in
Ref. [33]. Compared with the left-hand side of Fig. E.1.5, the coverage of the parameter space
is here much larger. optimised cuts can also be chosen to enhance the deviation, such as the

cuts [y w+| < 1and Ey > 1 TeV (see the right-hand side of Fig. E.1.7 for the 5 distributions),
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Fig. E.1.5: Contour maps of the heavy neutral lepton correction ABSM to the triple Higgs coup-
ling Appn (in %) as a function of the heavy neutral lepton parameters My, (in teraelectronvolts)
and |Y, | at a fixed off-shell Higgs momentum ¢ = 500 GeV (left) and g = 2500 GeV (right).
The details of the spectrum are given in Ref. [32]. The grey area is excluded by the constraints
on the model and the green lines on the right figure are contour lines that correspond to our
approximate formula, while the black lines correspond to the full calculation.

Wt
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Fig. E.1.6: ISS neutrino contributions to the process ¢t/ — WTW~H in the Feynman—'t Hooft
gauge. Mirror diagrams can be obtained by flipping all the electric charges; the indices 7, j run
from 1 to 9.

which push the corrections down to —66% while keeping an ISS cross-section at a reasonable
level: 0.14 fb, as compared with 1.23 fb before cuts. This has been studied for a benchmark
scenario with |Y,| = 1 and heavy neutrinos in the range 2.4-8.6 TeV. The results means that
this observable has a great potential that needs to be checked in a detailed sensitivity analysis.
In the context of the FCC-ee, a similar observable could be chosen to test the effects of heavy
neutral leptons in the same mass range, albeit at the one-loop level, namely the production
cross-section o(ete”™ — ZH).

1.3 Conclusions

This contribution has presented the current status of the triple Higgs coupling measurements
at the LHC and the prospects for future lepton colliders. As combined studies in an EFT
framework using precision measurements in single Higgs observables, as well as direct Higgs
pair production, have shown, lepton colliders are able to completely remove the degeneracy
in the measurement of the triple Higgs coupling beyond the 40 level, and the combination
of data collected at a centre-of-mass energy of 250 GeV with data collected at energies of at
least 350 GeV is of crucial importance for very-high-precision measurements in single Higgs
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Fig. E.1.7: Left: Contour map of the neutrino corrections APSM at the 3 TeV CLIC, using a

—80% polarised electron beam, as a function of the see-saw scale My and |Y,|. Right: Pseudo-

rapidity distributions of the W+ (black), W~ (red), and Higgs (blue) bosons. The solid curves

stand for the SM predictions while the dashed curves stand for the ISS predictions, for the

benchmark scenario described in the text. Figures taken from Ref. [33].

physics. Opportunities offered by the Higgs sector to test neutrino mass models at future
lepton colliders have also been presented. The FCC-ee is very competitive to test the heavy
sterile neutrino option in the gigaelectronvolt regime. As far as the teraelectronvolt regime
for the heavy neutrino scale is concerned, studies reported in the literature have shown that
the CLIC and ILC at high energies could offer new avenues in the Higgs sector via precision
measurements of the triple Higgs coupling, as well as of the production cross-section of a pair
of W bosons in association with a Higgs boson. In the same spirit, the FCC-ee may well offer
new opportunities in the same mass regime via precision calculations at one and two loops for
the ZH production cross-section, which remain to be studied.

References

[1] H. Baer et al., The international linear collider technical design report, vol. 2: physics
(2013), arXiv:1306.6352

[2] M.J. Boland et al., Updated baseline for a staged compact linear collider,
arXiv:1608.07537, doi:10.5170/CERN-2016-004.

[3] C.F. Diirig, Ph.D. thesis, Hamburg University, 2016.
http://inspirehep.net/record/1493742/files/phd_thesis_duerig.pdf

[4] T. Barklow et al., Phys. Rev. D97 (2018) 053004. arXiv:1708.09079,
doi:10.1103/PhysRevD.97.053004

[5] H. Abramowicz et al., Eur. Phys. J. CT7 (2017) 475. arXiv:1608.07538,
doi:10.1140/epjc/s10052-017-4968-5

[6] M. Dong and G. Li, CEPC conceptual design report, vol. 2: physics & detector (2018),
arXiv:1811.10545

[7] A. Abada et al., Eur. Phys. J. C79 (2019) 474. doi:10.1140/epjc/s10052-019-6904-3

- 237 -


http://arxiv.org/abs/1306.6352
http://arxiv.org/abs/1608.07537
http://dx.doi.org/10.5170/CERN-2016-004
http://inspirehep.net/record/1493742/files/phd_thesis_duerig.pdf
http://arxiv.org/abs/1708.09079
http://dx.doi.org/10.1103/PhysRevD.97.053004
http://arxiv.org/abs/1608.07538
http://dx.doi.org/10.1140/epjc/s10052-017-4968-5
http://arxiv.org/abs/1811.10545
http://dx.doi.org/10.1140/epjc/s10052-019-6904-3

J. Baglio, C. Weiland

8]
[9]

[10]

1)
12)
13)
14]
15)
16)

[17]

28]

A. Abada et al., Fur. Phys. J. Spec. Top. 228 (2019) 261.
doi:10.1140/epjst/e2019-900045-4

A. Blondel and P. Janot, Future strategies for the discovery and the precise measurement
of the Higgs self coupling, arXiv:1809.10041

M. McCullough, Phys. Rev. D90 (2014) 015001 [Erratum: D92 (2015) 039903].
arXiv:1312.3322,
doi:10.1103/PhysRevD.90.015001, doi:10.1103/PhysRevD.92.039903

G. Degrassi et al., JHEP 04 (2017) 155. arXiv:1702.01737,
doi:10.1007/JHEP04(2017) 155

S. Di Vita et al., JHEP 09 (2017) 069. arXiv:1704.01953,
doi:10.1007/JHEP09(2017)069

S. Di Vita et al., JHEP 02 (2018) 178. arXiv:1711.03978,
doi:10.1007/JHEP02(2018) 178

F. Maltoni et al., JHEP 07 (2018) 087. arXiv:1802.07616,
doi:10.1007/JHEPO7(2018) 087

J. de Blas et al., JHEP 01 (2020) 139. arXiv:1905.03764,
doi:10.1007/JHEP01(2020)139

M. Cepeda et al., CERN Yellow Rep. Monogr. 7 (2019) 221. arXiv:1902.00134,
doi:10.23731/CYRM-2019-007.221

The ATLAS collaboration, Combination of searches for Higgs boson pairs in pp collisions
at 13 TeV with the ATLAS experiment, ATLAS-CONF-2018-043.
https://inspirehep.net/literature/1694007

Y. Fukuda et al., Phys. Rev. Lett. 81 (1998) 1562. arXiv:hep-ex/9807003,
doi:10.1103/PhysRevLett.81.1562

I. Esteban et al., JHEP 01 (2019) 106. arXiv:1811.05487,
doi:10.1007/JHEP01(2019) 106
R.N. Mohapatra, Phys. Rev. Lett. 56 (1986) 561. doi:10.1103/PhysRevLett.56.561

R.N. Mohapatra and J.W.F. Valle, Phys. Rev. D34 (1986) 1642.
doi:10.1103/PhysRevD.34.1642

J. Bernabeu et al., Phys. Lett. B187 (1987) 303. doi:10.1016/0370-2693(87)91100-2

J. Kersten and A. Y. Smirnov, Phys. Rev. D76 (2007) 073005. arXiv:0705.3221,
doi:10.1103/PhysRevD.76.073005

K. Moffat et al., Equivalence between massless neutrinos and lepton number conservation
in fermionic singlet extensions of the Standard Model, arXiv:1712.07611

S. Antusch and O. Fischer, JHEP 05 (2015) 053. arXiv:1502.05915,
doi:10.1007/JHEP05(2015)053

M. Ruan, Nucl. Part. Phys. Proc. 273—275 (2016) 857. arXiv:1411.5606,
doi:10.1016/j.nuclphysbps.2015.09.132

M. Pandurovié¢, Physics potential for the measurement of o(HZ) x BR(H — WW™) at the
250 GeV ILC, Int. Workshop on Future Linear Colliders (LCWS 2018), Arlington, TZ,
USA, 2018, arXiv:1902.08032

A. Pilaftsis, Phys. Lett. B285 (1992) 68. doi:10.1016/0370-2693(92)91301-0

- 238 -


http://dx.doi.org/10.1140/epjst/e2019-900045-4
http://arxiv.org/abs/1809.10041
http://arxiv.org/abs/1312.3322
http://dx.doi.org/10.1103/PhysRevD.90.015001
http://dx.doi.org/10.1103/PhysRevD.92.039903
http://arxiv.org/abs/1702.01737
http://dx.doi.org/10.1007/JHEP04(2017)155
http://arxiv.org/abs/1704.01953
http://dx.doi.org/10.1007/JHEP09(2017)069
http://arxiv.org/abs/1711.03978
http://dx.doi.org/10.1007/JHEP02(2018)178
http://arxiv.org/abs/1802.07616
http://dx.doi.org/10.1007/JHEP07(2018)087
http://arxiv.org/abs/1905.03764
https://doi.org/10.1007/JHEP01(2020)139
http://arxiv.org/abs/1902.00134
http://dx.doi.org/10.23731/CYRM-2019-007.221
https://inspirehep.net/literature/1694007
http://arxiv.org/abs/hep-ex/9807003
http://dx.doi.org/10.1103/PhysRevLett.81.1562
http://arxiv.org/abs/1811.05487
http://dx.doi.org/10.1007/JHEP01(2019)106
http://dx.doi.org/10.1103/PhysRevLett.56.561
http://dx.doi.org/10.1103/PhysRevD.34.1642
http://dx.doi.org/10.1016/0370-2693(87)91100-2
http://arxiv.org/abs/0705.3221
http://dx.doi.org/10.1103/PhysRevD.76.073005
http://arxiv.org/abs/1712.07611
http://arxiv.org/abs/1502.05915
http://dx.doi.org/10.1007/JHEP05(2015)053
http://arxiv.org/abs/1411.5606
http://dx.doi.org/10.1016/j.nuclphysbps.2015.09.132
http://arxiv.org/abs/1902.08032
http://dx.doi.org/10.1016/0370-2693(92)91301-O

E.1 (Triple) Higgs coupling imprints at future lepton colliders

29] E. Arganda et al., Phys. Rev. D91 (2015) 015001. arXiv:1405.4300,
doi:10.1103/PhysRevD.91.015001

[30] E. Arganda et al., Phys. Rev. D93 (2016) 055010. arXiv:1508.04623,
doi:10.1103/PhysRevD.93.055010

[31] J. Baglio and C. Weiland, Phys. Rev. D94 (2016) 013002. arXiv:1603.00879,
doi:10.1103/PhysRevD.94.013002

[32] J. Baglio and C. Weiland, JHEP 04 (2017) 038. arXiv:1612.06403,
doi:10.1007/JHEP04(2017)038

[33] J. Baglio et al., Eur. Phys. J. C78 (2018) 795. arXiv:1712.07621,
doi:10.1140/epjc/s10052-018-6279-x

[34] E. Fernandez-Martinez et al., JHEP 08 (2016) 033. arXiv:1605.08774,
doi:10.1007/JHEP08(2016)033

[35] K. Fujii et al., Physics case for the International Linear Collider, arXiv:1506.05992

[36] H.-J. He et al., Phys. Rev. D93 (2016) 015003. arXiv:1506.03302,
doi:10.1103/PhysRevD.93.015003

[37] 1. Esteban et al., JHEP 01 (2017) 087. arXiv:1611.01514,
doi:10.1007/JHEP01(2017)087

- 239 -


http://arxiv.org/abs/1405.4300
http://dx.doi.org/10.1103/PhysRevD.91.015001
http://arxiv.org/abs/1508.04623
http://dx.doi.org/10.1103/PhysRevD.93.055010
http://arxiv.org/abs/1603.00879
http://dx.doi.org/10.1103/PhysRevD.94.013002
http://arxiv.org/abs/1612.06403
http://dx.doi.org/10.1007/JHEP04(2017)038
http://arxiv.org/abs/1712.07621
http://dx.doi.org/10.1140/epjc/s10052-018-6279-x
http://arxiv.org/abs/1605.08774
http://dx.doi.org/10.1007/JHEP08(2016)033
http://arxiv.org/abs/1506.05992
http://arxiv.org/abs/1506.03302
http://dx.doi.org/10.1103/PhysRevD.93.015003
http://arxiv.org/abs/1611.01514
http://dx.doi.org/10.1007/JHEP01(2017)087

	Abstract
	Editors' note
	Executive summary
	Introduction and overview A. Blondel, J. Gluza, S. Jadach, P. Janot, T. Riemann
	The FCC-ee electroweak factory
	What this theory report brings: an overview

	Precision calculations in the Standard Model
	 QED,eff(s) for precision physics at the FCC-ee/ILC  F. Jegerlehner
	(M2Z) in precision physics (precision physics limitations)
	The ultimate motivation for high-precision SM parameters
	R data evaluation of (M2Z) 
	Reducing uncertainties via the Euclidean split trick: Adler function controlled pQCD
	Prospects for future improvements
	The need for a space-like effective (t)
	Conclusions
	Addendum: the coupling  2, MW, and sin2 f

	Precision quantum chromodynamics  D. d'Enterria
	Higher fixed-order pQCD corrections
	Higher-order logarithmic resummations
	Per-mille-precision s extraction
	High-precision non-perturbative QCD

	Inclusion of mixed QCD–QED resummation effects at higher orders  G.F.R. Sborlini
	Introduction and motivation
	Splittings and PDF evolution
	Fixed-order effects: application to diphoton production
	Mixed resummation effects: Z boson production
	Conclusions

	CoLoRFulNNLO at work: a determination of S A. Kardos, S. Kluth, G. Somogyi, Z. Trócsányi, Z. Tulipánt, A. Verbytskyi
	Introduction
	Precision through higher orders
	Precision through small power corrections
	Conclusions

	Theoretical luminosity precision for the FCC-ee: overview of the path to 0.01%  B.F.L. Ward, S. Jadach, W. Płaczek, M. Skrzypek, S.A. Yost
	e+ e-  at large angles for FCC-ee luminometry  C.M. Carloni, M. Chiesa, G. Montagna, O. Nicrosini, F. Piccinini
	Introduction
	Theoretical approach and numerical results
	Summary and outlook

	Prospects for higher-order corrections to W-0.6mu pair production near threshold in the EFT approach  C. Schwinn
	Effective theory approach to W-0.6mu pair production
	Estimate of NNLOEFT corrections and beyond
	Summary and outlook

	Perspectives of heavy quarkonium production at the FCC-ee  Z.-G. He, B.A. Kniehl
	Heavy quarkonium production through e+e- annihilation
	Heavy quarkonium production in  collisions
	Summary and outlook

	Vertex functions in QCD—preparation for beyond two loops  J.A. Gracey 
	Introduction
	Current status
	Three-loop strategy
	Discussion

	Effective field theory approach to QED corrections in flavour physics  M. Beneke, C. Bobeth, R. Szafron
	Introduction and motivation
	QED corrections in Bq +-
	Summary and outlook

	Top pair production and mass determination A. Maier
	Introduction
	Effective theory framework
	Higher-order corrections
	Cross-section predictions

	Higgs boson decays: theoretical status  M. Spira
	Introduction
	SM Higgs boson decays
	Uncertainties


	Methods and tools
	Heritage projects, preservation, and re-usability concerns  S. Banerjee, M. Chrzaszcz, Z. Was, J. Zaremba
	Common tools for all FCC design studies

	Scalar one-loop Feynman integrals in arbitrary space–time dimension d – an update  T. Riemann, J. Usovitsch
	Introduction
	Interests in the d-dependence of one-loop Feynman integrals
	Mellin–Barnes representations for one-loop Feynman integrals
	The basic scalar one-loop functions
	The cases of vanishing Cayley determinant n=0 and of vanishing Gram determinant Gn=0 
	A massive four-point function with vanishing Gram determinant
	Calculation of Gauss hypergeometric function 2F1, Appell function F1, and Saran function FS at arbitrary kinematics

	NNLO corrections in four dimensions  R. Pittau
	Introduction
	FDR integration and loop integrals
	Keeping unitarity in the virtual component
	Keeping unitarity in the real component
	Results and conclusions

	Unsubtractions at NNLO J.J. Aguilera-Verdugo, F. Driencourt-Mangin, J. Plenter, S. Ramírez-Uribe, G. Rodrigo, G.F.R. Sborlini, W.J. Torres Bobadilla, S. Tracz
	Introduction
	Loop-tree duality
	Four-dimensional unsubtraction
	Unitarity thresholds and anomalous thresholds
	Conclusions

	Numerics for elliptic Feynman integrals  C. Bogner, I. Hönemann, K. Tempest, A. Schweitzer, S. Weinzierl
	Numerical multiloop calculations: sector decomposition and QMC integration in pySecDec,S. Borowka, G. Heinrich, S. Jahn, S.P. Jones, M. Kerner, J. Schlenk
	Feynman integrals and sector decomposition
	Quasi-Monte Carlo integration
	Summary and outlook

	Analytics from numerics: five-point QCD amplitudes at two loops  S. Abreu, J. Dormans, F. Febres Cordero, H. Ita, B. Page
	Introduction
	Amplitudes
	Simplifications for functional reconstruction
	Implementation and results
	Conclusion

	Recent developments in Kira P. Maierhöfer, J. Usovitsch
	Introduction
	Improved symmetrization
	Parallel simplification algorithms for coefficients
	Basis choice
	Conclusions

	Precision Monte Carlo simulations with WHIZARD  S. Braß, W. Kilian, T. Ohl, J. Reuter, V. Rothe, P. Stienemeier
	FCC tau polarisation S. Banerjee, Z. Was
	Electron–positron annihilation processes in MCSANCee  A. Arbuzov, S. Bondarenko, Y. Dydyshka, L. Kalinovskaya, L. Rumyantsev, R. Sadykov, V. Yermolchyk 
	Introduction
	Cross-section structure
	Numerical results and comparison
	Conclusion

	Global electroweak fit in the FCC-ee era  J. Erler, M. Schott

	SMEFT
	CoDEx: BSM physics being realised as SMEFT  S.D. Bakshi, J. Chakrabortty, S.K. Patra 
	Introduction
	The package in detail


	Beyond the Standard Model (BSM)
	(Triple) Higgs coupling imprints at future lepton colliders J. Baglio, C. Weiland
	Triple Higgs coupling studies in an EFT framework
	Probing heavy neutral leptons via Higgs couplings
	Conclusions

	Exotic Higgs decays (and long-lived particles) at future colliders J.F. Zurita
	Exotic Higgs decays: motivations and signatures
	Long-lived particles (LLPs)
	Exotic Higgs decays vis-à-vis current LHC data
	Future experiments: HL-LHC, FCC, CEPC, LHeC
	Conclusions

	Precision predictions for Higgs decays in the (N)MSSM F. Domingo, S. Heinemeyer, S. Paßehr, G. Weiglein
	Introduction
	Higgs decays to SM particles in the CP-violating NMSSM
	Discussion concerning the remaining theoretical uncertainties


	Acknowledgements

