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1. Overview

The understanding of the electroweak symmetry breaking (EWSB) is at the core of some of the
main remaining open questions in particle physics and cosmology. The discovery of a Higgs boson
at the Large Hadron Collider (LHC) has made this connection even more compelling and intriguing.
In spite of the fact that the discovered Higgs boson seems to conform to the properties predicted by
the Standard Model (SM), its nature is still very mysterious. The smallness of its mass seems to be
due to unnatural fine-tuned cancellations. We do not know if it is part of a larger family of scalar
fields as predicted by more complex mechanisms of EWSB. We have not even firmly established
if this particle is elementary or composite. Answering these questions necessarily involves physics
beyond the SM (BSM), and a broad Higgs phenomenology program could be one of the best portals
to start its exploration. This is why Higgs physics has been at the core of the LHC physics program
and will continue to be during its energy and luminosity upgrades.

After the discovery of a Higgs boson during Run 1 of the LHC, the main focus of Run 2
has been the measurement of its properties, in particular of its mass, width, and couplings. De-
viations from the SM pattern of Higgs-boson couplings, as well as evidence for anomalies in the
Higgs-boson width, could provide indirect evidence of new physics. Thanks to the number of
events accumulated during Run 2, the LHC experiments have also been able to obtain statistically
significant measurements of kinematic distributions from Higgs-boson production, and they have
started investigating the effect of anomalous interactions on their shape. In parallel, direct searches
have explored simple extensions of the Higgs sector of the SM, such as 2 Higgs Doublet Models
(2HDM), models with extra scalar singlets, and a variety of other models with extended scalar
sectors. In general, many such models admit a limit in which the properties of one of the scalars
align with the ones of the SM Higgs boson, and could therefore provide a natural candidate for the
SM-like Higgs boson discovered at the LHC. Indeed, current experimental constraints on 2HDM
very much constrain them to such alignment regime, as illustrated in Fig. 1 for various types of
2HDM. As a plus, models with extended scalar sectors can provide candidates for dark matter,
while models with multiple scalars can introduce additional sources of CP violation in the scalar
sector and provide in this way one of the ingredients to explain baryogenesis. A broad range of
models that could allow for exotic decays of the discovered Higgs boson have also been explored
and bounds have been obtained both via direct searches and indirectly through measurements of
the Higgs-boson width.1

Not having found direct evidence of new particles, and not having measured any large devi-
ations in the properties of the discovered Higgs boson from the SM predictions so far, we expect
new physics to be sneaky and not likely to produce big deviations from SM predictions or unmis-
takable signals. Moving forward, we face two main challenges. On one hand we need to assess and
provide the level of theoretical accuracy needed to meaningfully analyze current and future LHC
data searching for small deviations, on the other hand we need to develop a succesful strategy to
interpret such data and in particular possible anomalies. I will discuss both aspects in the following
sections.

1See summary talk by Jacobo Konigsberg as well as many contributions in the parallel sessions of this conference.
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Figure 1: Experimental constraints on different types of 2HDM from the combined fit presented in Ref. [1]
and from the most recent publications of the LHC experiments [2, 3].

2. Towards Higgs-boson precision physics

Precision physics can become a very powerful tool to constrain new physics when both theo-
retical predictions and experimental measurements reach a similar level of accuracy. On the theo-
retical side, competing with the accuracy of the LHC experiments is challenging but nevertheless
possible since we have a predictive theory, the Standard Model, that allows us to calculate the
observables measured in experiments within uncertainties that can be systematically improved. In-
deed, the Higgs-boson discovery during Run 1 has offered a prominent example of synergy between
the accuracy of experimental measurements and theoretical predictions [4, 5, 6, 7]. As part of the
global effort that led to the Higgs-boson discovery, all Higgs-boson production and decay rates
have been calculated including at least the first order of QCD and EW corrections for all the main
production modes. Notably, today the leading production mode, gluon-gluon fusion (gg→ H), as
well as bb̄→H, are known at N3LO in QCD [8, 9] and all production modes except the associated
production with a tt̄ pair are known at NNLO of QCD and NLO of EW corrections.2 Similarly,
several orders of QCD and EW corrections are known for all decay modes. The residual theoretical
uncertainties on the fixed-order cross sections and branching ratios are for most modes reduced to
only a few percent, the largest residual uncertainties from scale-dependence, αs, and PDF being of
the order of approximately 15-20% in the case of Higgs-boson production with heavy quarks (top
and bottom).

Run 2 of the LHC has provided a first quite impressive test of the the Higgs-boson couplings
and reported an overall consistency with the SM pattern. A snapshot of the most updated measure-
ments is offered in Fig. 2 where the deviation from the SM Higgs-boson couplings to gauge bosons
and fermions is presented in terms of overall rescaling factors κi = gi/gSM

i [3, 2]. One can see that
Higgs-boson couplings to gauge bosons have been measured at the 10-15% level, while Yukawa
couplings to third generation fermions have been determined with 20-30% accuracy. Not shown
in Fig. 2 is the measurements of the Higgs-boson self coupling (λ ). In this case, first bounds have

2See talk by Bernhard Mistlberger at this conference.
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been established from both double (−5.2≤ κλ ≤ 12.1) [10, 11] and single (−3.2≤ κλ ≤ 11.9) [12]
Higgs production.
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Figure 2: Summary of the fits for deviations in the Higgs-boson couplings to gauge bosons and fermions
from both CMS [3] and ATLAS [2]. The r.h.s. table summarizes the corresponding results when no BSM
contributions to Higgs-boson decays are assumed to exist and Higgs-boson vertices involving loops are
resolved in terms of their SM content. The table also includes projections of the accuracy reachable at the
HL-LHC with 3000 fb−1 per experiment [13].

If very accurate theoretical predictions of the total production cross sections have been crucial
to establish the existence and the overall compatibility of the discovered Higgs boson with the SM,
similar and higher level of accuracy for both total and differential cross sections will play an even
more essential role in identifying signatures of new physics in the measurements of its couplings,
including non-SM interactions induced by new physics beyond the LHC reach. New physics could
affect the SM-like couplings of the Higgs boson, and could also introduce new effective couplings
that arise at the electroweak scale when the exchange of very massive particles at high-energy in-
duces new contact interactions. In both cases, new physics will cause ratios of measured couplings
to the predicted SM couplings (the κi = gi/gSM

i factors of Fig. 2) to deviate from unity. In the sec-
ond case the shape of differential phase-space distributions should also be affected and the effects
will be particularly enhanced in the tails of momentum, energy, and invariant-mass distributions.3

Controlling these scarcely populated regions is clearly experimentally challenging, but after Run
2 of the LHC we are fairly confident that it can be achieved. Still, given the established overall
consistency of the SM, deviations will be small and only a very accurate prediction of total and
differential rates for both signal and, in many cases, background processes is mandatory.

In fact, from a breakdown of the main sources of systematic errors affecting several Higgs-
boson production measurements, we can see how theoretical uncertainties on the prediction of
both signal and background are becoming one of the main entries in the overall uncertainty bal-
ance. As an example, in the l.h.s. plot of Fig. 3 (from Ref. [2]) we see the effect of different
systematic uncertainties on the measurement of a global Higgs-boson signal strength (µ , to which
all µi f = σi×BR f /(σi×BR f )SM have been set), presented in terms of the profiled likelihood ratio

3See talk by Dorival Gonçalves at this conference.
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Λ(µ) (see [2] for details). The different curves represent the cases in which: 1) all systematic
uncertainties are included (solid black line), 2) parameters describing theory uncertainties in back-
ground processes are fixed to their best-fit values (solid blue line), 3) the same procedure is also
applied to theory uncertainties in the signal process (solid red line), and 4) to all systematic un-
certainties, so that only statistical uncertainties remain (dotted black line). From the l.h.s. plot of
Fig. 3, as well as the red-boxed entries in the table given in the r.h.s. of the same figure, we clearly
see how the component of the systematic uncertainty coming from theory predictions and modeling
of both signal and background is becoming a limiting factor in achieving better experimental accu-
racies. In these estimates, the theory component includes uncertainties due to missing higher-order
perturbative QCD and electroweak corrections in the MC simulation, uncertainties in PDF and αs,
the treatment of the underlying events, the matching between the hard-scattering process and the
parton shower, the choice of hadronization models, and branching fraction uncertainties. In general
the residual dominant uncertainties arise from the theory modeling of the signal and background
processes in simulations. In the following we will review the most recent progress made towards
improving the accuracy of theoretical predictions, with attention to the fact that such progress may
concern different aspects of the theoretical predictions for different processes.
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Figure 3: Variations of 2 lnΛ(µ) as a function of the global Higgs-boson signal strength µ (l.h.s.) and
breakdown of the corresponding systematic uncertainty from different sources (r.h.s.). See text for details.
From Ref.[2].

Indeed, understanding the impact of higher-order corrections and the residual theoretical un-
certainty on kinematic distributions can often be a process-dependent task, based on understanding
what choices can improve the QCD and EW perturbative calculation of a given process. Examples
are the choice of the central value for renormalization and factorization scales, which can be very
different in nature and value process by process, or the choice to include partial higher-order cor-
rections if they help to stabilize the contribution of certain dominant subprocesses. On the other
hand, predicting distributions with satisfactory theoretical accuracy in general involves further chal-
lenges, independently of the process considered. To start with, matching experimental distributions
often requires more exclusive final states, and providing higher-order corrections for such more ex-
clusive states often goes beyond the difficulty of providing the same order of corrections for the
corresponding inclusive processes. Moreover, a realistic description of exclusive collider events

4
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requires matching fixed-order calculations to parton-shower event generators and understanding
how to estimate the consequent residual level of theoretical uncertainty.4 Finally, predicting distri-
butions requires validating the theoretical description of a given process in all kinematical regions
of interest. For instance, total cross sections can be marginally affected by deviations in the tail of
distributions, and we can forgo being very accurate in these regions if the goal is just measuring
total rates. But if we want e.g. to detect deviations in the shape of distributions at high pT , we need
to be sure of the validity of our calculation in that region. So, accurately predicting distributions
may require revisiting theoretical calculations previously used for total rates only.5

In this context, the prediction of the Higgs-boson transverse-momentum (pH
T ) distribution in-

cluding higher-orders of QCD corrections plays indeed a special role in testing and constraining
multiple aspects of Higgs-boson physics. On one hand, knowing the pT distribution of a Higgs
boson produced with one or more jets can be very effective in enhancing the signal-to-background
ratio in several channels, since signatures with associated jets can allow to disentangle different
production mechanisms or use a broader spectrum of decay signatures. At the same time, the high-
and low-pT regions of this distribution can provide unique handles on some Higgs-boson Yukawa
couplings. More specifically, the high pT region can resolve the dependence on mt , and test the
relation between the top-quark Yukawa coupling and the Hgg coupling, as well as any anomalous
Higgs interaction that can affect high-energy tails of distributions. On the other hand, the low-pH

T

region, being sensitive to light-quark mass effects (mb and, possibly, mc), could provide information
on the Higgs-boson couplings to light-quarks.

Building upon the NNLO QCD calculation of H+1 j [14, 15], a lot of recent activity has been
focusing on improving the theoretical description of the pH

T distribution in both the high and low
pT regions. These regions are particularly affected by higher order corrections, either because, in
the case of high pT , additional hard QCD radiation, hence high-jet multiplicity, pushes the Higgs-
boson to higher pT , or because, in the case of low pT , the resummation of soft QCD radiation
is crucial to correctly modelling the low-pT regions of the spectrum. In both cases, higher-order
QCD corrections and finite quark-mass effects can be particularly relevant. In the high pT region
the validity of using the mt → ∞ limit (a.k.a. Higgs Effective Theory, or HEFT), where the ggH
top-loop induced interaction is reduced to a pointlike ggH contact interaction, has been assessed by
two different groups who have calculated the pH

T distribution of H + j at NLO in QCD including
finite mt effects exactly [17] or retaining the leading terms in an m2

t /p2
T expansion with mt � mH

(i.e. setting de facto mH = 0) [16]. Results from both studies are collected in Fig. 4. Clearly
the HEFT approach fails to describe the shape of the pH

T distribution above 300-400 GeV, where
finite top-quark mass effects are not negligible and the accuracy of theoretical prediction strongly
relies not only on the perturbative order but also on the capability of including such effects. Both
calculations also confirm that, in spite of the fact that the HEFT only poorly approximates the shape
of the spectrum at high pT , K-factors in the HEFT and in the full theory behave in a very similar
way above 200 GeV, hence suggesting that a good approximation of the full NNLO distributions
could be obtained by rescaling the corresponding NLO distributions (with full mt dependence) by
the the NNLO HEFT K factor.

4See talk by Emanuele Re at this conference.
5See talk by Kirill Melnikov at this conference.
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Figure 4: Transverse momentum distribution of the Higgs boson at the LHC with
√

s = 13. Both plots
illustrate the comparison between LO and NLO predictions in the full SM and in the infinite top-mass
approximation (HEFT). See text for details. L.H.S. from Ref. [16]. R.H.S.: from Ref. [17].

At the opposite end of the spectrum, in the low-pH
T region, Higgs-boson production is enhanced

by logarithms of mH/pT arising from multiple soft gluon radiation. Working in the mt→∞ approx-
imation, i.e. for a pointlike ggH interaction, the accuracy of the resummation of such logarithmic
corrections has been improved over the years and N3LL+NNLO results have been presented for the
first time in Ref. [18], from where the l.h.s. plot of Fig. 5 has been extracted. As often the case, con-
trolling large logarithmic corrections beyond the NLO and NNLO fixed orders reduces their sharp
impact in the peak region (around pH

T of 15 GeV) and stabilizes the shape of the spectrum with
respect to higher-order corrections. Based on this very important result, more recently the impact
of light-quark corrections (namely b quarks) in the mb ≤ pT ≤ mH region has been investigated at
NNLL+NLO QCD, including both top- and bottom-quark contributions. Indeed, the bottom-quark
Yukawa coupling has a non-negligible impact on the total cross section through the interference
of bottom- and top-quark contributions, and sensibly affects the shape of the pH

T spectrum in the
low-pT region, as illustrated in the r.h.s. plot of Fig. 5. The residual theoretical uncertainty is esti-
mated in Ref. [19] to be of the order of 15-20% and mainly dominated by the fixed-oder NLO top
contribution. This could therefore be improved in the future, reducing the error on both total and
differential cross sections to a level that would allow to extract information on the bottom-quark
Yukawa coupling for which the direct extraction from associated production of a Higgs boson with
bottom quarks is particularly challenging at the LHC.

If the inclusive production of a Higgs-boson, being dominated by gg→ H via an internal
loop of top quarks, indirectly measures the top-quark Yukawa coupling, the associated production
of a Higgs-boson with a tt̄ pair gives the main direct access to such coupling. The accuracy of
the experimental measurement is currently limited by the theoretical uncertainty on the prediction
of its most important backgrounds, namely tt̄ + b jets and tt̄V with V = W/Z decaying leptoni-
cally. Ongoing dedicated studies [7, 20, 21] have recently clarified several aspects of the tt̄ +b jets
background and showed the need for a better understanding of the interplay between higher-order
fixed-order predictions (currently available at NLO QCD+EW) and parton-shower generators. In

6
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Figure 5: Transverse momentum distribution of the Higgs boson at the LHC with
√

s = 13. L.H.S.:
Comparison among the matched normalised distributions at N3LL+NNLO, NNLL+NNLO, and NNLO,
from Ref. [18]. R.H.S.: comparison between the full matched distribution at NNLL+NLO and NLO, from
Ref. [19].

this case adding higher-orders of quantum corrections is not an immediate priority, contrary to the
case of the pH

T distributions we discussed earlier. Of particular interest in understanding the rele-
vance of different regimes (e.g. hard scattering versus parton showering) and different processes
(e.g. b jets produces from initial-state or final-state gluon radiation) are the recent calculation of
tt̄bb̄+ j at NLO in QCD [21], and the development of a new merging algorithm (Fusing) where,
building upon the established merging algorithms for multi-jet matrix elements and parton show-
ers, a new technique to merge the NLO QCD massive tt̄ +bb̄ matrix elements into the tt̄ + j j has
been proposed [22]. Furthermore, studying the dynamics of one extra jet emission at higher order
in QCD has allowed to identify effects induced by the parton-shower [21] and develop strategies
to compensate for them.6 Different NLO PS frameworks, based on different shower and matching
methods, can now be shown to provide consistent predictions,7 which in turn will allow to reduce
the corresponding systematic errors from theoretical modelling. At the same time the possibility
of modelling the production of b jets based on the hard scattering matrix element or gluon splitting
(g→ bb̄) in different regimes has given very promising results in the case of Z +b jets production
and could potentially bring the modelling of b- and light-jet distributions in tt̄bb̄ production under
better control [23]. As far as tt̄V with V =W/Z decaying to leptons goes, the on-shell production
is known at NLO of QCD+EW corrections [24, 25], and dedicated experimental measurements by
both ATLAS and CMS confirms the SM predictions within the still non-negligible uncertainties.
At the same time, some disagreement is emerging when tt̄W is considered in the context of tt̄H
analyses, where, apparently, a preliminary clear excess with respect to the SM is reported [26]. To
understand the nature of the issue theoretical predictions will have to be revisited, at least to the
extent of controlling W and top-quark decays and their kinematics at the best of the available tools.

The final fundamental step in the Higgs-boson precision program will be to validate the pat-
tern of EWSB as realized by the scalar potential of the SM. In this context, a crucial constraint will
come from a measurement of the Higgs-boson self-coupling (λ ). In particular, Higgs-boson pair

6See talk by Tomas Jezo at this conference.
7See ongoing studies within the tt̄H/tH subgroup of the Higgs XS Working Group.
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production has received a lot of experimental and theoretical attention as it gives access to the triple
Higgs-boson self coupling in a variety of channels identified by the decay products of the Higgs-
boson pair. The theoretical prediction for such process is dominated by gg fusion via a loop of top
quarks and the state-of-the-art calculations of the exact top-mass dependence for the NLO QCD
total cross section and the MHH invariant mass distribution have shown effects of 10-30% with re-
spect to what had been previously calculated in different approximations, including the HEFT, and
have reduced the theoretical uncertainty on the (approximated) NNLO cross section to about 5%
[27, 28]. At the same time, the Higgs-boson self-coupling could be constrained through quantum
loop effects on EW observables (e.g. MW , . . .) and Higgs-boson decays (e.g. H→WW,ZZ), as well
as single Higgs-boson production. Ref. [29] found a bound of κλ >−14.3 on κλ = λ3/λ SM

3 (where
λ3 denotes the value of λ appearing in the triple Higgs-boson self-coupling), while Refs. [30, 31]
constrain κλ to be in the range −14 < κλ < 18 from loop-effects on EW precision observables.
Both avenues have been explored experimentally and have provided bounds in full compatibility
with these theoretical estimates, as discussed earlier in this section.

3. Testing the SM consistency including EW and Higgs data

Direct searches of new physics will always be the core of the physics program of any collider.
As the discovery of the Higgs boson has nailed a pin on the map of all possible BSM theories, new
discoveries would unquestionably exclude families of BSM models in favor of others. At the same
time, building on the increasing precision being reached in both experimental measurements and
theoretical predictions, a very intense program of constraining new physics via a combined fitting
of EW precision observables (EWPO) and Higgs-boson observables have been developed.

In either case the interpretation of anomalies, in e.g. the high-energy tail of Higgs-boson dis-
tributions or in global EW precision fits of the SM, could be approached within a specific model or
in terms of effective interactions that are induced at the EW scale by more general classes of high-
energy theories. Examples of model-specific searches have been given in Sec. 1 and many more
have been presented in the course of this meeting. On the other hand, a more model-independent
approach has been focusing on the so-called SM effective field theory (SMEFT), where the SM
Lagrangian is extended by operators of dimension 6 and higher:

Leff = LSM +Llight NP + ∑
d>4

1
Λd−4 Ld , with Ld = ∑

i
CiOi, [Oi] = d . (3.1)

Studies so far have focused on considering mainly dimension-6 operators expressed in terms of SM
fields, i.e. assuming only one doublet of complex scalar fields in a linearly realized spontaneous
symmetry breaking. Thanks to the increased statistics of Run 2, enough Higgs-boson measure-
ments (both in the form of total and differential cross sections) have become available to allow for
a combined fit of EWPO and Higgs-boson observables in terms of a reduced basis of dimension-6
operators that assumes flavour universality and CP conservation. Examples of such fits have been
presented by several groups [32, 33, 34] that also tested the validity of including only dimension-6
operators by probing the sensitivity of the fit results to a linear versus a quadratic expansion of the
theoretical predictions in the EFT coefficients [33, 34].8 Given the special role played by the top-

8See talk by Emma Slade’s at this conference.
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quark in Higgs-boson production, more recent studies have lifted flavour universality for the third
generation of quarks, and used that to probe the SM degeneracy between Higgs-boson couplings to
gluons and top quarks (see in particular [35, 36]).
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The Wilson coe�cients for the operators O�WB and O�D contribute to the EWPO via

their corrections to the well known Peskin-Takeuchi parameters S and T [52],

�S =
4sW cW

↵em(MZ)

v2

⇤2
C�WB , (2.27)

�T = � 1

2↵em(MZ)

v2

⇤2
C�D , (2.28)

where cW and sW are, respectively, the cosine and sine of the weak mixing angle ✓W , and

↵em is the electromagnetic fine-structure constant. Finally, some interactions enter in all ob-

servables in the EW sector indirectly, via their contributions to the physical processes used

to extract the values of the SM input parameters. In this work we use {↵em(0), MZ , GF }
as input parameters in the EW sector. Hence, the four lepton operator Oll, which enters

in muon decay, has to be included among the list of dimension-six interactions entering

in EWPO. (Note that apart from their direct e↵ects described before, the interactions

O(3)
�L, O�WB and O�D also induce indirect corrections in EW observables.) As it is easy to

see, the EWPO (Z-pole observables and W mass) cannot constrain independently the 10

operators discussed above, but only a total of 8 combinations of dimension-6 interactions

(assuming fermion universal modifications of the SM interactions). These are given by,

Ĉ
(1)
�l = C

(1)
�l +

1

4
C�D (2.29)

Ĉ
(3)
�l = C

(3)
�l +

c2
w

4s2
w

C�D +
cw

sw
C�WB (2.30)

Ĉ
(1)
�q = C

(1)
�q �

1

12
C�D (2.31)

Ĉ
(3)
�q = C

(3)
�q +

c2
w

4s2
w

C�D +
cw

sw
C�WB (2.32)

Ĉ�e = C�e +
1

2
C�D (2.33)

Ĉ�u = C�u �
1

3
C�D (2.34)

Ĉ�d = C�d +
1

6
C�D (2.35)

Ĉll = Cll (2.36)

which are the quantities that we will use in our global fit to electroweak precision observ-

ables as described in Sections 3 and 4.

All the interactions that enter in EWPO also enter, directly or indirectly, in Higgs

observables. The latter are however a↵ected by interactions not correcting the EW mea-

surements at the Z pole or the W mass. Any operator contributing to the Higgs kinetic

term will be propagated to all SM Higgs couplings via its wavefunction renormalization.

The SM-like single Higgs couplings to the electroweak bosons are also directly a↵ected by

the operator O�D, hence modifying the relation between the W and Z interactions with

the Higgs. Non-SM-like interactions, i.e. di↵erent tensor structures of the form hVµ⌫V
µ⌫ ,

are generated by the operators of form O�V (V = G, W, B, WB). As mentioned above,
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The Wilson coe�cients for the operators O�WB and O�D contribute to the EWPO via

their corrections to the well known Peskin-Takeuchi parameters S and T [52],

�S =
4sW cW

↵em(MZ)

v2

⇤2
C�WB , (2.27)

�T = � 1

2↵em(MZ)

v2

⇤2
C�D , (2.28)

where cW and sW are, respectively, the cosine and sine of the weak mixing angle ✓W , and

↵em is the electromagnetic fine-structure constant. Finally, some interactions enter in all ob-

servables in the EW sector indirectly, via their contributions to the physical processes used

to extract the values of the SM input parameters. In this work we use {↵em(0), MZ , GF }
as input parameters in the EW sector. Hence, the four lepton operator Oll, which enters

in muon decay, has to be included among the list of dimension-six interactions entering

in EWPO. (Note that apart from their direct e↵ects described before, the interactions

O(3)
�L, O�WB and O�D also induce indirect corrections in EW observables.) As it is easy to

see, the EWPO (Z-pole observables and W mass) cannot constrain independently the 10

operators discussed above, but only a total of 8 combinations of dimension-6 interactions

(assuming fermion universal modifications of the SM interactions). These are given by,

Ĉ
(1)
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(1)
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1

4
C�D (2.29)
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(3)
�l = C

(3)
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1

3
C�D (2.34)

Ĉ�d = C�d +
1

6
C�D (2.35)

Ĉll = Cll (2.36)

which are the quantities that we will use in our global fit to electroweak precision observ-

ables as described in Sections 3 and 4.

All the interactions that enter in EWPO also enter, directly or indirectly, in Higgs

observables. The latter are however a↵ected by interactions not correcting the EW mea-

surements at the Z pole or the W mass. Any operator contributing to the Higgs kinetic

term will be propagated to all SM Higgs couplings via its wavefunction renormalization.

The SM-like single Higgs couplings to the electroweak bosons are also directly a↵ected by

the operator O�D, hence modifying the relation between the W and Z interactions with

the Higgs. Non-SM-like interactions, i.e. di↵erent tensor structures of the form hVµ⌫V
µ⌫ ,

are generated by the operators of form O�V (V = G, W, B, WB). As mentioned above,
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Figure 6: Constraints on the eight linear combinations of coefficients of dimension-6 operators entering in
EWPO. The blue bands represent the simultaneous fit to all operators in a given set, the red bands represent
the fit to one operator at a time. Dark and light shadows indicate 1σ and 2σ intervals.
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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E. da Silva Almeida et al., Phys.Rev. D99 (2019) no.3, 033001 Figure 7: Constraints on the coefficients of dimension-6 operators entering in both EWPO and Higgs-boson

observables. The green bands represent the simultaneous fit to all operators in a given set, the purple bands
represent the fit to one operator at a time. Dark and light shadows indicate 1σ and 2σ intervals.

For the purpose of illustration of these studies that should all be considered as very exploratory,
we collect in Figs. 6, 7, and 8 results obtained by the HEPFIT collaboration [37]. They are ex-
pressed in terms of coefficients of dimension 6 operators in the so-called Warsaw basis [38], and
involve only operators that enters either in EWPO observables or in Higgs-boson signal-strength
predictions. Bounds are given for the ratios Ci/Λ2 (see Eq. 3.1), and can therefore be interpreted
either as bound on the Ci coefficients for a given Λ or translated into lower bound on Λ for given
values of the coefficients. Typically finding large coefficients Ci would not be compatible with
truncating the SMEFT expansion to dimension 6 only. At the same time, too low bounds on Λ
could signal some tension in justifying an EFT approach. Only ten operators contibute to EWPO
and only eight independent linear combinations (see Fig. 6) can be constrained by an EW global
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fit. The plot in Fig. 6 shows results for a global fit of these eight combinations (blue bands). For
comparison results obtained by inserting only one operator at a time are presented (red bands). A
part from the obvious fact that errors are smaller when fitting just one operator at a time, we should
also observe that from the difference in the bounds obtained on some coefficients in the two cases,
we can infer the existence of large correlations. At the same time, the data now available from Run
2 and our understanding of the underlying theory are such that ignoring correlations is becoming
unrealistic and should probably not be considered if not for comparison, as an indication of where
correlations will play a major/minor role. In the plot of Fig. 7 the fit is extended to include also
Higgs-boson observables (signal strength) and triple-gauge coupling data. All ten operators that
enter EWPO can now be separately fit (see operators circled in green) since their degeneracy is
lifted, and new operators are added as needed to describe the Higgs-boson observables included
in the fit. For operators that contribute to both EWPO and Higgs-boson observables, it is still true
that their coefficients are more tightly constrained by EWPO. The difference between individual
and global constraints confirms that large correlations exist and global fits are to be preferred. For
scales Λ = 1 TeV (or larger) most coefficients are quite small, and only a fit that also consistently
included quadratic terms in all the Ci could probably test the need for higher dimension operators.
Considering the effect of these operators on differential distributions [39, 40] as well as connect-
ing to the constraints induced by flavour-physics observables below the electroweak scale [41] will
provide more and more constraining information that will help extracting more definite information
on NP from the SMEFT global fits.

Coe�cient 95% prob. range 95% prob. lower bound
Ci/⇤

2 [TeV�2] on ⇤ [TeV] (|Ci| = 1)
C�G [�0.00029, 0.0059] 13.5
C�W [�0.019, 0.0040] 7.63
C�B [�0.0051, 0.0011] 14.7

C�WB [�0.0045, 0.0038] 15.7
C�D [�0.027, 0.00092] 6.38
C�⇤ [0.015, 1.4] 0.85

C
(1)
�L [�0.0052, 0.012] 9.81

C
(3)
�L [�0.013, 0.0030] 9.46

C
(1)
�e [�0.015, 0.0070] 9.14

C
(1)
�Q [�0.027, 0.043] 5.13

C
(3)
�Q [�0.0111, 0.015] 8.71

C�u [�0.072, 0.082] 3.59
C�d [�0.16, 0.050] 2.72
Ce� [�0.034, 0.015] 5.97
Cu� [�2.0, �0.050] 0.74
Cd� [0.0031, 0.061] 4.18
CLL [�0.0048, 0.022] 7.11
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Figure 8: Lower bounds on the scale of new physics Λ from a fit to the dimension-6 coefficients entering
in EW+Higgs observables fitting one operator at a time. The different colors represent the cases in which
only EW, only Higgs, or both EW and Higgs constraints are considered.

Finally, in Fig. 8 the effects of the fit (this time with one operator at a time just for illustration
purposes) on both coefficients and Λ are shown side by side, together with the effect of EWPO,
Higgs-observables, and both combined, on each coefficient. It is interesting to note that achieving
higher precision in the fit (which depends on both theoretical and experimental inputs) would allow
for a more constrained determination of the EFT coefficients and in turn translate into higher reach
in the scale Λ that can be probed. A 10% increase in precision on the coefficients could give access
to scales as high as 100 TeV. Projections of the reach of global fit at future colliders have been
the topic of dedicated sessions at this meeting and a very comprehensive study can be found in
Ref. [42] as part of the development of the European Strategy for Particle Physics.
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4. Outlook

After the discovery of the Higgs boson during Run I of the LHC, a major effort to develop a
full-fledged precision program to measure its couplings has been growing. Indirect evidence of new
physics from Higgs-boson and EW precision measurements could come from the synergy between
accurate theoretical prediction, a systematic approach to the study of new effective interactions,
and the intuition and experience of many years of beyond SM searches. Increasing the precision
of input parameters could allow to test higher scales of new physics and provide very valuable
information for both present and future colliders. Direct evidence of new physics could clearly
boost this process, as the discovery of a Higgs-boson has prompted and guided us in this new era
of LHC physics.
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