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1 Introduction

Detecting possible contributions from new processes beyond the Standard Model (SM) is crucial for
understanding phenomena such as dark matter or the dominance of the universe by matter for which
the SM provides no explanation. The Higgs boson, the physical state associated with the mechanism
responsible for the origin of mass for other particles in the SM, provides a pivotal window for searching for
possible beyond the Standard Model (BSM) physics. This note reports on a search for BSM physics using
off-shell Higgs boson events in the 4ℓ and 2ℓ2𝜈 final states, in the region 𝑚𝑍𝑍 > 220 GeV where 𝑚𝑍𝑍

is the invariant mass of two Z bosons. The search is carried out by re-interpreting a previously reported
measurement of off-shell Higgs boson production [1].

Off-shell Higgs boson production is accessible only in the 𝑍𝑍 or𝑊𝑊 final states at the LHC, where the
increase in available phase space for the Higgs decay as 𝑚𝐻 approaches twice the gauge 𝑍 boson mass
cancels out the rapid fall-off in production moving away from the Higgs on-shell peak. In the 𝑍𝑍 final state,
off-shell Higgs boson production accounts for only𝑂 (10%) of the total Higgs cross-section [2]. As a result,
most BSM constraints are obtained from studies in the on-shell region. However, off-shell Higgs boson
events offer the opportunity to probe a higher energy scale, where BSM physics may emerge. Furthermore,
the ATLAS and CMS experiments [3]) have shown that the Higgs-top and effective Higgs-gluon couplings
in the gluon-gluon fusion (ggF) Higgs production mode cannot be measured independently using inclusive
measurements in the on-shell region, while the off-shell Higgs boson offers a means to decouple them [4].
Some other study [5] shows that the Higgs-top coupling can be probed directly in the 𝑡𝑡𝐻 channel. This
note will only focus on the ggF production mode based on the Effective Field Theory (EFT) framework to
search for BSM physics, with the full ATLAS Run-2 𝑝𝑝 collision dataset. Section 2 discusses the EFT
formalism used to perform the analysis, and Section 3 how the BSM couplings being probed were modelled.
Section 4 describes the ATLAS detector and Section 5 the data and Monte Carlo (MC) simulation samples
used, while Section 6 covers the analysis in both final states. Section 7 presents the systematic uncertainties
taken into account, and the final results are shown in Section 8.

2 Theoretical frameworks and motivation

The results presented in this note are provided in the context of two frameworks commonly used for
studying the off-shell Higgs boson in the 𝑍𝑍 decay channel: a simplified effective coupling approach which
we refer to as the 𝑐𝑔 − 𝑐𝑡 framework [4] (or the similar 𝜅-framework [6]) and the full Warsaw basis of the
Standard Model Effective Field Theory (SMEFT) framework [7]. The former framework offers a more
direct connection to physics, while the latter allows for a common interpretation of Higgs, electroweak, and
top physics measurements.

2.1 𝒄𝒈 − 𝒄 𝒕 framework

The Lagrangian presented in Ref. [4] is considered, which includes three dimension-six operators that
contribute to the gluon-gluon fusion process (ggF):

Ldim-6 = 𝑐𝑦
𝑦𝑡 |𝜑|2
𝑣2 𝑄̄𝐿 𝜑̃𝑡𝑅 + h.c. +

𝑐𝑔 𝑔
2
𝑠

48𝜋2𝑣2 |𝜑 |
2𝐺𝜇𝜈𝐺

𝜇𝜈 + 𝑐𝑔
𝑔2
𝑠

32𝜋2𝑣2 |𝜑 |
2𝐺𝜇𝜈𝐺̃

𝜇𝜈 (1)
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The notation from the paper was adapted for consistency with the other model in Section 2.2. After
spontaneous symmetry breaking, the full SMEFT Lagrangian, which includes the SM and dimension-six
contributions, is

LSMEFT ⊃ LSM + Ldim-6

= − 𝑐𝑡
𝑚𝑡

𝑣
𝑡𝑡𝐻 + 𝑐𝑔

𝑔2
𝑠𝐻

48𝜋2𝑣
𝐺𝜇𝜈𝐺

𝜇𝜈 (CP − even)

+ 𝑖𝑐𝑡
𝑚𝑡

𝑣
𝑡𝛾5𝑡𝐻 + 𝑐𝑔

𝑔2
𝑠𝐻

32𝜋2𝑣
𝐺𝜇𝜈𝐺̃

𝜇𝜈 (CP − odd)

(2)

where 𝑐𝑡 = 1 − Re(c𝑦) and 𝑐𝑡 = Im(𝑐𝑦). Only CP-even operators are considered in this analysis as the
observables used in this analysis were not designed to be CP-sensitive. The Feynman diagrams related
to the Higgs-top coupling 𝑐𝑡 and Higgs-gluon coupling 𝑐𝑔 are shown in Figure 1. In the SM, 𝑐𝑔 = 0 and
𝑐𝑡 = 1.
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Figure 1: The representative leading-order diagrams in the 𝑔𝑔 → 𝑍𝑍 channel, showing where the 1(a) Higgs-gluon
effective coupling and 1(b) Higgs-top coupling are modified by the corresponding operators in the 𝑐𝑡 − 𝑐𝑔 framework.

The inclusive ggF cross-section in this framework can be calculated and normalized to the SM prediction
to yield [6]:

𝜎SMEFT(𝑐𝑡 , 𝑐𝑔)
𝜎SM ≃ (𝑐𝑡 + 𝑐𝑔)2

(
1 − 7

15
𝑐𝑔

𝑐𝑡 + 𝑐𝑔
𝑚2

𝐻

4𝑚2
𝑡

)
(3)

In the on-shell Higgs boson region, the mass-dependent term can be neglected, yielding

𝜎SMEFT
on−shell(𝑐𝑡 , 𝑐𝑔)
𝜎SM

on-shell
≃ (𝑐𝑡 + 𝑐𝑔)2 (4)

This is the source of the coupling degeneracy: as the SMEFT on-shell signal strength is only dependent on
the sum of 𝑐𝑡 and 𝑐𝑔, they cannot be measured separately in the on-shell regime. However, for the off-shell
Higgs production, for which 𝑚𝑍𝑍 > 𝑚𝑡 , the mass term in Equation 3 can no longer be ignored. Therefore,
measurements using off-shell events can probe 𝑐𝑡 and 𝑐𝑔 separately.

2.2 Warsaw basis

Another widely used framework for the EFT interpretation of the Higgs measurements is based on the
Warsaw basis. In this framework, the Lagrangian of the SMEFT is expanded with respect to an energy
scale Λ:
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LSMEFT = LSM +
∑︁

∀𝑖,∀𝑑>4

𝐶
(𝑑)
𝑖

Λ𝑑−4 O
(𝑑)
𝑖

(5)

Here, Λ is the scale at which new physics is expected to appear and 𝑑 refers to the dimensionality of the
operators in the effective Lagrangian. It can be associated with a possible UV-complete BSM model that
contributes to the EFT operators. Similarly, 𝐶 (𝑑)

𝑖
are the Wilson coefficients that encode information about

the couplings associated with the possible UV-complete model.

In this analysis, only dimension-six operators are considered. Dimension-five operators are neglected due
to the current neutrino mass bounds and lepton- and baryon-number conservation assumptions in this
analysis. Dimension-seven operators are suppressed by another factor of the new physics scale compared
with dimension-six operators. Among many dimension-six operators, only Higgs-gluon and Higgs-top
related operators in the 𝑔𝑔 → 𝑍𝑍 channel are considered, as discussed in Section 2.1. The corresponding
definitions are summarized in Table 1 and the leading-order Feynman diagrams are depicted in Figure 2.
In the SM, 𝑐𝜑𝐺 = 0 and 𝑐𝑡 𝜑 = 0.

Operator Coefficient (Λ−2) Definition

O𝜑𝐺 𝑐𝜑𝐺 (𝜑†𝜑 − 𝑣2

2 )𝐺
𝜇𝜈

𝐴
𝐺𝐴

𝜇𝜈

O𝑡 𝜑 𝑐𝑡 𝜑 (𝜑†𝜑 − 𝑣2

2 )𝑄̄𝐿 𝜑̃𝑡𝑅 + h.c.

Table 1: Operators of interest in the Warsaw basis and their definitions. See more details in [8].
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Figure 2: The representative leading-order diagrams in the 𝑔𝑔 → 𝑍𝑍 channel, showing where (a) the effective
Higgs-gluon coupling and (b) the top-Higgs coupling are modified by the corresponding Warsaw basis operators.

The analysis reported in this note is performed in the SMEFT framework using the Warsaw basis.
Nevertheless, by comparing Equation 2 and Table 1 (Equation 2 includes contributions from both the SM
and BSM while Table 1 is pure BSM), translation between the two frameworks can be accomplished by

𝑐𝑡 𝜑 = − 𝑦𝑡Λ
2

𝑣2 (𝑐𝑡 − 1)

𝑐𝜑𝐺 =
𝑔2
𝑠Λ

2

48𝜋2𝑣2 𝑐𝑔

(6)

and results can therefore be recast in the 𝑐𝑔 − 𝑐𝑡 framework accordingly.
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3 Modelling of BSM couplings

The total cross-section corresponding to the Lagrangian in Equation 5 can be expressed as:

𝜎SMEFT ∝ |MSMEFT |2 = |MSM |2 + 2
∑︁
∀𝑖

𝐶
(6)
𝑖

Λ2 Re
(
M∗

SM · M (6)
𝑖

)
+

∑︁
∀𝑖, 𝑗

𝐶
(6)
𝑖
𝐶

(6)
𝑗

Λ4 Re
(
M∗(6)

𝑖
· M (6)

𝑗

)
(7)

or simply

𝜎SMEFT = 𝜎SM + 𝜎int + 𝜎BSM (8)

The first term on the right-hand side of both equations 7 and 8 corresponds to the SM contribution only.
The second term represents the interference between the SM and BSM (referred to as the EFT dimension-d
linear term with 𝑑 = 6, or the EFT linear term for short). The third term is the pure contribution from BSM
(referred to as the EFT dimension-d quadratic term with 𝑑 = 6, or the EFT quadratic term for short), while
the last term is called the cross-term (also pure BSM contributions).

To measure the potential BSM couplings listed in Table 1, Equation 8 can be explicitly rewritten as
follows:

𝜎SMEFT = 𝜎SM + 𝑐𝜑𝐺 𝜎O𝜑𝐺SM + 𝑐2
𝜑𝐺 𝜎

O𝜑𝐺Squared

+ 𝑐𝑡 𝜑 𝜎O𝑡𝜑SM + 𝑐2
𝑡 𝜑 𝜎

O𝑡𝜑Squared

+ 𝑐𝜑𝐺 𝑐𝑡 𝜑 𝜎O𝜑𝐺O𝑡𝜑

(9)

where

• 𝜎O𝜑𝐺SM (𝜎O𝑡𝜑SM) is the interference term of the EFT dimension-six operatorO𝜑𝐺 (O𝑡 𝜑) with the SM.

• 𝜎O𝜑𝐺Squared (𝜎O𝑡𝜑Squared) is the quadratic term of O𝜑𝐺 (O𝑡 𝜑).

• 𝜎O𝜑𝐺O𝑡𝜑 is the cross-term of O𝜑𝐺 and O𝑡 𝜑 , corresponding to matrix element 2 ·Re
(
M∗

O𝜑𝐺
· MO𝑡𝜑

)
.

The EFT operator-related cross-sections on the right-hand side of the equation 9 are obtained by setting the
corresponding coefficients to be 1. For example, in the above equation,𝜎O𝜑𝐺SM refers to𝜎O𝜑𝐺SM(𝑐𝜑𝐺 = 1),
𝜎O𝜑𝐺Squared = 𝜎O𝜑𝐺Squared(𝑐𝜑𝐺 = 1), 𝜎O𝜑𝐺O𝑡𝜑 = 𝜎O𝜑𝐺O𝑡𝜑 (𝑐𝜑𝐺 = 1 and 𝑐𝑡 𝜑 = 1).

Two fit configurations are considered for SMEFT results: the linear-only fit which includes terms of order
up to Λ−2and the linear+quadratic fit extending up to Λ−4. For the 2-dimensional (dimension here refers to
the number of coefficients) 𝑐𝜑𝐺-𝑐𝑡 𝜑 fits, 𝜎O𝜑𝐺Squared, 𝜎O𝑡𝜑Squared and 𝜎O𝜑𝐺O𝑡𝜑 are not incorporated in the
linear-only fit but are considered in the linear+quadratic fit because each cross-section of them is ∝ Λ−4.

The parameterization of the predicted cross-section is computed as a relative correction to the SM prediction
computed at the highest available order:
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𝜎SMEFT = 𝜎SM
N3LO × (1 +

𝜎int
LO

𝜎SM
LO

+
𝜎BSM

LO

𝜎SM
LO

) (10)

The effect of dimension-six operators can have an important correction on the total width of the intermediate
particles in cases where the intermediate particles are on-shell. However, it is pointed out that the cross-
section of the off-shell Higgs is independent of the total Higgs decay width [9]. Therefore, the impact of
the dimension-six operators on the total Higgs width can be neglected.

The difference between the original measurement reported in Ref. [1] and this EFT analysis lies in the
parameter to interpret. In the original measurement, the EFT operators are not considered and the analysis
fits the off-shell Higgs signal strength 𝜇off-shell, where 𝜇off-shell = 𝜎

observed data/𝜎SM. However, in the EFT
interpretation, EFT operators in Equation 9 are included in the parametrization and dimension-six coefficients
are fit, while the signal strengths are set to the SM prediction, i.e., 𝜇off-shell = 𝜇

ggF
off-shell = 𝜇

EW
off-shell = 1. Or

equivalently, the 𝜇off-shell in the original measurement is expressed in terms of the SMEFT dimension-six
parameters in the EFT analysis.

4 ATLAS detector

The ATLAS detector is described in detail in [10]. As a multipurpose detector, ATLAS has a symmetric
cylindrical geometry in the forward-backward direction and covers a near 4𝜋 solid angle 1. It consists of an
inner tracking detector, electromagnetic and hadron calorimeters, a muon spectrometer, and a trigger system.
The inner tracking detector (ID) is immersed in a 2T magnetic field provided by a thin superconducting
solenoid surrounded. There are three main components in the ID: a silicon pixel detector, a semiconductor
tracker, and a transition radiation tracker, with a total coverage of the pseudorapidity range |𝜂 | < 2.5.
Lead/liquid-argon (LAr) sampling calorimeters measure the electromagnetic (EM) energy of particles with
high granularity covering the region |𝜂 | < 3.2, while the steel/scintillator-tile hadron calorimeter covers the
central pseudorapidity range |𝜂 | < 1.7. The endcap and forward regions 1.5 < |𝜂 | < 4.9 are covered by
the LAr calorimeters to measure both the electromagnetic and hadronic energy. The muon spectrometer
surrounding the calorimeters is incorporating large superconducting toroidal air-core magnets. The muon
tracking is provided by three layers of precision wire chambers in the range of |𝜂 | < 2.7 and dedicated fast
chambers are used to trigger the events in the region |𝜂 | < 2.4. The whole trigger system has two levels
to select events of interest. The first level is implemented in hardware and uses the detector information
to reduce the rate of events accepted below 100 kHz. This is further decreased by the second level, a
software-based trigger or the high-level trigger, down to 1k events per second on average. An extensive and
dedicated software suite [11] is used to simulate data, reconstruct and analyze observed and simulated data,
operate detectors, and trigger and acquire data of the experiment.

1 A right-handed coordinate system is used at ATLAS with the origin at the nominal interaction point (IP) at the centre of
the detector. The 𝑧-axis is along the beam pipe. The 𝑥-axis points to the centre of the LHC ring from the IP, and the 𝑦-axis
points upwards. n the transverse plane, the cylindrical coordinates (r, 𝜙) are used with 𝜙 being the azimuthal angle from
the 𝑧-axis. The pseudorapidity is defined as 𝜂 = −ln tan(𝜃/2) where 𝜃 is the polar angle. Angular distance is measured as
Δ𝑅 ≡

√︁
(Δ𝜂)2 + (Δ𝜙)2.
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5 Data and Monte Carlo simulation

5.1 Data

The proton-proton (𝑝𝑝) collision data used in this analysis was collected in the years 2015 to 2018 at the
ATLAS detector, corresponding to an integrated luminosity of 139 fb−1. The overall trigger efficiency for
the off-shell signal process is larger than 98%.

5.2 Simulation of BSM processes

MC samples for dimension-six operators are simulated at next to leading order (NLO) accuracy in QCD by
MadGraph5_aMC@NLOv2.7.3 [12] using the model SMEFT@NLO UFO[8] based on the Warsaw basis
and the NNPDF3.0 NNLO PDF set [13]. The interference terms of tree-level and loop-induced diagrams
are generated using a reweighting scheme [14]. Input parameters adopt the 𝐺𝐹 , 𝑚𝑍 , 𝑚𝑊 scheme: their
values and the values of the new physics energy scale Λ and EFT renormalization scale 𝜇EFT are given in
Table 2. Gauge unitary and Cabibbo–Kobayashi–Maskawa (CKM) matrix unitarity are required. Events
are interfaced to Pythiav8.244 [15], with the A14 tune [16] for parton showering and hadronization. A
matching procedure is performed to remove phase-space overlap between the jets from the matrix element
and those from showers, using the MLM algorithm [17]. The linear, quadratic, and cross-term samples,
mentioned in Equation 9, are generated separately. No operators with mass dimension higher than six are
considered.

Parameter Symbol Value
New physics energy scale Λ 1 TeV
EFT renormalization scale 𝜇EFT 175 GeV (≈ 𝑚𝑡 )

Fermi constant 𝐺𝐹 1.1663787 × 10−5 GeV−2

𝑍 boson mass 𝑚𝑍 91.18760 GeV
𝑊 boson mass 𝑚𝑊 79.8244 GeV

Table 2: Values of parameters used in MC event simulations of EFT dimension-six operators.

5.3 Simulation of SM processes

The MC simulation of SM processes is discussed in detail in Ref. [1]. Briefly, the SM loop-induced
processes 𝑔𝑔 → 𝑍𝑍 , 𝑔𝑔 → 𝐻∗ → 𝑍𝑍 and their interference are generated using Sherpav2.2.2 [18] with
OpenLoops [19] and the NNPDF3.0 NNLO PDF set. Mass-dependent NLO QCD 𝐾-factors are applied,
and a further mass-independent 𝐾-factor is applied to correct the cross-section to next-to-next-to-next-to
leading order (N3LO) in QCD. 𝑞𝑞 → (𝐻∗ →)𝑍𝑍 + 2 𝑗 , the inclusive electroweak (EW) production of 𝑍𝑍
and two jets, is modeled by MadGraph5_aMC@NLO at LO QCD using the NNPDF3.0 NNLO PDF set,
and Pythia8.244 is used for parton showering. The leading background 𝑞𝑞 → 𝑍𝑍 is simulated at NLO in
QCD by Sherpav2.2.2 with OpenLoops, using the NNPDF3.0 NNLO PDF set. The 𝑊𝑍 , 𝑍+jets, and
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triboson processes (𝑍𝑍𝑍 ,𝑊𝑍𝑍 ,𝑊𝑊𝑍) are simulated by Sherpav2.2.2 while 𝑡𝑡 +𝑉 (𝑉 = 𝑊or 𝑍) samples
are generated by MadGraph5_aMC@NLO with Pythia8.210 for parton showering.

6 Analysis

The event selection and analysis strategy are the same as that in Ref [1], and are only briefly summarized
here.

6.1 𝒁𝒁 → 4ℓ analysis

In the 𝑍𝑍 → 4ℓ decay channel, where ℓ is 𝜇 or 𝑒, two on-shell 𝑍 bosons are required and the mass of
the lepton pairs is compatible with 𝑚𝑍 . Control regions (CR) are defined in the background-enriched
180 GeV < 𝑚4𝑙 < 220 GeV region, with the signal regions being in the 𝑚4𝑙 > 220 GeV range. The SRs
are defined based on the number of jets to separate ggF and electroweak (EW) Higgs boson production.
The jet multiplicity is also introduced in the CRs to better mimic the background in SRs. A deep neural
network (NN), implemented using Keras [20] with TensorFlow [21] as the back-end, is trained with the SM
samples for Higgs signal (S), interfering background (B) (𝑔𝑔 → 𝑍𝑍) and non-interfering background (NI)
(𝑞𝑞 → 𝑍𝑍). The network output is the probability of a given event falling into each of the input categories.
The final observable is constructed as follows, with 𝑃 representing the corresponding probability:

ONN = log10
𝑃S

𝑃B + 𝑃NI
(11)

The NN inputs include matrix elements, the transverse momenta of the two 𝑍 bosons, the invariant mass
𝑚4𝑙, and other kinematic variables.

Figures 3 and 4 present the cross-section distributions of the observed and expected NN-based observables
in each SR, together with respectively the O𝜑𝐺linear and quadratic and O𝑡 𝜑 linear and quadratic fits,
presented in Section 8.
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Figure 3: The event cross-section distributions for the 4ℓ channel in 3(a) the ggF SR, 3(b) the mixed SR, and 3(c)
the EW SR, as a function of the neural network based observables. Both EFT dimension-six linear (O𝜑𝐺SM)
and quadratic (O𝜑𝐺Squared) contributions are considered in the fit. In the top panel, the dots with error bars are
the observed data, while the SM prediction includes the SM 𝑞𝑞 → 𝑍𝑍 background, the SM 𝑔𝑔 → (𝐻∗ →)𝑍𝑍
(signal plus background plus interference, ggFSBI as shown) process, the SM EW 𝑞𝑞 → (𝐻∗ →)𝑍𝑍 + 2 𝑗 (signal
plus background plus interference) process, and all other SM backgrounds (Z+jets, 𝑡𝑡, triboson and 𝑡𝑡𝑉). The EFT
dimension-six linear and quadratic contributions are given with the observed best-fit value from the combined linear
and quadratic fit as well as that of SM 𝑔𝑔 → (𝐻∗ →)𝑍𝑍 , for comparison. The underflow and overflow are included
in the first bin and last bin, respectively. The bottom panels show the ratios to the SM prediction. The total systematic
uncertainties described in Section 7 are illustrated by the hatched area.
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Figure 4: The event cross-section distributions for the 4ℓ channel in 4(a) the ggF SR, 4(b) the mixed SR, 4(c) the EW
SR, as a function of the neural network based observables. Both EFT dimension-six linear (O𝑡 𝜑SM) and quadratic
(O𝑡 𝜑Squared) contributions are considered in the fit. In the top panel, the dots with error bars are the observed data,
while the SM prediction includes the SM 𝑞𝑞 → 𝑍𝑍 background, the SM 𝑔𝑔 → (𝐻∗ →)𝑍𝑍 (signal plus background
plus interference, ggFSBI as shown) process, the SM EW 𝑞𝑞 → (𝐻∗ →)𝑍𝑍 + 2 𝑗 (signal plus background plus
interference) process, and all other SM backgrounds (Z+jets, 𝑡𝑡, triboson and 𝑡𝑡𝑉). The EFT dimension-six linear
and quadratic contributions are given with the observed best-fit value from the combined linear and quadratic fit
as well as that of SM 𝑔𝑔 → (𝐻∗ →)𝑍𝑍 , for comparison. The underflow and overflow are included in the first bin
and last bin, respectively. The bottom panels show the ratios to SM prediction. The total systematic uncertainties
described in Section 7 are illustrated by the hatched area.
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6.2 𝒁𝒁 → 2ℓ2𝝂 analysis

The final state in the 𝑍𝑍 → 2ℓ2𝜈 channel consists of a pair of isolated leptons (e or 𝜇) and large 𝐸miss
T

from undetectable neutrinos. Compared with the 4l channel, the branching ratio of the 2ℓ2𝜈 channel is
much larger but it suffers a larger background contamination as well. The main backgrounds include
𝑞𝑞 → 𝑍𝑍 ,𝑊𝑍 , non-resonant-ℓℓ (originating from 𝑞𝑞 → 𝑊𝑊 , 𝑡𝑡 and single-top production), and 𝑍 + jets.
The 𝑞𝑞 → 𝑍𝑍 background is estimated from the CRs in the 4ℓ channel while others are extracted from
dedicated CRs defined for the 2ℓ2𝜈 channel only. There are three SRs, i.e., ggF SR, mixed SR and EW SR,
as in the 4ℓ channel 6.1.

The observable used in the 𝑍𝑍 → 2ℓ2𝜈 analysis is the transverse mass of the two Z bosons,

𝑚𝑍𝑍
T ≡

√︄[√︃
𝑚2

𝑍
+ (𝑝ℓℓT )2 +

√︃
𝑚2

𝑍
+ (𝐸miss

T )2
]2

−
��� ®𝑝ℓℓT + ®𝐸miss

T

���2 (12)

where 𝑚𝑍 is the PDG 𝑍 boson mass [22], 𝑝ℓℓT is the transverse momentum of the lepton pair and 𝐸miss
T is

the missing transverse energy.

The observed and expected cross-section distributions in each SR are shown in Figures 5 and 6 for the
O𝜑𝐺 and O𝑡 𝜑 linear and quadratic fits, respectively, presented in Section 8.
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Figure 5: Event cross-section distributions for the 2ℓ2𝜈 channel in 5(a) the ggF SR, 5(b) the mixed SR, 5(c) and the
EW SR, plotted as a function of the transverse mass 𝑚𝑍𝑍

T . Both EFT dimension-six linear (O𝜑𝐺SM) and quadratic
(O𝜑𝐺Squared) contributions are considered in the fit. In the top panel, the dots with error bars are the observed data,
while the SM prediction includes the dominant background processes SM 𝑞𝑞 → 𝑍𝑍 , SM𝑊𝑍 , SM non-resonant ℓℓ,
SM 𝑔𝑔 → (𝐻∗ →)𝑍𝑍 (signal plus background plus interference, ggFSBI as shown), SM EW 𝑞𝑞 → (𝐻∗ →)𝑍𝑍 +2 𝑗
(signal plus background plus interference) and all other SM background (Z+jets, 𝑡𝑡, triboson and 𝑡𝑡𝑉). The EFT
dimension-six linear and quadratic contributions are given with the observed best-fit value from the combined linear
and quadratic fit as well as that of SM 𝑔𝑔 → (𝐻∗ →)𝑍𝑍 , for comparison. The underflow and overflow are included
in the first bin and last bin, respectively. The bottom panels show the ratios to the SM prediction. The total systematic
uncertainties described in Section 7 are illustrated by the hatched area.
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Figure 6: Event cross-section distributions for the 2ℓ2𝜈 channel in 6(a) the ggF SR, 6(b) the mixed SR, 6(c) the EW
SR, as a function of the transverse mass 𝑚𝑍𝑍

T . Both EFT dimension-six linear (O𝑡 𝜑SM) and quadratic (O𝑡 𝜑Squared)
contributions are considered in the fit. In the top panel, the dots with error bars are the observed data, while the
SM prediction includes the dominant background processes SM 𝑞𝑞 → 𝑍𝑍 , SM 𝑊𝑍 , SM non-resonant ℓℓ, SM
𝑔𝑔 → (𝐻∗ →)𝑍𝑍 (signal plus background plus interference, ggFSBI as shown), SM EW 𝑞𝑞 → (𝐻∗ →)𝑍𝑍 + 2 𝑗
(signal plus background plus interference) and all other SM background (Z+jets, 𝑡𝑡, triboson and 𝑡𝑡𝑉). The EFT
dimension-six linear and quadratic contributions are given with the observed best-fit value from the combined linear
and quadratic fit as well as that of SM 𝑔𝑔 → (𝐻∗ →)𝑍𝑍 , for comparison. The underflow and overflow are included
in the first bin and last bin, respectively. The bottom panels show the ratios to the SM prediction. The total systematic
uncertainties described in Section 7 are illustrated by the hatched area.
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7 Systematic uncertainties

The analysis is impacted by systematic uncertainties in the theoretical description of the SM and BSM
processes in question, and experimental uncertainties relating to the detector response. All uncertainties
applying to SM processes are determined in the same fashion as in Ref. [1], and are discussed only briefly
here.

Experimental uncertainties are generally small for both BSM and SM processes except those from jet
reconstruction, e.g. jet energy scale and resolution. The systematic uncertainties are dominated by the
theoretical modeling of the SM processes, including missing higher-order corrections from perturbative
QCD and EW calculations and uncertainties in the modeling of the parton shower.

The following theoretical uncertainties on the BSM processes are taken into account:

Choice of the parton distribution function. Following the procedure adopted for estimating this
uncertainty in the SM processes, the PDF uncertainty is evaluated by estimating 100 MC replicas, using
the principal component analysis (PCA) [23] method. The uncertainty ranges from 1% to 2%.

Missing higher orders in the strong coupling constant 𝜶𝑺 . This type of uncertainty is estimated by
varying the renormalization and factorization energy scales up and down by a factor of two from the central
value. The uncertainty ranges from 20% to 30%.

Uncertainties due to missing higher-order QCD corrections to the EFT processes (evaluated by varying
the EFT renormalization scale, 𝜇EFT) are currently only available for processes such as 𝑡𝑡𝐻 [24] that are
tree-level at leading order and hence were not considered in this analysis. Uncertainties due to missing
higher-dimensional SMEFT corrections were also not considered due to the unavailability of the necessary
theoretical calculations.

8 Results

To probe the impact of EFT operators on Higgs boson couplings in the off-shell region in the 𝑍𝑍 → 4ℓ
and 𝑍𝑍 → 2ℓ2𝜈 decay channels, the profile likelihood technique [25] is employed.

From Equation 9, the expected number of events from the SM and the O𝜑𝐺 linear plus quadratic
contributions in each bin, referred as 𝜈SMEFT, for a given 𝑐𝜑𝐺 is:

𝜈SMEFT(𝑐𝜑𝐺 , 𝜽) = 𝑛SM
N3LO(𝜽) ×

©­«1 + 𝑐𝜑𝐺 ·
𝑛
O𝜑𝐺SM
LO (𝜽)
𝑛SM

LO (𝜽)
+ 𝑐2

𝜑𝐺 ·
𝑛
O𝜑𝐺Squared
LO (𝜽)
𝑛SM

LO (𝜽)
ª®¬ (13)

where 𝜽 represents nuisance parameters including the effects of systematic and MC statistical uncertainties,
constrained using Gaussian and Poisson terms, respectively. 𝑛 stands for the number of events in each bin.
𝜈SMEFT is parameterized similarly for 𝑐𝑡 𝜑 .

A binned likelihood function is then constructed as a product of Poisson probability terms over all bins
and fitted to the observed data or the expected SM prediction in all the SRs and CRs simultaneously. The
likelihood depends on the parameters of interest, 𝑐𝜑𝐺 and 𝑐𝑡 𝜑 , and a set of nuisance parameters 𝜽 .
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The observed and expected results based on the profile likelihood ratios (denoted by −2ln(𝜆)) are presented
in Figure 7 including linear only and linear plus quadratic fits for each Wilson coefficient (the other is set as
0) of the operators modifying the Higgs-gluon effective coupling or the Higgs-top coupling. The observed
(expected) result of 𝑐𝑡 𝜑 in the linear and quadratic fit is −1+19

−8 (0+17
−9 ) at the 95% confidence level, which is

comparable to the result from the boosted 𝑡𝑡𝐻 analysis by CMS [26]. Another study [27] shows that the
transverse-momentum differential cross-section analysis in the on-shell Higgs region has a much better
resolution in the 𝑐𝑡 𝜑 and 𝑐𝜑𝐺 than this analysis. The advantage of this analysis is that the high mass region
(at the TeV level) has been exploited where new physics may arise. Figure 8 shows 2D contour projections
of −2 ln(𝜆) on the Wilson coefficient plane in the asymptotic approximation. The results are consistent
with the SM prediction within uncertainties.

(a) (b)

(c) (d)

Figure 7: Negative log-likelihood, −2 ln(𝜆), as a function of dimension-six EFT coefficients 7(a) 𝑐𝜑𝐺 (Higgs-gluon)
with the linear term only, 7(b) 𝑐𝜑𝐺 with linear and quadratic terms, 7(c) 𝑐𝑡 𝜑 (Higgs-top modifier) with the linear
term only, and 7(d) 𝑐𝑡 𝜑 with linear and quadratic terms for the combined analysis of the 𝑍𝑍 → 4ℓ and 𝑍𝑍 → 2ℓ2𝜈
channels. Only one dimension-six coefficient is fit while the other is set to 0. The dashed curves represent scans with
statistical uncertainty only while the scans with full systematic and statistical uncertainties are drawn in the solid
curves. The 1 and 2𝜎 confidence levels are calculated using the asymptotic limit.
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(a) (b)

Figure 8: Projection of negative log-likelihood, −2 ln(𝜆), on the plane of the dimension-six EFT coefficients 𝑐𝜑𝐺
(Higgs-gluon) and 𝑐𝑡 𝜑 (Higgs-top modifier) for 8(a) linear term only and 8(b) both linear and quadratic terms
included, in the combined analysis of the 𝑍𝑍 → 4ℓ and 𝑍𝑍 → 2ℓ2𝜈 channels. The dashed curves represent scans
with statistical uncertainty only while the solid curves include full systematic and statistical uncertainties. The
confidence levels are calculated using the asymptotic approximation.
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9 Conclusion

Off-shell Higgs boson production with a high invariant mass at the TeV level is potentially sensitive to new
physics beyond the Standard Model. Additionally, the degeneracy of the Higgs-top quark and effective
Higgs-gluon couplings is broken in the off-shell region, enabling separate measurements of the coupling
modifiers.

This note presents the EFT interpretation of off-shell Higgs boson production measured in the 𝑍𝑍 → 4ℓ and
𝑍𝑍 → 2ℓ2𝜈 decay channels to constrain BSM phenomena. The theoretical frameworks based on the 𝑐𝑡 −𝑐𝑔
and the Warsaw basis are demonstrated, as well as how to translate between each other. This measurement
is based on the 139 fb−1 of proton-proton collision data at the centre-of-mass energy of 13 TeV by the
ATLAS experiment at the Large Hadron Collider. The Wilson coefficients associated with the couplings
are observed (expected) as −1+19

−8 (0+17
−9 ) for 𝑐𝑡 𝜑 (Higgs-top coupling modifier) and 0.00+0.03

−0.04(0.00+0.03
−0.04) for

𝑐𝜑𝐺 (Higgs-gluon coupling modifier) at the 95% confidence level with dimension-six linear and quadratic
contributions included. This note gives the observed event yields in each region for both 𝑍𝑍 → 4ℓ and
𝑍𝑍 → 2ℓ2𝜈 decay channels and the fitted dimension-six cross-section distributions. The linear-only and
two-dimensional scans are also performed. No significant deviation from the SM is observed.
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Appendices

A Cross-section distributions in the inclusive region
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Figure 9: Cross-section distributions of the EFT dimension-six operators in the 4ℓ decay channel, plotted as a function
of 𝑚4ℓ , including the O𝜑𝐺 linear term (O𝜑𝐺SM), the O𝜑𝐺 quadratic term (O𝜑𝐺Squared), the O𝑡 𝜑 linear term
(O𝑡 𝜑SM), and the O𝑡 𝜑 quadratic term (O𝑡 𝜑Squared). Also shown for comparison are two SM processes, 𝑞𝑞 → 𝑍𝑍

production and the total 𝑔𝑔 → 𝑍𝑍 SBI. The EFT dimension-six coefficients are set to their own upper 95% limit.
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Figure 10: Cross-section distributions of the EFT dimension-six operators in the 2ℓ2𝜈 decay channel, plotted vs. 𝑚𝑍𝑍
T ,

including the O𝜑𝐺 linear term (O𝜑𝐺SM), the O𝜑𝐺 quadratic term (O𝜑𝐺Squared), the O𝑡 𝜑 linear term (O𝑡 𝜑SM) and
the O𝑡 𝜑 quadratic term (O𝑡 𝜑Squared). SM processes are shown for comparison, the combined 𝑞𝑞 + 𝑔𝑔 → 𝑍𝑍 and
other relevant processes. The EFT dimension-six coefficients are set to their own upper 95% limit.
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B Cross-section distributions in the linear-only fit
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Figure 11: Event cross-section distributions for the 4ℓ channel in 11(a) the ggF SR, 11(b) the mixed SR, and 11(c)
the EW SR, plotted against the neural network based observables. Only the dimension-six linear contribution
O𝜑𝐺SM is considered in the fit. In the top panel, the black dots with error bars are the observed data, while the blue
area represents the SM prediction including the dominant background 𝑞𝑞 → 𝑍𝑍 , the 𝑔𝑔 → (𝐻∗ →)𝑍𝑍 process
(signal plus background plus interference), and the EW 𝑞𝑞 → (𝐻∗ →)𝑍𝑍 + 2 𝑗 process (signal plus background
plus interference), as well as the minor backgrounds (Z+jets, 𝑡𝑡, triboson and 𝑡𝑡𝑉). The EFT dimension-six linear
contribution is given with the observed best-fit value from the linear fit as well as that of SM 𝑔𝑔 → (𝐻∗ →)𝑍𝑍 , for
comparison. The underflow and overflow are included in the first and last bin, respectively. The bottom panels show
the ratios to SM prediction. The total systematic uncertainties described in Section 7 are illustrated by the hatched
area.
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Figure 12: Event cross-section distributions for the 4ℓ channel in 12(a) the ggF SR, 12(b) the mixed SR, and 12(c)
the EW SR, plotted against the neural network based observables. Only the dimension-six linear contribution
O𝑡 𝜑SM is considered in the fit. In the top panel, the black dots with error bars are the observed data, while the blue
area represents the SM prediction including the dominant background 𝑞𝑞 → 𝑍𝑍 , the 𝑔𝑔 → (𝐻∗ →)𝑍𝑍 process
(signal plus background plus interference), and the EW 𝑞𝑞 → (𝐻∗ →)𝑍𝑍 + 2 𝑗 process (signal plus background
plus interference), as well as the minor backgrounds (Z+jets, 𝑡𝑡, triboson and 𝑡𝑡𝑉). The EFT dimension-six linear
contribution is given with the observed best-fit value from the linear fit as well as that of SM 𝑔𝑔 → (𝐻∗ →)𝑍𝑍 ,
for comparison. The underflow and overflow are included in the first and last bin, respectively. The bottom panels
show the ratios to the SM prediction. The total systematic uncertainties described in Section 7 are illustrated by the
hatched area.
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Figure 13: Event cross-section distributions for the 2ℓ2𝜈 channel in 13(a) the ggF SR, 13(b) the mixed SR, and
13(c) the EW SR, plotted against the transverse mass 𝑚𝑍𝑍

T . Only the dimension-six linear contribution O𝜑𝐺SM is
considered in the fit. In the top panel, the black dots with error bars are the observed data, while the blue area represents
the SM prediction including the dominant background 𝑞𝑞 → 𝑍𝑍 , the𝑊𝑍 , non-resonant ℓℓ, and Z+jets backgrounds,
the 𝑔𝑔 → (𝐻∗ →)𝑍𝑍 process (signal plus background plus interference), the EW 𝑞𝑞 → (𝐻∗ →)𝑍𝑍 + 2 𝑗 process
(signal plus background plus interference) and the minor backgrounds (triboson and 𝑡𝑡𝑉). The EFT dimension-six
linear contribution is given with the observed best-fit value from the linear fit as well as that of SM 𝑔𝑔 → (𝐻∗ →)𝑍𝑍 ,
for comparison. The underflow and overflow are included in the first and last bin, respectively. The bottom panels
show the ratios to the SM prediction. The total systematic uncertainties described in Section 7 are illustrated by the
hatched area.
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Figure 14: Event cross-section distributions for the 2ℓ2𝜈 channel in 14(a) the ggF SR, 14(b) the mixed SR, 14(c) and
the EW SR, plotted against the transverse mass𝑚𝑍𝑍

T . Only the dimension-six linear contribution O𝑡 𝜑SM is considered
in the fit. In the top panel, the black dots with error bars are the observed data, while the blue area represents the
SM prediction including the dominant background 𝑞𝑞 → 𝑍𝑍 , the𝑊𝑍 , non-resonant ℓℓ, and Z+jets backgrounds,
the 𝑔𝑔 → (𝐻∗ →)𝑍𝑍 process (signal plus background plus interference), the EW 𝑞𝑞 → (𝐻∗ →)𝑍𝑍 + 2 𝑗 process
(signal plus background plus interference) and the minor backgrounds (triboson and 𝑡𝑡𝑉). The EFT dimension-six
linear contribution is given with the observed best-fit value from the linear fit as well as that of SM 𝑔𝑔 → (𝐻∗ →)𝑍𝑍 ,
for comparison. The underflow and overflow are included in the first and last bin, respectively. The bottom panels
show the ratios to the SM prediction. The total systematic uncertainties described in Section 7 are illustrated by the
hatched area.

25



C Results in the individual 𝒁𝒁 → 4ℓ channel

(a) (b)

(c) (d)

Figure 15: Negative log-likelihood, −2 ln(𝜆), as a function of dimension-six EFT coefficients 15(a) 𝑐𝜑𝐺 (Higgs-gluon)
with linear term only, 15(b) 𝑐𝜑𝐺 with linear and quadratic terms, 15(c) 𝑐𝑡 𝜑 (Higgs-top modifier) with linear term
only, and 15(d) 𝑐𝑡 𝜑 with linear and quadratic terms for the analysis of the 𝑍𝑍 → 4ℓ channel. The dashed curves
represent scans with statistical uncertainty only while the scans with full systematic and statistical uncertainties are
drawn in the solid curves. The 1 and 2𝜎 confidence levels are calculated using the asymptotic limit.
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(a) (b)

Figure 16: Projection of negative log-likelihood, −2 ln(𝜆), on the plane of the dimension-six EFT coefficients 𝑐𝜑𝐺
(Higgs-gluon) and 𝑐𝑡 𝜑 (Higgs-top modifier) for 16(a) linear term only and 16(b) both linear and quadratic terms
included, in the analysis of the 𝑍𝑍 → 4ℓ channel. The boundaries of Figure 16(a) axes are restricted to the EFT
validity region: for 𝑐𝜑𝐺 < −0.5 the fitted total yield would be negative, thus invalidating the interpretation. The
dashed curves represent scans with statistical uncertainty only while the solid curves include full systematic and
statistical uncertainties. The confidence levels are calculated using the asymptotic approximation.
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D Results in the individual 𝒁𝒁 → 2ℓ2𝝂 channel

(a) (b)

(c) (d)

Figure 17: Negative log-likelihood, −2 ln(𝜆), as a function of dimension-six EFT coefficients 17(a) 𝑐𝜑𝐺 (Higgs-gluon)
with linear term only, 17(b) 𝑐𝜑𝐺 with linear and quadratic terms, 17(c) 𝑐𝑡 𝜑 (Higgs-top modifier) with linear term
only, and 17(d) 𝑐𝑡 𝜑 with linear and quadratic terms for the analysis of the 𝑍𝑍 → 2ℓ2𝜈 channel. The dashed curves
represent scans with statistical uncertainty only while the scans with full systematic and statistical uncertainties are
drawn in the solid curves. The 1 and 2𝜎 confidence levels are calculated using the asymptotic limit.
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(a) (b)

Figure 18: Projection of negative log-likelihood, −2 ln(𝜆), on the plane of the dimension-six EFT coefficients 𝑐𝜑𝐺
(Higgs-gluon) and 𝑐𝑡 𝜑 (Higgs-top modifier) for 18(a) linear term only and 18(b) both linear and quadratic terms
included, in the analysis of the 𝑍𝑍 → 2ℓ2𝜈 channel. The dashed curves represent scans with statistical uncertainty
only while the solid curves include full systematic and statistical uncertainties. The confidence levels are calculated
using the asymptotic approximation.
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E Event display

Figure 19: A 𝑝𝑝 → 𝑍𝑍 (→ 2𝜇2𝑒) + 2 jets VBF/VH candidate from proton-proton collisions at a center of mass
energy of 13 TeV as seen in the ATLAS detector, with 𝑚4ℓ = 611 GeV and 𝑚 𝑗 𝑗 = 2.8 TeV. The red lines indicate
muons and the green curves represent electrons. Two forward energetic jets are shown in yellow cones.
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Figure 20: A 𝑝𝑝 → 𝑍𝑍 (→ 2𝜇2𝜈) + 2 jets VBF/VH candidate from proton-proton collisions at a center of mass
energy of 13 TeV as seen in the ATLAS detector, with 𝑚𝑍𝑍

T = 611 GeV, 𝐸𝑚𝑖𝑠𝑠
T = 272 GeV and 𝑚 𝑗 𝑗 = 2.0 TeV. The

red lines indicate muons. Two forward energetic jets are shown in yellow cones.
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