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Introduction
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• This talk will focus mostly on the SMEFT 
- First relevant operators at dimension-6 
- Warsaw basis: 2499 operators, but reduced via flavour 

assumptions 

• Why is the Higgs boson important for EFT? 
- Interactions with vector bosons and fermions provide 

unique sensitivity to wide set of operators 
- Interpretation of single and double H measurements 
- Important constraints when combined with other sectors
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 : operators = interaction terms  at a given expansion order𝒪i
 : operators = Wilson coefficients, free parametersCi
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Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.
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Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)

Q† are CP-odd (-even) for all the
fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.
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What do we want?

3

• Strongest simultaneous sensitivity to all relevant Wilson coefficients 

- Assume UV model leads to multiple  

• Example: In the "topU3l" flavour assumption ( ) reduced to 182 operators 

- O(40) directly involve Higgs field, but pp→(H→)ff/VV processes studied sensitive to other operators (4-fermion, TGCs) 
- Need a sufficient set of observables (measuring inclusive rates not enough) 

• Where to start? 
- State-of-the-art single Higgs combinations of all available production & decay channels 
- Analyses target "simplified template cross section" (STXS) fiducial cross sections (target specific prod. phase space)

ci ≠ 0

U(3)l × U(3)e × U(2)q × U(2)u × U(2)d
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Interpretation via STXS
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• Analyses aim to measure as many of these bins as possible 
in each final state 

• Unfolding from reco. to gen. performed in the max. likelihood 
fit ⇒ parameterize each bin with WC dependence 

• Some details: 

- Use the topU3l flavour assumptions 
- 43 (CMS) dim-6 operators (CP-even) considered 
- SMEFTsim for tree-level & propagator corrections 

- SMEFT@NLO for loop-level (ggF, gg→ZH), or analytic (H→γγ) 
- Parameterisation factorised into prod. and decay parts: 

‣ Some differences in linearisation wrt. ATLAS 

- Possibility to consider "linear-only" fits (drop Λ-4 terms), or  
"linear + quadratic" (keeps terms up to Λ-4)

Rep. Prog. Phys. 89 (2026) 087801

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-018/index.html
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Interpretation via STXS
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• Visualize the effect of operators on each cross section 
bin, and each B(H→XX) 

• Some, eg. cHq(3) with clear energy growth 

• Others, pure normalisation:

ggF bins (*) Modified H propagator / 
modified Fermi constant 5

pT(V)
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Interpretation via STXS
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• Simultaneous fit of all WCs not possible ⇒ flat directions 

- Multiple WCs (or sets of combinations) with same effect 
- Minimum not uniquely defined 

• CMS produces results w/ one non-zero Wilson coefficient at a time 

• Constraints with and without the quadratic terms: 
- Useful as test of EFT validity 
- At Λ-4, we miss effect of double dim-6 insertions (*), dim8-SM  

interference 
- (*) Somewhat addressed for Higgs by prod x decay factorisation 

• In general, good agreement with SM 
- Exceptions: cHq(3) - p-value of 0.01 
- Caused by excess in high pT(V) bins 

for the STXS

32

Figure 6: The measured STXS stage 1.2 cross sections and branching fraction ratios. Theory
uncertainties which affect the normalisations of the measured parameters are not included in
the fit. In the top panel, the points indicate the best-fit values whilst the coloured lines indicate
the 68% CL intervals. The wider coloured boxes show the systematic uncertainty components
of the 68% CL intervals. Each measured quantity is compared to the SM prediction in red,
where the grey bands indicate the theoretical uncertainty for the respective parameter. The
bottom panel plots the ratio of the measured si ⇥ BZZ with respect to the SM predictions. The
best-fit values and 68% CL intervals for the ggH 450 < p

H
T < 650 GeV and tH STXS bins lie

outside of the range of the ratio panel, and are thus represented by arrows.

most granular measurement of the Higgs boson ever performed by the CMS experiment. The
correlations between the measured parameters are provided as additional material in Fig. 32.

The compatibility p-value for this model follows the same trend as the other signal yield
parametrisations, showing a reasonable tension with the SM hypothesis. Sizeable deviations
are observed for a number of kinematic regions including the high p

V
T WH leptonic STXS bins

for the H ! bb, H ! WW and H ! tt channels, the ZH leptonic p
V
T > 250 STXS bin for the

H ! bb channel, the ggH 0J STXS bins for the H ! tt channel, and the tH measurement in
the H ! gg channel. The overall compatibility is measured to be pSM = 0.006.
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Solution: basis rotation
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• Identify orthogonal directions in WC space using principle component analysis 
- Requires calculation of Hessian matrix for profile likelihood in terms of WCs 
- Built from STXS Hessian and translated using linear EFT parametrisation 

- Keep only those EVs with λ > X (here X = 0.01 ⇒ uncertainty of O(10))

11. Interpretation of measurements using SMEFT 63

(PCA) technique is used to identify the sensitive linear combinations directly from data.

The Hessian matrix HSTXS from the 97 POI fit (result shown in Fig. 8) is computed numerically
for a SM Asimov data set. This is the matrix of second derivatives of the log-likelihood with
respect to all fit parameters, including both POIs and NPs. Under the Gaussian approximation,
the covariance matrix CSTXS is equal to the inverse of the Hessian matrix, H�1

STXS. A submatrix
of the covariance matrix, eCSTXS, is obtained by removing all rows and columns which do not
correspond to the POIs. The so-called reduced Hessian matrix is then approximated using the
submatrix inverse, eHSTXS = eC�1

STXS.

The eHSTXS matrix is translated to the SMEFT WC basis using the linear parametrisation shown
in Eq. 28. A translation matrix T is constructed with terms,

T i f

j
= A

i

j
+ A

f

j
� A

H
j

(31)

where the indices (i, f ) run over the 97 µi f POIs, and Aj are the corresponding linear-terms
for WC cj. If multiple STXS stage 1.2 bins are merged in the POI definition, then the linear
term for production is computed as the mean of the individual STXS stage 1.2 bin A

i

j
constants,

weighted according to their SM cross section predictions. The reduced Hessian matrix in terms
of the SMEFT WCs is then obtained by performing the translation,

eHSMEFT = T T eHSTXST , (32)

where T T is the transpose of matrix T . An eigendecomposition of this matrix eHSMEFT =
RTLR, is performed. The rotation matrix R provides linear combinations of the SMEFT
WCs (eigenvectors EV), and the diagonal matrix L of eigenvalues l indicating their constrain-
ing power. The scaling functions µi f ( ~EV) which enter the combination likelihood are now
parametrised as functions of the linear combinations by rotating the nominal SMEFT WCs,
~c = RT ~EV.

This procedure provides as many eigenvectors as there are WCs (43). The constraining power
for eigenvector EVj is provided by the quantity 1/

q
lj, which is an estimate of the (sym-

metrised) expected 68% CL interval. Eigenvectors with 1/
q

lj > 10 are fixed to the SM (i.e. 0)
in the fit, as the data are not sensitive to these directions. This choice of threshold is somewhat
arbitrary, but it ensures that the fit converges as the curvature of the likelihood is sufficiently
high. In addition, this threshold avoids probing regions of parameter space where the SMEFT
perturbative expansion breaks down. In total 17 eigenvectors are included in the fit, shown by
the truncated R matrix in Fig. 18.
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Results
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• Most correlations between EV parameters small (as expected) 

• Some larger: 
- Some approximations with deriving Hessian 
- Use of Asimov at SM point vs data at non-SM
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EFT results in di-Higgs production

9

• HEFT: more general, weaker symmetry requirements 
- Some UV theories map to HEFT but not SMEFT 
- No assumption of a Higgs SU(2) doublet - rather single 

h + Goldstones U 

• Mostly of interest in di-Higgs searches:

3
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Figure 4: Leading-order Feynman diagrams of nonresonant Higgs boson pair production via
gluon-gluon fusion with anomalous Higgs boson couplings c2, cg, and c2g. The Higgs boson
trilinear self-coupling modifier is shown as κλ.

previous results by introducing additional channels, including the bbWW, WWεε, and ϱϱεε
final states and VHH production mode in the bbbb final state, to perform a variety of parame-
ter scans, as well as searches for anomalous Higgs boson couplings in the HEFT approach. The
HEFT parametrisation is further exploited to constrain parameters in specific ultraviolet (UV)
complete models. The results presented in this paper and provided in the corresponding HEP-
Data record [33] are based on the data set of proton-proton (pp) collisions at 13 TeV collected
by the CMS experiment from 2016 to 2018 (Run 2), corresponding to an integrated luminosity
of 138 fb→1.

2 The CMS detector and event reconstruction

The CMS apparatus [34, 35] is a multipurpose, nearly hermetic detector, designed to trigger
on [36–38] and identify electrons, muons, photons, and (charged and neutral) hadrons [39–41].
Its central feature is a superconducting solenoid of 6 m internal diameter, providing a mag-
netic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron cal-
orimeter (HCAL), each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are
reconstructed using gas-ionisation detectors embedded in the steel flux-return yoke outside
the solenoid. More detailed descriptions of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic variables, can be found in Refs. [34, 35].

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of 4 µs [36]. The second level,
known as the high-level trigger, consists of a farm of processors running a version of the full
event reconstruction software optimised for fast processing, and reduces the event rate to a few
kHz before data storage [37, 38].

A particle-flow (PF) algorithm [42] aims to reconstruct and identify each particle in an event
(PF candidate), with an optimised combination of information from the various elements of
the CMS detector. The primary vertex (PV) is taken to be the vertex corresponding to the hard-
est scattering in the event, evaluated using tracking information alone, as described in Section
9.4.1 of Ref. [43]. The energy of photons is obtained from the ECAL measurement. The energy
of electrons is determined from a combination of the track momentum at the PV the corre-
sponding ECAL cluster energy, and the energy sum of all bremsstrahlung photons attached
to the track. The momentum of muons is obtained from the curvature of the corresponding
track. The energy of charged hadrons is determined from a combination of the track momen-
tum and the corresponding ECAL and HCAL energies, corrected for the response function of

1

1 Introduction

In 2012, the ATLAS and CMS Collaborations at the CERN, LHC discovered a new particle with
a mass of approximately 125 GeV [1–3]. Extensive measurements of its properties, including
the mass, spin, parity, couplings to other standard model (SM) particles, and decay width,
have revealed that this particle is compatible with the SM Higgs boson (H) [4, 5]. However,
the question of the Higgs boson self-interaction remains unresolved. Measurements of the
Higgs boson trilinear (λ3) and quartic self-couplings (λ4) provide valuable information about
the Brout–Englert–Higgs mechanism, the process by which a complex scalar doublet field—the
Higgs doublet—generates the masses of the W and Z bosons through spontaneous electroweak
(EW) symmetry breaking. The findings will confirm the SM or point to new physics scenarios,
such as extended Higgs sectors [6–15]. Beyond particle physics, the true nature of electroweak
phase transition will shed light on cosmological questions related to inflation, gravitational
waves, and baryogenesis [16–22]. While the quartic coupling is challenging to measure at the
LHC and requires future colliders [23–26], the trilinear coupling can be directly accessed by
studying Higgs boson pair production.

At the LHC, pairs of SM Higgs bosons (HH) are primarily produced via gluon-gluon fusion
(ggF), with a cross section of 31.05+0.06

→0.23 fb [27, 28] at next-to-next-to-leading order (NNLO) in
quantum chromodynamics (QCD) for a centre-of-mass energy of 13 TeV and a Higgs boson
mass of 125 GeV, which is the assumed value for the studies in this paper. At leading order
(LO), two amplitudes contribute to the ggF HH production cross section, namely the Higgs
boson self-interaction (‘triangle diagram’) and the top quark loop (‘box diagram’), represented
by the Feynman diagrams in Fig. 1. The triangle diagram amplitude is proportional to the
Higgs boson trilinear self-coupling, or in the theoretical framework described in Section 3, to
the coupling modifier κλ = λ3/λSM

3 , where λSM
3 is the Higgs boson trilinear self-coupling in the

SM. The triangle and box diagram amplitudes interfere destructively, leading to a significant
reduction in the ggF cross section for certain values of κλ.

g

g

t
H H

Hκt κλ

g

g

t

H

H

κt

κt

Figure 1: Leading-order Feynman diagrams of nonresonant Higgs boson pair production via
gluon-gluon fusion in the SM. The modifiers of the Higgs boson coupling with the top quark
and the Higgs boson trilinear self-coupling are shown as κt and κλ, respectively.

The second to largest production mechanism for HH events is vector boson fusion (VBF) with
a cross section of 1.726 ± 0.036 fb [29] in the SM at

↑
s = 13 TeV and next-to-NNLO (N3LO) in

QCD. The VBF production mode, shown in Fig. 2, gives access to the coupling modifier of the
interaction between two vector bosons and two Higgs bosons (κ2V) and the interaction between
a Higgs boson and two vector bosons (κV). The characteristic signature of VBF, two jets in the
forward direction, with a large pseudorapidity (ε) separation, allows us to identify the process
despite the small cross section. Higgs boson pairs can also be produced in association with a
vector boson V = W or Z (VHH) with a cross section of approximately half that of the VBF
mode, 0.36+0.04

→0.03 fb for ZHHand 0.33+0.03
→0.05 fb for WHH, as shown in Fig. 3. The VHH production

is affected differently by the destructive interference compared to ggF and VBF because of the
presence of additional diagrams at next-to-LO (NLO), offering complementary constraints on

SM

HEFT
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EFT results in di-Higgs production

• Recent results from CMS 

• Updated HH→4b search (Run 2 + partial Run 3) 
- Most stringent constraints in 4b final state 
- Simultaneous constraint of kλ and κ2V 
- 30% improvement wrt Run 2

10

5− 0 5 10 15

λκ

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2Vκ

 (13.6 TeV)-1 (13 TeV) + 62 fb-1138 fb

CMS

Best fit
SM

 < 2.30 observed
κ

q
 < 5.99 observed

κ
q

 < 2.30 expected
κ

q
 < 5.99 expected

κ
q

• HH→bbττ with 172 fb-1 Run 3 data, combined with Run 2 
- Improved trigger strategy (2τ + jet, parking) 
- Dedicated DNN for VBF selection 
- New DNN architecture  
- 20% improvement in sensitivity wrt lumi-scaled Run 2 
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CMS-PAS-HIG-25-008arXiv:2604.27044

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-24-010/index.html
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Stepping outside of Higgs…
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• Recent CMS combination of single and multi-boson production analyses that directly target EFT effects 

• Relevant for the Higgs sector: All six operators probed also modify Higgs processes 
- Clear motivation for larger. cross-sector combinations, e.g. see CMS Higgs, EW, top, QCD combination: 

CMS-PAS-SMP-25-002 

EPJC 86 (2026) 331

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-25-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-24-003/index.html
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Stepping outside of Higgs…

• Recent CMS combination of single and multi-boson production analyses that directly target EFT effects 

• Relevant for the Higgs sector: All six operators probed also modify Higgs processes 
- Clear motivation for larger. cross-sector combinations  (see first CMS and ATLAS results on these)
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Summary & outlook

• Excellent progress on exploiting EFT sensitivity in Higgs boson analyses 
- Longer term goal: full H + HH combination exploiting both production and decay information 
- Even longer term: merge with full combinations covering EW, top, QCD sectors 

• We are generally not accounting for EFT effects in the background 

- Most relevant for channels with backgrounds from MC: VH(bb), H→WW, H→ττ 
- Mitigation: use of control regions to float MC norm (less often shape) 
- Should really start doing this soon… 

• Theory uncertainties in EFT predictions not yet incorporated 

• Presentation of results: 
- Useful if all analyses can present version results in same format 
- 1-by-1 scans with both expected and observed 95% CL intervals should always be possible - good for benchmarking
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