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We explore the new physics reach for the off-shell Higgs boson measurement in the pp → H∗ →
Z(�+�−)Z(νν̄) channel at the high-luminosity LHC. The new physics sensitivity is parametrized in terms 
of the Higgs boson width, effective field theory framework, and a non-local Higgs-top coupling form fac-
tor. Adopting Machine-learning techniques, we demonstrate that the combination of a large signal rate 
and a precise phenomenological probe for the process energy scale, due to the transverse Z Z mass, 
leads to significant sensitivities beyond the existing results in the literature for the new physics scenarios 
considered.
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1. Introduction

After the Higgs boson discovery at the Large Hadron Collider 
(LHC) [1–5], the study of the Higgs properties has been one of 
the top priorities in searching for new physics beyond the Stan-
dard Model (BSM). Indeed, the Higgs boson is a unique class in 
the SM particle spectrum and is most mysterious in many aspects. 
The puzzles associated with the Higgs boson include the mass hi-
erarchy between the unprotected electroweak (EW) scale (v) and 
the Planck scale (M P L ), the neutrino mass generation, the possi-
ble connection to dark matter, the nature of the electroweak phase 
transition in the early universe, to name a few. Precision studies 
of the Higgs boson properties can be sensitive to new physics at a 
higher scale. Parametrically, new physics at a scale � may result 
in the effects of the order v2/�2.

So far, the measurements at the LHC based on the Higgs signal 
strength are in full agreement with the SM predictions. However, 
these measurements mostly focus on the on-shell Higgs boson pro-
duction, exploring the Higgs properties at low energy scales of the 
order v . It has been argued that if we explore the Higgs physics 
at a higher scale Q , the sensitivity can be enhanced as Q 2/�2. 
A particularly interesting option is to examine the Higgs sector 
across different energy scales, using the sizable off-shell Higgs bo-
son rates at the LHC [6–10]. While the off-shell Higgs new physics 
sensitivity is typically derived at the LHC with the H∗ → Z Z → 4�

channel [11–19], we demonstrate in this work that the extension 
to the channel Z Z → ��νν can significantly contribute to the po-
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tential discoveries. This channel provides two key ingredients to 
probe the high energy regime with enough statistics despite of the 
presence of two missing neutrinos in the final state. First, it dis-
plays a larger event rate by a factor of six than the four charged 
lepton channel. Second, the transverse mass for the Z Z system sets 
the physical scale Q 2 and results in a precise phenomenological 
probe to the underlying physics.

In this paper, we extend the existing studies and carry out com-
prehensive analyses for an off-shell channel in the Higgs decay

pp → H∗ → Z Z → �+�− νν̄, (1)

where � = e, μ and ν = νe, νμ, ντ . Because of the rather clean 
decay modes, we focus on the leading production channel of 
the Higgs boson via the gluon fusion. First, we phenomenolog-
ically explore a theoretical scenario with additional unobserved 
Higgs decay channels leading to an increase in the Higgs boson 
width, �H/�S M

H > 1. The distinctive dependence for the on-shell 
and off-shell cross-sections with the Higgs boson width foster the 
conditions for a precise measurement for this key ingredient of 
the Higgs sector. We adopt the Machine-learning techniques in 
the form of Boosted Decision Tree (BDT) to enhance the signal 
sensitivity. This analysis sets the stage for our followup explo-
rations. Second, we study the effective field theory framework, 
taking advantage of the characteristic energy-dependence from 
some of the operators. Finally, we address a more general hy-
pothesis that features a non-local momentum-dependent Higgs-
top interaction [18], namely, a form factor, that generically rep-
resents the composite substructure. Overall, the purpose of this 
paper is to highlight the complementarity across a multitude of 
frameworks [13–20] via the promising process at the LHC H∗ →
Z(��)Z(νν), from models that predict invisible Higgs decays, pass-
se (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Fig. 1. Representative Feynman diagrams for the DY qq̄ → Z Z (left), GF gg → Z Z
continuum (center), and s-channel Higgs signal gg → H∗ → Z Z (right).

ing by the effective field theory, and a non-local form-factor sce-
nario. Our results demonstrate significant sensitivities at the High-
Luminosity LHC (HL-LHC) to the new physics scenarios considered 
here beyond the existing literature.

The rest of the paper is organized as follows. In Sec. 2, we de-
rive the Higgs width limit at HL-LHC. Next, in Sec. 3, we study 
the new physics sensitivity within effective field theory framework. 
In Sec. 4, we scrutinize the effects of a non-local Higgs-top form-
factor. Finally, we present a summary in Sec. 5.

2. Higgs boson width

The combination of on-shell and off-shell Higgs boson rates ad-
dresses one of the major shortcomings of the LHC, namely the 
Higgs boson width measurement [6,7]. This method breaks the de-
generacy present on the on-shell Higgs coupling studies

σ on-shell
i→H→ f ∝ g2

i (mH )g2
f (mH )

�H
, (2)

where the total on-shell rate can be kept constant under the trans-
formation gi, f (mH ) → ξ gi, f (mH ) with �H → ξ4�H . The off-shell 
Higgs rate, due to a sub-leading dependence on the Higgs boson 
width �H

σ off-shell
i→H∗→ f ∝ g2

i (
√

ŝ)g2
f (

√
ŝ) , (3)

breaks this degeneracy, where 
√

ŝ is the partonic c.m. energy that 
characterizes the scale of the off-shell Higgs. In particular, if the 
new physics effects result in the same coupling modifiers at both 
kinematical regimes [13–16], the relative measurement of the on-
shell and off-shell signal strengths can uncover the Higgs boson 
width, μoff-shell/μon-shell = �H/�S M

H .
In this section, we derive a projection for the Higgs boson width 

measurement at the 
√

s = 14 TeV high-luminosity LHC, exploring 
the Z Z → 2�2ν final state. We consider the signal channel as in 
Eq. (1). The signal is characterized by two same-flavor opposite 
sign leptons, � = e or μ, which reconstruct a Z boson and recoil 
against a large missing transverse momentum from Z → νν̄ . The 
major backgrounds for this search are the Drell-Yan (DY) processes 
qq̄ → Z Z , Z W and gluon fusion (GF) gg → Z Z process, see Fig. 1
for a sample of the Feynman diagrams. While the Drell-Yan com-
ponent displays the largest rate, the gluon fusion box diagrams 
interfere with the Higgs signal, resulting in important contribu-
tions mostly at the off-shell Higgs regime [6].

In our calculations, the signal and background samples are gen-
erated with MadGraph5_aMC@NLO [21,22]. The Drell-Yan back-
ground is generated at the NLO with the MC@NLO algorithm [23]. 
Higher order QCD effects to the loop-induced gluon fusion compo-
nent are included via a universal K -factor [8,24]. Spin correlation 
effects for the Z and W bosons decays are obtained in our simula-
tions with the MadSpin package [25]. The renormalization and fac-
torization scales are set by the invariant mass of the gauge boson 
pair Q = mV V /2, using the PDF set nn23nlo [26]. Hadronization 
and underlying event effects are simulated with Pythia8 [27], and 
detector effects are accounted for with the Delphes3 package [28].

We start our analysis with some basic lepton selections. We re-
quire two same-flavor and opposite sign leptons with |η�| < 2.5
2

and pT � > 10 GeV in the invariant mass window 76 GeV < m�� <

106 GeV. To suppress the SM backgrounds, it is required large 
missing energy selection Emiss

T > 175 GeV and a minimum trans-
verse mass for the Z Z system mZ Z

T > 250 GeV [29], defined as

mZ Z
T =√(√

m2
Z + p2

T (��) +
√

m2
Z + (Emiss

T )2

)2

−
∣∣∣−→p T Z + −→

E miss
T

∣∣∣2
. (4)

The consistency of our event simulation and analysis setup is con-
firmed through a cross-check with the ATLAS study in Ref. [9].

To further control the large Drell-Yan background, a Boosted 
Decision Tree (BDT) is implemented via the Toolkit for Multivari-
ate Data Analysis with ROOT (TMVA) [30]. The BDT is trained to 
distinguish the full background events from the s-channel Higgs 
production. The variables used in the BDT are missing transverse 
energy, the momenta and rapidity for the leading and sub-leading 
leptons (p�1

T , η�1, p�2
T , η�2), the leading jet (p j1

T , η j1), the separa-
tion between the two charged leptons 
R�� , the azimuthal angle 
difference between the di-lepton system and the missing trans-
verse energy 
φ(�p ��

T , �Emiss
T ), and the scalar sum of jets and lep-

ton transverse momenta HT . Finally, we also include the polar θ
and azimuthal φ angles of the charged lepton �− in the Z rest 
frame [31,32]. We choose the coordinate system for the Z rest 
frame following Collins and Soper (Collins-Soper frame) [33]. The 
signal and background distributions for these observables are il-
lustrated in Fig. 2. We observe significant differences between the 
s-channel signal and background in the (θ, φ) angle distributions. 
These kinematic features arise from the different Z boson polar-
izations for the signal and background components at the large 
di-boson invariant mass mZ Z

T [15,34,35]. Whereas the s-channel 
Higgs tends to have Z L dominance, the DY background is mostly 
ZT dominated.

A danger to BDT analyses is the so-called overtraining. I.e., 
the algorithm may start to identify unphysical regions when the 
dataset is too small. We applied an overtraining test by comparing 
the BDT performance on a training sample and test sample. We 
conclude that our resulting classification is robust, displaying the 
same behavior in both samples.

We would like to illustrate the power of the implemented BDT 
analysis to separate the s-channel Higgs from the background con-
tributions in Fig. 3. The BDT discriminator is defined in the range 
[−1, 1]. The events with discriminant close to −1 are classified as 
background-like and those close to 1 are signal-like. The optimal 
BDT score selection has been performed with TMVA. To estimate 
the effectiveness of the BDT treatment, we note that one can reach 
S/

√
S + B = 5 at an integrated luminosity of 273 fb−1 with sig-

nal efficiency 88% and background rejection of 34%, by requiring 
BDTresponse > −0.26. Now that we have tamed the dominant back-
grounds qq̄ → Z Z , Z W , we move on to the new physics sensitivity 
study.

To maximize the sensitivity of the Higgs width measurement, 
we explore the most sensitive variable, mZ Z

T distribution, and per-
form a binned log-likelihood ratio analysis. In Fig. 4, we display 
the 95% CL on the Higgs width �H/�S M

H as a function of the 
√

s =
14 TeV LHC luminosity. To infer the relevance of the multivariate 
analysis, that particularly explore the observables (Emiss

T , θ, φ) de-
picted in Fig. 2, we display the results in two analysis scenarios: 
in blue we show the cut-based analysis and in red the results ac-
counting for the BDT-based framework. While the dominant BSM 
effects are explored by the shape analysis on mZ Z

T [15], the BDT 
displays significant sensitivity enhancement. This highlights the 
importance of accounting for the full kinematic dependence, in-
cluding the Z -boson spin correlation effects. Whereas the Higgs 
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Fig. 2. Normalized distributions for the missing transverse momentum Emiss
T (left panel), azimuthal φ (central panel) and polar θ angles (right panel) of the charged lepton 

�− in the Z boson rest frame.
Fig. 3. BDT distribution for the s-channel Higgs signal (red) and background (blue).

Fig. 4. 95% CL bound on the Higgs width �H /�SM
H as a function of the √s = 14 TeV 

LHC luminosity. We display the results for the cut-based study (blue) and BDT-
based analysis (red).

width can be constrained to �H /�S M
H < 1.35 at 95% CL level fol-

lowing the cut-based analysis, �H /�S M
H < 1.31 in the BDT-based 

study assuming L = 3 ab−1 of data. Hence, the BDT limits result 
in an improvement of O(5%) on the final Higgs width sensitiv-
ity. These results are competitive to the HL-LHC estimates for the 
four charged lepton final state derived by ATLAS and CMS, where 
3

the respective limits are �H/�S M
H < O(1.3) and O(1.5) at 68% 

CL [36,37].

3. Effective Field Theory

The Effective Field Theory (EFT) provides a consistent frame-
work to parametrize beyond the SM effects in the presence of a 
mass gap between the SM and new physics states. In this context, 
the new physics states can be integrated out and parametrized 
in terms of higher dimension operators [38]. In this section we 
parametrize the new physics effects in terms of the EFT frame-
work [39,40]. Instead of performing a global coupling fit, we 
will focus on a relevant subset of higher dimension operators 
that affect the Higgs production via gluon fusion. This will shed 
light on the new physics sensitivity for the off-shell pp → H∗ →
Z(��)Z(νν) channel. Our effective Lagrangian can be written as

L ⊃cg
αs

12π v2
|H|2GμνGμν + ct

yt

v2
|H|2 Q̄ LH̃tR + h.c. , (5)

where H is the SM Higgs doublet and v = 246 GeV is the vac-
uum expectation value of the SM Higgs field. The couplings are 
normalized in such a way for future convenience. If we wish to 
make connection with the new physics scale �, we would have the 
scaling as cg , ct ∼ v2/�2. After electroweak symmetry breaking, 
Eq. (5) renders into the following interaction terms with a single 
Higgs boson

L ⊃κg
αs

12π v
HGμνGμν − κt

mt

v
H

(
t̄RtL + h.c.

)
, (6)

where the coupling modifiers κg,t and the Wilson coefficients cg,t

are related by κg = cg and κt = 1 − Re(ct). We depict in Fig. 5 the 
gg → Z Z Feynman diagrams that account for these new physics 
effects.

Whereas Eq. (5) represents only a sub-set of high dimensional 
operators affecting the Higgs interactions [39,40], we focus on 
it to highlight the effectiveness for the off-shell Higgs measure-
ments to resolve a notorious degeneracy involving these terms. The 
gluon fusion Higgs production at low energy regime can be well 
approximated by the Higgs Low Energy Theorem [41,42], where 
the total Higgs production cross-section scales as σGF ∝ |κt + κg |2. 
Therefore, low energy measurements, such as on-shell and non-
boosted Higgs production [13,15,43–49], are unable to resolve the 
|κt + κg | = constant degeneracy. While the combination between 
the tt̄ H and gluon fusion Higgs production has the potential to 
break this blind direction [50], we will illustrate that the Higgs 
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Fig. 5. Feynman diagrams for the GF gg → Z Z process. The new physics effects 
from Eq. (6) display deviations on the coefficients κt and κg from the SM point 
(κt , κg ) = (1, 0).

production at the off-shell regime can also result into relevant con-
tributions to resolve this degeneracy.

Since the Higgs boson decays mostly to longitudinal gauge 
bosons at the high energy regime, it is enlightening to inspect the 
signal amplitude for the longitudinal components. The amplitudes 
associated to each contribution presented in Fig. 5 can be approx-
imated at mZ Z 	 mt , mH , mZ by [13,15,51]

M++00
t ≈ + m2

t

2m2
Z

log2 m2
Z Z

m2
t

,

M++00
g ≈ −m2

Z Z

2m2
Z

,

M++00
c ≈ − m2

t

2m2
Z

log2 m2
Z Z

m2
t

. (7)

Two comments are in order. First, both the s-channel top loop 
Mt and the continuum Mc amplitudes display logarithmic depen-
dences on mZ Z /mt at the far off-shell regime. In the SM scenario 
the ultraviolet logarithm between these two amplitudes cancels,
ensuring a proper high energy behavior when calculating the full 
amplitude. Second, it is worth noting the difference in sign be-
tween the s-channel contributions Mt and Mg . This results into 
a destructive interference between Mt and Mc , contrasting to a 
constructive interference between Mg and Mc . In the following, 
we will explore these phenomenological effects pinning down the 
new physics sensitivity with a higher precision.

Exploiting the larger rate for Z Z → ��νν than that for Z Z →
4� [13–15], we explore the off-shell Higgs physics at the HL-LHC. 
To simulate the full loop-induced effects, we implemented Eq. (6)
into FeynRules/NLOCT [52,53] through a new fermion state, and 
adjusting its parameters to match the low-energy Higgs interac-
tion HGμν Gμν [41,42]. Feynman rules are exported to a Universal 
FeynRules Output (UFO) [54] and the Monte Carlo event generation 
is performed with MadGraph5aMC@NLO [21].

In Fig. 6, we present the Drell-Yan (DY) and the gluon-fusion 
(GF) mZ Z

T distributions for different signal hypotheses. In the bot-
tom panel, we display the ratio between the GF beyond the SM 
(BSM) scenarios with respect to the GF SM. In agreement with 
Eq. (7), we observe a suppression for the full process when ac-
counting for the s-channel top loop contributions and an enhance-
ment when including the new physics terms associated to Mg at 
high energies.

We follow the benchmark analysis defined in Sec. 2. After the 
BDT study, the resulting events are used in a binned log-likelihood 
analysis with the mZ Z

T distribution. This approach explores the 
characteristic high energy behavior for the new physics terms 
highlighted in Eq. (7) and illustrated in Fig. 6. We present in Fig. 7
the resulting 95% CL sensitivity to the (κt , κg) new physics param-
eters at the high-luminosity LHC. In particular, we observe that the 
LHC can bound the top Yukawa within κt ≈ [0.4, 1.1] at 95% CL, 
using this single off-shell channel. The observed asymmetry in the 
limit, in respect to the SM point, arises from the large and negative 
interference term between the s-channel and the continuum am-
plitudes. The upper bound on κt is complementary to the direct 
Yukawa measurement via tt H [55] and can be further improved 
4

Fig. 6. Transverse mass distributions mZ Z
T for the DY and GF Z(��)Z(νν) processes. 

The new physics effects are parametrized by deviations from SM point (κt, κg) =
(1, 0). We follow the benchmark analysis defined in Sec. 2.

Fig. 7. 95% CL bound on the coupling modifiers κt and κg when accounting for the 
off-shell Higgs measurement in the Z(��)Z(νν) channel. We assume the 14 TeV 
LHC with 3 ab−1 of data.

through a combination with the additional relevant off-shell Higgs 
final states. The results derived in this section are competitive to 
the CMS HL-LHC prediction that considers the boosted Higgs pro-
duction combining the H → 4� and H → γ γ channels [37]. The 
CMS projection results into an upper bound on the top Yukawa of 
κt � 1.2 at 95% CL.

4. Higgs-top form factor

The fact that the observed Higgs boson mass is much lighter 
than the Planck scale implies that there is an unnatural cancella-
tion between the bare mass and the quantum corrections. Since 
the mass of the Higgs particle is not protected from quantum 
corrections, it is well-motivated to consider that it may not be fun-
damental, but composite in nature [56–59]. In such a scenario, the 
Higgs boson is proposed as a bound state of a strongly interacting 
sector with a composite scale �. In addition, the top quark, which 
is the heaviest particle in the SM, can also be composite. In this 
case, the top Yukawa coupling will be modified by a momentum-
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Fig. 8. Transverse mass distribution mZ Z
T for gg(→ H∗) → Z(2�)Z(2ν) in the Stan-

dard Model (black) and with a new physics form factor (red). We assume n = 2, 3
and � = 1.5 TeV for the form factor scenario.

dependent form factor at a scale q2 close to or above the new 
physics scale �2. It is challenging to find a general construction 
for such form factor without knowing the underlying dynamics. 
Here, we will adopt a phenomenological ansatz motivated by the 
nucleon form factor [60]. It is defined as

�(q2/�2) = 1

(1 + q2/�2)n
, (8)

where q2 is the virtuality of the Higgs boson. For n = 2, it is a 
dipole-form factor and corresponds to an exponential spacial dis-
tribution. Higher values of n correspond to higher multipoles and 
would lead to larger effects. Thus, our choices of n = 2, 3 are built 
on conservative assumptions while seeking for the signal of the 
Higgs/top substructure. Building upon Ref. [18], we study the im-
pact of this form factor on gg → H∗ → Z Z process now with the 
complementary final state �+�−νν .

In Fig. 8, we illustrate the mZ Z
T distribution for the full gluon 

fusion gg(→ H∗) → Z Z process. We show the Standard Model 
(black) and the form factor scenario (red). We assume n = 2 or 
3 and � = 1.5 TeV for the depicted form factor scenarios. The dif-
ferences between Standard Model and form factor cases become 
larger when the energy scales are comparable or above � due to 
the suppression of destructive interference between Higgs signal 
and continuum background. Thus, we perform the same BDT pro-
cedure introduced in Sec. 2 followed by a binned log-likelihood 
ratio test in the mZ Z

T distribution to fully explore this effect. In 
Fig. 9, we display the sensitivity reach for the LHC in the Higgs-top 
form factor. We observe that the LHC can bound these new physics 
effects up to � = 1.5 TeV for n = 2 and � = 2.1 TeV for n = 3 at 
95% CL. The large event rate for the H∗ → Z Z → ��νν signal re-
sults in a more precise probe to the ultraviolet regime than for 
the H∗ → Z Z → 4� channel, where the limits on the new physics 
scale are � = 0.8 TeV for n = 2 and � = 1.1 TeV for n = 3 at 95% 
CL [18].

5. Summary

We have systematically studied the off-shell Higgs production 
in the pp → H∗ → Z(��)Z(νν) channel at the high-luminosity 
5

Fig. 9. 95% CL sensitivity on the new physics scale � as a function of the LHC lu-
minosity. We assume the form factor in Eq. (8) with n = 2 (dashed line) and n = 3
(solid line) at the 14 TeV LHC.

Table 1
Comparison of the sensitivity reaches between H∗ → Z Z → ��νν in this study and 
H∗ → Z Z → 4� in the literature as quoted. All results are presented at 95% CL ex-
cept for the Higgs width projection derived by ATLAS with 68% CL [36]. We assume 
that the Wilson coefficient for the EFT framework is given by ct = v2/�2

E F T . Be-
sides the H → 4� channel, Ref. [37] also accounts for the H → γ γ final state with 
a boosted Higgs analysis.

�H /�S M
H �E F T �n=2

Composite

H∗ → Z Z → ��νν 1.31 0.8 TeV 1.5 TeV
H∗ → Z Z → 4� 1.3 (68% CL) [36] 0.55 TeV [37] 0.8 TeV [18]

LHC. We showed that this signature is crucial to probe the Higgs 
couplings across different energy scales potentially shedding light 
on new physics at the ultraviolet regime. To illustrate its physics 
potential, we derived the LHC sensitivity to three BSM benchmark 
scenarios where the new physics effects are parametrized in terms 
of the Higgs boson width, the effective field theory framework, and 
a non-local Higgs-top coupling form factor.

The combination of a large signal rate and a precise phe-
nomenological probe for the process energy scale, due to the 
transverse Z Z mass, renders strong limits for all considered BSM 
scenarios. A summary table and comparison with the existing re-
sults in the literature are provided in Table 1. Adopting Machine-
learning techniques, we demonstrated in the form of BDT that the 
HL-LHC, with L = 3 ab−1 of data, will display large sensitivity to 
the Higgs boson width, �H/�S M

H < 1.31. In addition, the charac-
teristic high energy behavior for the new physics terms within 
the EFT framework results in relevant bounds on the (κt , κg) new 
physics parameters, resolving the low energy degeneracy in the 
gluon fusion Higgs production. In particular, we observe that the 
LHC can bound the top Yukawa within κt ≈ [0.4, 1.1] at 95% CL. 
The upper bound on κt is complementary to the direct Yukawa 
measurement via tt H and can be further improved in conjunc-
tion with additional relevant off-shell Higgs channels. Finally, when 
considering a more general hypothesis that features a non-local 
momentum-dependent Higgs-top interaction, we obtain that the 
HL-LHC is sensitive to new physics effects at large energies with 
� = 1.5 TeV for n = 2 and � = 2.1 TeV for n = 3 at 95% CL. We 
conclude that, utilizing the promising H∗ → Z(�+�−)Z(νν̄) chan-
nel at the HL-LHC and adopting the Machine-Learning techniques, 
the combination of a large signal rate and a precise phenomeno-
logical probe for the process energy scale renders improved sensi-
tivities beyond the existing literature, to all the three BSM scenar-
ios considered in this work.
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