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Despite the remarkable success of the Standard Model in describing
fundamental interactions, unresolved phenomena such as dark matter, dark
energy, and matter–antimatter asymmetry strongly suggest the existence
of physics beyond the Standard Model. The absence of new particle dis-
coveries at the LHC indicates that such New Physics may be significantly
heavier than the electroweak scale. In this context, Effective Field Theo-
ries offer a powerful framework for studying the indirect effects of heavy
New Physics. This contribution reviews some of the recent advancements,
computational tools, and phenomenology of Effective Field Theories, with
a particular focus on the Standard Model Effective Field Theory.
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1. Introduction

The Standard Model (SM) of particle physics, developed and refined
throughout the 20th century, reached its culmination with the discovery of
the Higgs boson in 2012 by the ATLAS and CMS collaborations [1, 2]. While
the SM provides an exceptionally precise description of fundamental inter-
actions, it leaves several critical questions unanswered, such as the nature of
dark matter and dark energy, the origin of matter–antimatter asymmetry,
and the hierarchy problem. These unresolved issues strongly motivate the
search for physics beyond the Standard Model (BSM).

Despite extensive searches, no direct evidence of new particles has been
observed at the LHC, suggesting that the scale of New Physics may lie
well above the electroweak scale. In this context, Effective Field Theories
(EFT) offer a powerful and systematic framework for indirectly probing
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BSM physics. Two prominent EFT frameworks, the Standard Model Ef-
fective Field Theory (SMEFT) [3, 4] and the Higgs Effective Field Theory
(HEFT) [5–7], have emerged as key tools for indirect probes of BSM phe-
nomena.

This contribution reviews some of the recent advancements in the the-
ory, tools, and phenomenology of EFT, with a focus on SMEFT. Section 2
introduces SMEFT and HEFT, emphasizing their complementary roles in
probing BSM physics. Section 3 outlines examples of phenomenological ap-
plications of SMEFT and tools developed to facilitate calculations in this
framework. Finally, Section 4 explores recent progress in on-shell methods
and their application to EFT.

2. Effective Field Theories for BSM physics

2.1. SMEFT

The Standard Model Effective Field Theory provides a model-independ-
ent framework for parameterizing the effects of heavy and decoupled BSM
physics. By assuming a linear realization of electroweak symmetry break-
ing (EWSB) and embedding the Higgs boson within an SU(2)L doublet,
SMEFT allows for a systematic expansion in terms of operator mass di-
mensions. This framework incorporates the effects of New Physics through
higher-dimensional operators, which are suppressed by powers of a heavy
New Physics scale Λ. The SMEFT Lagrangian can be expressed as an ex-
pansion in 1/Λ

LSMEFT = LSM +
∑
i

Ci

Λdi−4
Oi , (1)

where LSM is the Standard Model Lagrangian, Oi are higher-dimensional
operators of dimension di > 4, parametrized by the dimensionless Wilson
coefficients (WC) Ci and invariant under the SM gauge group. For a com-
prehensive review, see, for example, [8, 9].

In recent years, SMEFT has become one of the primary tools for New
Physics searches with precision measurements. However, it is not universally
applicable. Specifically, two types of models have been identified where more
general Higgs Effective Field Theory is the appropriate framework [10]: (i)
models in which new particles derive most of their mass from EWSB, and
(ii) models featuring additional sources of EWSB even in the limit of v → 0,
where v denotes the SM vacuum expectation value.

2.2. HEFT

In contrast to SMEFT, HEFT treats the Higgs boson as a gauge singlet,
distinct from the Goldstone bosons associated with EWSB. This distinction
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enables HEFT to describe a broader range of BSM scenarios, including those
with non-linear EWSB, such as composite Higgs models. Unlike SMEFT,
the effective Lagrangian in HEFT cannot be organized as a conventional
expansion in operator mass dimensions. Instead, HEFT operators may in-
clude arbitrary powers of the dimensionless ratio h/v, where v is the vacuum
expectation value. The power counting in HEFT is more intricate and gov-
erned by the chiral dimension, reflecting the momentum and loop expansion
characteristic of non-linear EFT [11–13]. This approach facilitates a decou-
pling of the Higgs dynamics from the symmetry-breaking pattern, allowing
for more general deviations in Higgs couplings. Such deviations must be
independently constrained through precision measurements.

2.2.1. SMEFT operator bases

Over the past 15 years, significant progress has been made in constructing
complete and non-redundant operator bases for SMEFT. The most relevant
contributions arise from dimension-6 operators, (with the single dimension-5
operator), with the Warsaw basis [4] serving as the most widely adopted ba-
sis for dimension-6 SMEFT. It enables consistent interpretations of precision
measurements and collider data.

Bases for higher-dimensional operators have also been constructed, in-
cluding dimension-7 [14], dimension-8 [15, 16], dimension-9 operators [17],
and beyond (up to dimension-12 [18]).

In practice, most experimental and phenomenological studies focus on
dimension-6 and dimension-8 operators, as their effects are less suppressed
and more accessible in current and near-future collider experiments1.

3. SMEFT — tools and phenomenology

SMEFT, while not itself a direct discovery tool, offers insights into the
form and structure of the underlying BSM theory. This can be achieved
through a pipeline that involves: (i) calculating precise predictions for vari-
ous HEP processes, (ii) comparing these predictions with experimental data
to constrain SMEFT WC, (iii) interpreting WC patterns using results from
matching to UV completions, and (iv) deriving insights into the underlying
UV theory.

In recent years, there has been a surge in precision studies in SMEFT.
This “precision” can be achieved in two ways. Firstly, by including higher-
order corrections in perturbation theory, which has been done for processes
such as gluon fusion Higgs and double-Higgs production [19–23] and Higgs

1 Odd-dimension operators, such as those of dimension-7, violate lepton or baryon
number and are thus highly constrained.
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decays [24–26]. This progress has been facilitated by developments in the
derivation of Renormalization Group Equations (RGE) in SMEFT at one-
loop [27–29] (full results) and two-loops [30–34] (partial results).

Secondly, precision in the context of SMEFT may mean considering
higher-order terms in the EFT expansion (dimension-62 and dimension-8)
that can affect the results. This has been demonstrated by studies of vec-
tor boson scattering and vector boson fusion double-Higgs production pro-
cesses [35–37].

Although quite universal and model-independent in parameterizing BSM
phenomena, SMEFT is also a very complex framework. One can appreci-
ate this, for example, by simply considering the exact number of higher-
dimensional operators for a given mass dimension di [38], as presented in
Table 1.

Table 1. Numbers of higher-dimensional operators for a given mass dimension di
and number of fermion generations nf , as taken from [38].

di nf = 1 nf = 3

5 2 12
6 84 3045
8 993 44807
10 15456 2092441

The high number of operators in SMEFT implies significant technical
complexity in theoretical calculations for physical processes and observables.
In addition, already mentioned issues such as matching between UV mod-
els and SMEFT, higher-order loop contributions, RGE running, and fitting
SMEFT WC to experimental data have proven numerical tools indispens-
able for efficient calculations and progress in SMEFT. To facilitate precision
calculations in SMEFT, researchers have dedicated significant effort to de-
veloping numerical tools that address these challenges. Below, we present
a selection of currently available tools, divided by categories:

— SMEFT matching to UV models and RGE running
Matchete [39], Matchmakereft [40], MatchingTools [41], CoDeX [42],
DsixTools [43], wilson [44], SOLD [45], and RGESolver [46],

— SMEFT fitting to experimental data
SMEFiT [47], smelli [48], HepFIT [49], and match2fit [50],

— Feynman rules and physical observables
SMEFTsim [51], Dim6Top [52], SMEFT@NLO [53], and SmeftFR [54, 55].
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4. On-shell techniques and Effective Field Theory

Recent years have witnessed significant advancements in on-shell ampli-
tude techniques within the spinor-helicity formalism (see [56] for a review)
and their application beyond Quantum Chromodynamics (QCD). By lever-
aging fundamental principles such as Lorentz invariance, unitarity, and Bose
or Fermi statistics, these techniques enable the direct construction of scatter-
ing without explicit reference to the Lagrangian. This bootstrap approach
has demonstrated considerable utility in several key areas of EFT-related
research: (i) constructing bases of EFT operators [57–60], (ii) computing
RGE running [61–64], and (iii) matching EFT to BSM models [65, 66].

Reference [67] demonstrated that the on-shell formalism, being more
general than any specific EFT framework, can be effectively used to chart the
differences between SMEFT and HEFT. It focused on the study of gg → hhh
production in a general on-shell EFT, extending existing gg → h and gg →
hh results [57], and included systematic matching to SMEFT and HEFT.
Table 2 summarizes the orders of the EFT expansion at which individual
contributions arise, purely from a naive power-counting perspective.

Table 2. Summary of on-shell coefficients and dimensions for gg → hhh, hh → hhh,
and the related three- and four-point amplitudes. ∗ marks where we applied the
power counting assuming that one order of αs is factored out, i.e. that our HEFT
operators are written as αs

π ∂mhnGµνG
µν .

Amplitude Helicity Spinor structure Coeff. Dimension
Minimal order

SMEFT HEFT
Three-point

gg → h ++ [1|2]2 cggh −1
(
1/Λ̄

)
6
(
v/Λ2

)
NLO∗

hh → h — — chhh 1
(
Λ̄
)

4 LO
Four-point

hh → hh — — c4h 0 4 LO

gg → hh
++ [1|2]2 c++

gghh −2
(
1/Λ̄2

)
6
(
1/Λ2

)
NLO∗

+− [1|3− 4|2⟩2 c+−
gghh −4

(
1/Λ̄4

)
8
(
1/Λ4

)
NNLO∗

Five-point
hh → hhh — — c5h 0 6

(
v/Λ2

)
LO

gg → hhh

++ [1|2]2 c
++,(1)
gghhh −3

(
1/Λ̄3

)
8
(
v/Λ4

)
NLO∗

++ [1|34|2]2 c
++,(2)
gghhh −7

(
1/Λ̄7

)
12

(
v/Λ8

)
N3LO∗

+− [1|3|2⟩2 c+−
gghhh −5

(
1/Λ̄5

)
10

(
v/Λ6

)
NNLO∗
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At the level of 3- and 4-point amplitudes, a naive correspondence emerges
between the minimal orders at which all spinor structures appear: dimen-
sion-4 SMEFT corresponds to LO HEFT, dimension-6 SMEFT to NLO
HEFT, and dimension-8 SMEFT to NNLO HEFT. However, in the case
of 5-point amplitudes, things look different. First of all, a new spinor struc-
ture, [1|34|2]2, emerges that was not present at lower-point amplitudes.
Moreover, the naive correspondence breaks and the power counting shifts:
dimension-6 SMEFT now corresponds to LO HEFT, dimension-8 SMEFT
to NLO HEFT, and so on. This reveals the key distinction: SMEFT and
HEFT are not fundamentally different but diverge in their convergence pat-
terns (at least in the case of the studied processes). Future studies with
heavy vector bosons and additional Higgs bosons should further clarify the
relationship and differences between both frameworks.

5. Summary

In the absence of direct discoveries of New Physics at the LHC, atten-
tion has shifted towards Effective Field Theories, particularly the Standard
Model Effective Field Theory. This complex yet powerful framework re-
quired the development of numerous tools for tasks such as matching, RGE
running, fitting, simulations, and matrix-element calculations. However,
SMEFT has limitations in describing certain BSM scenarios, where the more
general Higgs Effective Field Theory is applicable. Recently, there has been
significant interest in studying the differences between SMEFT and HEFT,
including the application of on-shell methods.
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Phys. 2025, 121 (2025).
[32] U. Haisch, J. High Energy Phys. 2025, 004 (2025).
[33] C. Duhr, A. Vasquez, G. Ventura, E. Vryonidou, J. High Energy Phys. 2025,

160 (2025).
[34] S. Di Noi, B.A. Erdelyi, R. Gröber, arXiv:2510.14680 [hep-ph].
[35] A. Dedes, P. Kozów, M. Szleper, Phys. Rev. D 104, 013003 (2021).
[36] A. Cappati, R. Covarelli, P. Torrielli, M. Zaro, J. High Energy Phys. 2022,

038 (2022).
[37] A. Dedes, J. Rosiek, M. Ryczkowski, Phys. Rev. D 112, 055044 (2025).
[38] B. Henning, X. Lu, T. Melia, H. Murayama, J. High Energy Phys. 2017, 016

(2017); Erratum ibid. 2019, 019 (2019).
[39] J. Fuentes-Martín et al., Eur. Phys. J. C 83, 662 (2023).

http://dx.doi.org/10.1140/epjc/s10052-016-4332-1
http://dx.doi.org/10.1140/epjc/s10052-016-4332-1
https://arxiv.org/abs/2511.23410
http://dx.doi.org/10.1103/PhysRevD.90.125023
http://dx.doi.org/10.1007/JHEP10(2020)174
http://dx.doi.org/10.1103/PhysRevD.104.015026
http://dx.doi.org/10.1007/JHEP11(2020)152
http://dx.doi.org/10.1103/PhysRevD.108.055020
http://dx.doi.org/10.1103/PhysRevD.108.055020
http://dx.doi.org/10.1007/JHEP12(2017)063
http://dx.doi.org/10.1007/JHEP12(2017)063
http://dx.doi.org/10.1007/JHEP02(2018)159
http://dx.doi.org/10.1007/JHEP05(2022)111
http://dx.doi.org/10.1007/JHEP08(2022)079
http://dx.doi.org/10.1007/JHEP10(2023)086
http://dx.doi.org/10.1007/JHEP11(2024)040
http://dx.doi.org/10.1007/JHEP12(2024)183
http://dx.doi.org/10.1007/JHEP12(2024)183
http://dx.doi.org/10.1007/JHEP08(2018)103
http://dx.doi.org/10.1007/JHEP06(2019)115
http://dx.doi.org/10.1007/JHEP11(2020)079
http://dx.doi.org/10.1007/JHEP10(2013)087
http://dx.doi.org/10.1007/JHEP10(2013)087
http://dx.doi.org/10.1007/JHEP01(2014)035
http://dx.doi.org/10.1007/JHEP01(2014)035
http://dx.doi.org/10.1007/JHEP04(2014)159
http://dx.doi.org/10.1007/JHEP04(2014)159
http://dx.doi.org/10.1007/JHEP12(2024)220
http://dx.doi.org/10.1007/JHEP05(2025)121
http://dx.doi.org/10.1007/JHEP05(2025)121
http://dx.doi.org/10.1007/JHEP06(2025)004
http://dx.doi.org/10.1007/JHEP07(2025)160
http://dx.doi.org/10.1007/JHEP07(2025)160
https://arxiv.org/abs/2510.14680
http://dx.doi.org/10.1103/PhysRevD.104.013003
http://dx.doi.org/10.1007/JHEP09(2022)038
http://dx.doi.org/10.1007/JHEP09(2022)038
http://dx.doi.org/10.1103/bywd-2dy1
http://dx.doi.org/10.1007/JHEP08(2017)016
http://dx.doi.org/10.1007/JHEP08(2017)016
http://dx.doi.org/10.1007/JHEP09(2019)019
http://dx.doi.org/10.1140/epjc/s10052-023-11726-1


2-A20.8 M. Ryczkowski

[40] A. Carmona, A. Lazopoulos, P. Olgoso, J. Santiago, SciPost Phys. 12, 198
(2022).

[41] J.C. Criado, Comput. Phys. Commun. 227, 42 (2018).
[42] S. Das Bakshi, J. Chakrabortty, S.K. Patra, Eur. Phys. J. C 79, 21 (2019).
[43] J. Fuentes-Martín, P. Ruiz-Femenía, A. Vicente, J. Virto, Eur. Phys. J. C

81, 167 (2021).
[44] J. Aebischer, J. Kumar, D.M. Straub, Eur. Phys. J. C 78, 1026 (2018).
[45] G. Guedes, P. Olgoso, J. Santiago, SciPost Phys. 15, 143 (2023).
[46] S. Di Noi, L. Silvestrini, Eur. Phys. J. C 83, 200 (2023).
[47] T. Giani, G. Magni, J. Rojo, Eur. Phys. J. C 83, 393 (2023).
[48] P. Stangl, PoS (TOOLS2020), 035 (2021).
[49] J. De Blas et al., Eur. Phys. J. C 80, 456 (2020).
[50] J. ter Hoeve et al., J. High Energy Phys. 2024, 179 (2024).
[51] I. Brivio, Y. Jiang, M. Trott, J. High Energy Phys. 2017, 070 (2017).
[52] D. Barducci et al., arXiv:1802.07237 [hep-ph].
[53] C. Degrande et al., Phys. Rev. D 103, 096024 (2021).
[54] A. Dedes et al., Comput. Phys. Commun. 247, 106931 (2020).
[55] A. Dedes et al., Comput. Phys. Commun. 294, 108943 (2024).
[56] H. Elvang, Y.-t. Huang, arXiv:1308.1697 [hep-th].
[57] Y. Shadmi, Y. Weiss, J. High Energy Phys. 2019, 165 (2019).
[58] R. Aoude, C.S. Machado, J. High Energy Phys. 2019, 058 (2019).
[59] G. Durieux, T. Kitahara, Y. Shadmi, Y. Weiss, J. High Energy Phys. 2020,

119 (2020).
[60] M. Accettulli Huber, S. De Angelis, J. High Energy Phys. 2021, 221 (2021).
[61] P. Baratella, C. Fernandez, A. Pomarol, Nucl. Phys. B 959, 115155 (2020).
[62] P. Baratella, C. Fernandez, B. von Harling, A. Pomarol, J. High Energy

Phys. 2021, 287 (2021).
[63] L.C. Bresciani et al., J. High Energy Phys. 2025, 190 (2025).
[64] J. Aebischer, L.C. Bresciani, N. Selimovic, J. High Energy Phys. 2025, 209

(2025).
[65] S. De Angelis, G. Durieux, SciPost Phys. 16, 071 (2024).
[66] M. Chala, J. López Miras, J. Santiago, F. Vilches, SciPost Phys. 18, 185

(2025).
[67] R. Gröber, A.N. Rossia, M. Ryczkowski, arXiv:2509.02680 [hep-ph].

http://dx.doi.org/10.21468/SciPostPhys.12.6.198
http://dx.doi.org/10.21468/SciPostPhys.12.6.198
http://dx.doi.org/10.1016/j.cpc.2018.02.016
http://dx.doi.org/10.1140/epjc/s10052-018-6444-2
http://dx.doi.org/10.1140/epjc/s10052-020-08778-y
http://dx.doi.org/10.1140/epjc/s10052-020-08778-y
http://dx.doi.org/10.1140/epjc/s10052-018-6492-7
http://dx.doi.org/10.21468/SciPostPhys.15.4.143
http://dx.doi.org/10.1140/epjc/s10052-023-11189-4
http://dx.doi.org/10.1140/epjc/s10052-023-11534-7
http://dx.doi.org/10.22323/1.392.0035
http://dx.doi.org/10.1140/epjc/s10052-020-7904-z
http://dx.doi.org/10.1007/JHEP01(2024)179
http://dx.doi.org/10.1007/JHEP12(2017)070
https://arxiv.org/abs/1802.07237
http://dx.doi.org/10.1103/PhysRevD.103.096024
http://dx.doi.org/10.1016/j.cpc.2019.106931
http://dx.doi.org/10.1016/j.cpc.2023.108943
https://arxiv.org/abs/1308.1697
http://dx.doi.org/10.1007/JHEP02(2019)165
http://dx.doi.org/10.1007/JHEP12(2019)058
http://dx.doi.org/10.1007/JHEP01(2020)119
http://dx.doi.org/10.1007/JHEP01(2020)119
http://dx.doi.org/10.1007/JHEP11(2021)221
http://dx.doi.org/10.1016/j.nuclphysb.2020.115155
http://dx.doi.org/10.1007/JHEP03(2021)287
http://dx.doi.org/10.1007/JHEP03(2021)287
http://dx.doi.org/10.1007/JHEP10(2025)190
http://dx.doi.org/10.1007/JHEP08(2025)209
http://dx.doi.org/10.1007/JHEP08(2025)209
http://dx.doi.org/10.21468/SciPostPhys.16.3.071
http://dx.doi.org/10.21468/SciPostPhys.18.6.185
http://dx.doi.org/10.21468/SciPostPhys.18.6.185
https://arxiv.org/abs/2509.02680

	1 Introduction
	2 Effective Field Theories for BSM physics
	2.1 SMEFT
	2.2 HEFT
	2.2.1 SMEFT operator bases


	3 SMEFT — tools and phenomenology
	4 On-shell techniques and Effective Field Theory
	5 Summary

