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A B S T R A C T

In 2012 the ATLAS and CMS collaborations discovered at the LHC the Higgs boson decaying to
vector bosons. This discovery has provided a strong indication that the mechanism of
Electroweak Symmetry Breaking (EWSB) is similar to the one predicted by Brout-Englert-Higgs
(BEH) nearly 50 years before. Since then, one of the priorities of the LHC program, as well as of
the majority of the future collider proposals, is to measure directly the parameters of the EWSB
potential. The goal is to identify if it has indeed the straightforward quartic shape predicted by
BEH or it is more complex, as the result of an unexplored physics nature. The answer to this major
scientific question will have a considerable impact on our understanding of vacuum properties
and the history of the universe through the EWSB during the Big Bang. The only direct way to
probe these couplings is through the measure of the production of multiple Higgs bosons, two
being the simplest case. In this paper, we present a comprehensive review of the current searches
and the state of the art insights on the topic. In particular, we explain why this ambitious project
is even more challenging than the discovery of the Higgs boson itself. Finally, we sketch the plans
of the HEP community for how to access the parameters of the BEH mechanism. This review is
adapted to a curious reader familiar with particle physics in general or a scientist who wants to
have a landscape overview of the topic.

1. Introduction: the brief history of mass

One of the first attempts that we know of a fundamental theory, including the concept of mass, is attributed to ancient Greeks. In
their four-elements theory, the massive elements were Earth and Water, while Air and Fire were massless. The modern science, born
with Galileo Galilei and Isaac Newton, separated the inertial mass, connected with the amount of force one needs to apply to
accelerate an object and the gravitational mass that connects each object, including celestial ones, to the universal attraction force
(gravity). The puzzling coincidence of inertial and gravitational masses was defined as the Equivalence principle. It was experimentally
verified with higher and higher precision starting from Simon Stevin in 1586 and ending with the French satellite “Microscope” that
quoted their identity up to 13 significant digits [1]! The Equivalence principle was the major brick of Einstein’s theory of general
relativity, GR. Gravitation was then transmuted from a Newtonian force with a “massive charge” into a geometric property of space
deformed by the presence of massive objects.

The GR provided a macroscopic model of interaction between the mass of the objects and the space-time. It shall be noted that GR
does not explain the origin of mass. This question had to be addressed within another framework, microscopic this time, the quantum
field theory (QFT) and particle physics. The understanding of the force that binds together the nucleus of atoms (quantum
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chromodynamics, QCD [2]) provided a microscopic explanation of 99% of the visible mass, that is the potential energy of the
interaction between quarks and gluons confined in protons and neutrons. The remaining fraction was assigned to the rest invariant
mass of up and down quarks, and electrons. Since further attempts to split quarks and electrons have failed at our energy scales, they
can be considered as elementary particles. Meanwhile, two other elementary generations of heavy quarks and leptons were dis-
covered. The span between the lightest charged elementary particle mass (electron with a mass of 0.0005 GeV), and the heaviest one
(top quark with a mass of 175 GeV) is nearly six orders of magnitude. The neutrino masses are many orders of magnitude smaller than
the electron mass. The origin of the mass of elementary particles and their hierarchy had yet to be discovered.

The idea of the Brout–Englert–Higgs mechanism (BEH) [3,4] was born to explain the origin of masses of the elementary particles.
It is also connected with the success of the theory unifying two of the four known forces that act upon matter – electromagnetism and
the weak force behind the Fermi theory of β decay. In this model, a primary electroweak (EW) interaction is spontaneously broken by
the interaction with a BEH potential into an electromagnetic and a weak interaction. Massless photons mediate the electromagnetic
interaction from one hand, and massive W and Z bosons mediate the weak interaction from the other hand. At the same time, the so-
called Yukawa interaction of this potential with elementary fermions provided them with mass. All this theory is based on the
existence of a fifth force, the BEH interaction, carried out by a new boson, the Higgs boson. That boson was discovered at the LHC in
2012 [5,6] and rendered a Nobel prize to Peter Higgs and Francois Englert.

The review is organized as follows: we start by briefly introducing the Higgs mechanism and the properties of the BEH potential.
We explain why the shape of this potential is so critical and why its understanding is the next frontier of fundamental physics. In a
second step, we describe the experimental techniques used since 2012 to measure the parameters of the BEH potential and explain
why it is so complicated. Finally, we sketch how the scientific community plans to reach the required level of precision with the next
generation of high energy colliders.

2. A note on theoretical aspects

In science, major theories are usually the outcome of a series of experimentation, failures and small successes attempted over time
by large scientific communities. The construction and validation of the EW theory, resulting in the BEH mechanism, required nearly a
century and is precisely of this kind. The framework behind this evolution is called quantum field theory (QFT), and it was developed
during the beginning of the last century. In this framework, particles of matter are modeled as fields that couple with each other. The
mathematical representation of the fields and their couplings are given in a function called a Lagrangian. The particles have an
elementary quantum property called spin, with the dimension of rotational momentum and expressed in units of the Planck’s con-
stant. Particles with fractional spin are called fermions and compose the matter we know (quarks and leptons), and particles with
integer spin are called bosons and are identified as carriers of the fundamental forces (for example, the gluon is the carrier of QCD).
See, for example, the first chapters of Ref. [7] for a longer, but still accessible, description of some of the QFT concepts.

The basic ingredients of the EW theory were the description of both electromagnetism and the β decay [8] in the QFT language
(respectively known as quantum electrodynamics, QED [9], and Fermi theory of Weak interactions [10]). Both theories were con-
nected to the electric charge, and in that sense, it was appealing to try to unify them by a common description.

The solution for the unification of the QED with EW interactions followed a well-tested recipe. The EW theory was born as a
description of the QED and the weak interaction as a unique EW field [11]. A striking difference had to be embedded into the new
theory, though: QED has a macroscopic range, while the weak interaction a microscopic one, limited to act within atomic distances. A
possible way out of this paradox was to admit that the Weak force is mediated by bosons with a mass significantly larger than the
proton mass (around 100 times the proton mass), while the massless photon mediates electromagnetism. The problem, though, was
that the introduction of explicit mass terms in the Lagrangian is not a good practice in QFT.

It has been known since the XIXth century that symmetries are valuable guidance principles to construct the description of
interactions of matter and forces. One of the most important symmetries to be considered in QFT, that driven the introduction of the
BEH mechanism [12,13] in the EW interactions is the so-called gauge symmetry [14]. A Lagrangian (description of the interactions
between the fields) is defined as gauge-invariant if phase transformations in elementary fields do not change the form of their
interactions. Fields that are gauge invariant (i.e. all interactions of this field are left intact by phase transformation) are observed as
massless particles; the introduction of an explicit mass term breaks the gauge symmetry.

Guided by this principle, the BEH mechanism postulates a field (the Higgs field) that couples with the EW field. At high energy
scales (above the TeV) both fields are observed as massless. At lower energy scales, the Higgs field self-interaction induces a
spontaneous electroweak symmetry breaking (EWSB) of the Lagrangian gauge invariance. In the low energy regime, the theory
naturally contains one massless boson (the photon, carrier of electromagnetism) and two massive vector bosons, one neutral (the Z
boson) and one charged (the W boson). The W and Z bosons are the carriers of the weak force, and their existence was directly
verified by experiments almost 20 years after the construction of the EW theory [15,16]. One of the many triumphs of the BEH
mechanism was to predict the relations between the masses of the W and Z bosons at very high precision. As a side bonus, the Higgs
field has a gauge-invariant coupling to fermions and, through the same EWSB mechanism, the masses of the fermions are generated
without any ad-hoc violation of the gauge symmetry in the original theory. This construction implies the existence of another massive
scalar boson in the low energy regime, the Higgs boson.

The model described above is so successful in making valid predictions that it is now known as the Standard Model of elementary
particles (SM). A bit more technical review of the evolution of the construction of the SM is found, for example, in Ref. [17]. For
almost a century, all the predictions of the SM have been again and again confirmed with high precision. The last discovery was the
existence of a Higgs boson with a mass around the W and Z masses (known as the Weak scale) and all its properties matching the SM
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predictions. This observation is a solid hint toward the BEH nature of the EWSB. Still, the direct proof of the symmetry-breaking
mechanism remains to be done.

2.1. The anatomy of double Higgs boson production

In the SM, the Higgs field potential is postulated to be a quartic potential (the lowest possible level for constructing a gauge-
invariant Lagrangian). After EWSB, this results in a trilinear and a quadrilinear self-interaction to the Higgs boson in the low energy
regime. The details of the EWSB mechanism and all the rich physics that is encoded in the Higgs field simple polynomial potential is
very well described in Ref. [18]. For simplicity, we only describe the SM Lagrangian after the EWSB. In this case, the part of the SM
Lagrangian that describes the Higgs boson interactions only reads:

=L V1
2

H H (H)µ
µ

(1)

where H represents the Higgs boson field, the first term is a derivative term that symbolizes the kinetic energy, the second is the term
of the Higgs boson potential. After the EWSB the potential term can be written as:

= + +V H( ) 1
2

m H H H .H
2 2 3 4

(2)

The second and third components of the potential represent the Higgs boson self-interactions, both are proportional to λ, the Higgs
boson self-coupling constant. The ν in this term is a factor with the dimension of mass known as the Higgs field vacuum expectation
value (vev). The first term in the equation above contains the mass of the Higgs boson itself, mH. In SM, there is a direct relation
between the self-coupling constant, vev and the Higgs boson mass: = vm 2H . The Higgs boson mass (mH 125 GeV) was measured
with a sub-percent precision by the LHC, while the ν ≈246 GeV is constrained by the Electroweak precision tests of the Fermi theory
with a precision of 7 digits [19]. Therefore if the Higgs boson potential that induces EWSB is exactly the one of the SM, we know that
λ≈0.13 with a sub-percent precision. Any modification of the potential does modify this relation. The only way to answer the
question of the exact structure of the BEH potential is to measure the Higgs boson self-coupling directly.

The lowest level Higgs boson self-interaction is the trilinear one (a coupling between three particles). The most promising and
direct way to measure this coupling is through the detection of a pair of Higgs bosons in the final state. Unfortunately, the production
rate of these events is about 1000 times smaller than that of the single Higgs boson, which makes its measurement at the LHC
challenging. The description of this effort is the primary goal of this review. If we discover a self-interaction of the Higgs boson
candidate different from the one predicted by the SM a major rethinking of the EWSB is required. This ultimate test of the SM
predictions is at the center of the physics program of the LHC for next few years as well as of its subsequent project, the HL-LHC [20].

The LHC is a proton-proton collider, which smashes protons against each other at sufficiently high energy to induce interactions
between elementary particles, allowing for the production of Higgs bosons. There are a few production modes for single and pair
production of Higgs boson at the LHC: the leading one – gluon-gluon fusion (ggF), the associated production with vector bosons or top
quarks, and the vector boson fusion (VBF). There is no direct coupling between Higgs bosons and gluons (those are massless), but
gluons interact with quarks. Therefore, this process can only occur if mediated by a loop of quarks. The discovery of the Higgs boson
was made in the ggF mode. Historically, this was the only particle to be discovered through a loop induced production mode.

All the fields in the SM, fermions or bosons, acquire their mass through their interaction with the Higgs bosons. The stronger the
interaction is, the bigger the mass is. As the mass of the top quark is so big with respect to the other fermions (≈ 40 times more
massive than the other heavier fermion, the bottom quark), it’s coupling with the Higgs boson is the largest one, and we can assume
that the particles in the loop are top quarks. The ggF production is therefore controlled by two parameters: the Higgs boson self-
interaction (λ) and its coupling to top quarks (yt).

In Fig. 1, we see a sketch of the principal Feynman diagrams1 that contribute to gluon-gluon fusion production of Higgs boson
pairs. On that figure, the curly lines represent gluons, dashed lines represent the Higgs bosons and the continuous lines the inter-
mediary quarks. The Higgs self-coupling is pictured on the left. The dominant production mechanism on the right is mediated by a
loop of top quarks (that looks like a box) and doesn’t imply any Higgs self-coupling. The two kinds of processes in Fig. 1 interfere with
each other to the point that deviations of either λ or on yt result in sizable modifications of the predicted kinematic distributions [21].

If one stays with the SM parameters, the cross-section for the HH production and the kinematics of the Higgs bosons being
produced is fully defined. The theory community provided us with high precision predictions of both, including significant QCD

Fig. 1. The principal Feynman diagrams of the pair production of Higgs bosons via ggF. Left: Higgs self-coupling diagram. Right: top box diagram.

1 Richard Feynman introduced this schematic way of representing the interactions of the particles. The x-axis represents time, and the y-axis space.
This diagram represents the sequence of connections and transformations between the particles over time.
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corrections. This process was particularly challenging to calculate due to the presence of virtual corrections in a top quark box
diagram [22]. The total uncertainty on the total cross-section, due to the missing orders in perturbative QCD, is estimated to be less
than 10%. At the end of the game, the expected cross-section is too small to be measured with the LHC data collected between 2011
and 2018. That, however, does not discourage the deployment of the search with the intent of developing techniques to improve the
sensitivity of the LHC to detect Higgs boson pairs.

2.2. And if SM is not all that is there

While any modification of the BEH potential with respect to the SM predictions is a clear indication that the SM is not a complete
model, several beyond the SM (BSM) theories predict a modification of the BEH potential. Those can be observed as an anomaly in
HH production. In some cases, the production rate can be enhanced by more than one order of magnitude, making the discovery (or
the ruling out of the proposal) possible even today. There are two types of expected signatures in the HH final state that we briefly
mention in the rest of this section. For a more detailed discussion see the Ref. [23].

The first type of anomalies is the easiest to detect, the production of a new massive particle that can decay to Higgs pairs, creating
as its signature a distinguishable peak in the invariant mass of the Higgs boson pair. This process is called resonant production.
Usually, those particles can also decay to vector bosons V or top quarks, also predicting resonant signatures in other detectable
channels.

A particularly interesting class of theories that predicts resonant signatures in the Higgs boson pair production are the ones that
postulate the existence of scalar singlets. Those scalar singlets can potentially mix with the Higgs boson and modify the BEH potential
and the EWSB mechanism [24]. It is interesting to mention, however, its connection to cosmology. During the early times of the Big
Bang, when our universe was significantly hotter than the TeV scale, there was no minimum in the BEH potential. The EW symmetry
was preserved, and particles had no mass. When the universe cooled down, a non-trivial minimum appeared, and elementary par-
ticles acquired masses. The way that the universe passed between those states is called a phase transition. It may be soft, or second-
order, like melting plastic, or violent, or first-order, like boiling water. In a first-order phase transition in some of the regions of the
universe, particles have masses, while in some others they still do not. On the frontier of these domains, it is possible to generate a
matter-antimatter asymmetry. Calculations show that with =m 125H GeV the SM predicts a second-order phase transition, but the
modifications induced by a singlet can modify the phase transition properties. The best way to track this effect would be to look at the
singlet coupling to HH. For more examples of models that predict resonant signatures, see, for example, the Ref. [25].

The second type of anomalies includes an extended Higgs sector. One of the most popular among them being the Minimal
Supersymmetric Model (MSSM). In spite of having ’Minimal’ in the name, that model predicts a rich Higgs sector, with two copies of
the Higgs field as postulated in the SM. After EWSB the model contains seven Higgs bosons; some of those bosons are neutral and can
mix with each other, generating both a modification of the self-coupling of the Higgs boson that was observed at the LHC (H) and the
possibility of an extra Higgs boson (X) to decay into a pair of H bosons (see for example the Ref. [26]).

The second anomalous effect that could be discovered at the LHC sooner or later is the deviation of the Higgs boson couplings
purely due to an extended symmetry of nature. In this case, the description of the low energy physics is done employing an effective
model that is a reduction of a more fundamental one (known as an effective field theory, EFT). No resonance signature is predicted,
the eventual additional particles that would participate in the model are too heavy to be directly observed in the energy regime that
we can access experimentally2.

For Higgs boson pair production, two relevant couplings are λ and yt. Those are commonly parameterized by the factors
κλ≡ λBSM/λ and y y/ ,t tt

BSM where λ and yt
SM are the values of those parameters as predicted by the SM (by construction, for the SM

we have = = 1t ). Furthermore, in EFT, new kinds of interaction can appear, for example, the contact interaction of one or two
Higgs bosons with a pair of gluons and/or the contact interaction of two Higgs bosons to a pair of top quarks [28]. Any anomaly on
the Higgs boson couplings and/or interactions causes modifications to the signature of the non-resonant production of Higgs boson
pairs in the ATLAS and CMS detectors. An example of the phenomenology of such a case at the LHC can be found in Ref. [29].

3. Experimental results

The measurement of the production of pairs of Higgs bosons is a large scale scientific project that aims to extract a tiny signal from
a large background. We can compare it to the well-known story of the search for the Higgs boson itself. At the time of the design of the
LHC experiments ATLAS and CMS, the scientists were not aware of the Higgs boson mass and even of its existence. Precise EW fits
based on the results from the previous generation of the experiments (LEP at CERN, Tevatron at Fermilab and SLC at SLAC) provided
some hints that if the Higgs mechanism exists the Higgs boson mass shall be between 68 and 121 GeV at 68% CL [30]3. In 2012 the
ATLAS and CMS collaborations discovered the Higgs boson with a mass of 125 GeV, just at the edge of that window, corresponding to
a 1 sigma deviation with respect to the EW fits.

There is a vast multiplicity of the possible production mechanisms at the LHC – ggF, VBF, associated production with a vector

2 The EFT is a rather standard concept in physics [27]. The Fermi theory of the weak interactions is an EFT construction of the SM.
3 The CL notation comes from Gaussian statistics. In a nutshell, the standard theory of measurements assumes the uncertainties to be Gaussian and

defines Confidence Level (CL) intervals as regions where the truth shall be with a given probability. If we consider a Gaussian function of variance σ,
the integrals between +n n, are called nσ CL. For example =n 1 corresponds to 68% and =n 2 to 95%.
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boson or a pair of b or top quarks — and decay channels of the Higgs boson – bosonic modes H→ZZ*, WW*, γγ or fermionic modes
µµH bb̄, , that could subsequently decay in a large number of final states. Many dozens of combinations of production me-

chanism times final state, each requiring a different analysis strategy, had to be considered at the same time by a large number of
teams. The combination of all the obtained information subsequently lead to the discovery of this boson, the first characterization of
its properties, and a firm indication that the BEH mechanism is responsible for EWSB. In summary, this project was an exceptional
collective effort of many hundreds of scientists with a complex scientific and social structure.

The new quest for the BEH potential through the driving channel of double Higgs production has many similarities with the Higgs
boson quest. The production mechanisms are similar, but the presence of two Higgses increases the number of relevant final states
significantly. It also decreases by about 1000 times the cross-section, leaving rare production modes outside of the reach of the LHC
program, unless interesting BSM effects enhance them significantly. Even the quest for the SM-like gg→HH production could appear
at first glance desperate! It would have been indeed hopeless if we didn’t know so much about the Higgs boson itself. Its mass, spin,
parity, and main branchings provide a sturdy handle to tame down the backgrounds and combine different channels. The multi-
particle final state of the HH decay provides a significant amount of information with complex correlations offering a perfect field for
the usage of Machine Learning approaches (ML). To optimize the common tooling and theoretical interpretation the experimental
and theoretical community self-organized into different structures4 and counts in 2019 more than 200 working scientists.

3.1. The ATLAS and CMS experimental apparatus

In this review, we discuss the results from the proton-proton program of the LHC circular accelerator located at CERN near Geneva
at the center-of-mass energy ( s ) of 13 TeV. Two general-purpose detectors were built to collect the LHC collisions, ATLAS and CMS,
with the Higgs boson discovery in mind. This is why the priority of their design was to provide an optimal measurement of photons,
electrons and muons5 with typical energies between 50-100 GeV produced by the decays of EW bosons, as well as the reconstruction
of hadronic jets with an optimal ability to identify the ones that were initiated by b-quarks6.

Both detectors look like giant barrels (ATLAS is 40 m in length and 22 m in diameter; CMS is 21 m in length and 15 m in diameter)
closed by endcaps to cover nearly 4π in solid angle. Very schematically from the inside (closest to the interaction point) to the outside
following a well known ”onion-like” structure we find:

• A pixel detector able to identify the decay vertices of a B-meson efficiently and seed the charged particle tracks.
• A strip tracker detector that complements the pixel one but costs less and uses less energy to operate and produces fewer data.
• An electromagnetic calorimeter to measure and identify photons and electrons.
• A hadronic calorimeter to measure the energy of hadrons.
• A muon detection system.

Giant magnets provide a strong field (≥ 2T) to bend the charged particles and to measure their momentum. The exact position
and shape of the magnets differ for each experiment: in ATLAS, magnets have a weaker field, but particles follow a longer pathway,
while CMS has a stronger magnet, but the detector itself is more compact.

The LHC machine provides over 40 million collisions per second, while the experiment’s data acquisition system can afford to
collect and write on tape only a few thousand events. Each event to be written consists of a list of outputs of hundreds of thousands of
detector channels fired by the particles produced during the crossing of two bunches. The ATLAS and CMS collaborations have to face
an outstanding challenge to skim out 99.99% of observed collisions and record only the tiny fraction of the most interesting events.
The system designed to perform this task is called the trigger system. It is staged in two levels [31,32]. The first level trigger L1,
composed of special hardware processors, relies on coarse information from the calorimeters and muon detectors to select the most
interesting events in a time interval of few microseconds. It filters 100 kHz of events from the 40 MHz of collisions at the LHC. The
high-level triggers (HLT) running on computer farms further decrease the event rate, from around 100 kHz to a few kHz, before data
storage. The two-layer trigger system is efficient in selecting events with high energy flow, or those which contain photons or leptons
from the EW probes.

Despite all technical differences, the final sensitivity of each detector for Higgs boson physics appears to be rather similar [5,6].
The detailed description of each detector can be found elsewhere [31,32].

3.2. Different final states relevant for HH search

In Fig. 2 we show different final states of the HH decay that could be observed during LHC collisions. Different probabilities are

4 The CMS and ATLAS collaborations each created an HH dedicated forum, while the Higgs Cross Section Working Group, a CERN forum where
theorists and experimentalists share ideas, have appointed a dedicated subgroup.

5 In this section we denote both electron and positron (anti-electron) by the generic term ’electron’ and muons and anti-muons by the generic term
’muon’.

6 Of course the physics program of the general-purpose LHC detectors such as ATLAS and CMS wasn’t limited by the 100 GeV scale physics of the
EW bosons. Both detectors were also designed as wonderful TeV scale microscopes able to observe decay chains of heavy objects and perform high
precision measurements.
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provided assuming SM-like branching fractions. It was observed that four ”golden” final states are much more sensitive than any
others: HH bb̄, HH bb̄, HH WW*bb̄, and HH bb̄bb̄. They are all localized in the first column of the plot and fulfill two
optimal requirements for a successful search: one of the Higgses decays to a final state containing leptons or photons that are easy to
trigger upon, to measure and hard to fake, while the other one decays to bb̄ in order to maximize the total decay branching fraction7.

There are standard steps common to all the HH searches that we describe below:

1. Identify and reconstruct all the particles produced by the HH decay under consideration.
2. Reconstruct when possible the invariant mass of each of the Higgs bosons.
3. Reconstruct and constrain the invariant mass of the two Higgs bosons, mHH.
4. Reconstruct the angular distribution of the HH system: the production angle of HH, and decay angles of each Higgs boson.
5. Use the information obtained above to reject as much as possible the SM events that are not HH decays. The HH final state

contains lots of information that usually allows filtering out most of the non-HH events, referred to as background.
6. Estimate the remaining background and look for the signal on top of it.

Below we describe in more detail the four golden final states and say a few words about the other ones (for a detailed discussion,
see Ref. [23]). Each of the golden final states has its peculiarities, but one point in common, the H bb̄ leg. The model-dependent
interpretation of the results is summarized in the Section 3.3.

3.2.1. HH bb̄
The HH bb̄ final state has the lowest branching fraction compared to the three other channels (only 0.26%), but the final

state can be fully reconstructed and can be easily separated from other SM processes that play a role of background in this analysis.
The two isolated photons from the Higgs boson decays carry a typical transverse momentum of m /2 60H GeV. They are con-

venient to identify as two compact deposits in the EM calorimeter separated from other deposits by a region of minimal calorimetric
activity. It is possible to build a trigger that collects nearly all events containing such pairs of photons within the acceptance of the
detector.

In Fig. 3, we represent on the left the Feynman diagram for the HH bb̄ signal and on the right the main background. In this
example, two b-quarks are produced by a QCD interaction between two protons followed by a subsequent QED radiation of two
photons (referred to as QCD+QED background). We may observe that both final states are identical, and for this reason, the QCD
+QED background is called ”irreducible”8. The only way to separate such backgrounds relies on kinematical constraints.

The invariant mass of the two photons, mγγ, is a precisely measured quantity with a resolution of around 1-2%. The Higgs boson
appears as a narrow peak on top of the QCD+QED background, which doesn’t exhibit any peaking structure, as shown in Fig. 4 (left).

The invariant mass of the H bb̄ leg is another well-discriminating variable between the signal and the nonresonant background.
The b-quarks hadronize into meta-stable B mesons and decay via EW interaction to lighter mesons and neutrinos. All the resulting flow of

Fig. 2. Branching fraction of main HH decays assuming SM H boson.

7 The HH bb̄bb̄ does not fulfill this condition, but it has numerous compensating advantages that we discuss in a dedicated subsection.
8 It is interesting to notice that a small irreducible background is the single Higgs production together with two b-quarks. We face here an analysis

where Higgs boson production is a background and not a signal.
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particles is reconstructed as a hadronic jet in the detectors. Within this jet, the decay point of the B meson is usually displaced by a few
mm in the transverse direction from the pp interaction point. The pixel detectors of the ATLAS and CMS collaborations are optimized to
measure this displacement and identify rather rare b-quark generated jets from much more frequent jets produced by light quarks.

The invariant mass of the two jets, m ,jj is measured with a typical resolution of 10-20%, which is an order of magnitude worse than
the diphoton one (see Fig. 4, right). In contrast to a photon, which is a point-like particle, a jet is a flow of different particles with a
rather broad energy spectrum. Some of them might be soft and not well reconstructed by the detector. The B-meson decay products
frequently contain neutrinos, which take away a significant fraction of the jet 4-momentum but escape the detector volume unseen. A
dedicated jet energy calibration team is working to improve the understanding of the jet energy resolution continually and to improve it.

In practice the CMS collaboration looks at distributions of mγγ and mjj to identify the signal [33]. The ATLAS collaboration prefers
to look on mγγ and cut on mjj [34]. The remaining kinematical variables, such as angles or particle momenta that allow separating the
signal from SM background, are embedded into an ML or selection-based classifier. This classifier is subsequently used to identify
regions in the kinematic phase space with maximal signal over background ratio.

3.2.2. HH bb̄
This final state differs from the previous one by the presence of two τ leptons instead of two photons. It has a much more

significant branching fraction (7.3%), but taus appear as more complicated objects to reconstruct and identify than photons.
The τ lepton (mass 1.8 GeV [35]) is the heaviest of all leptons. It can decay via the charged weak current to a ντ neutrino

accompanied either by lighter leptons in ≈ 40% of cases (μ or e), or light hadrons (typically 1 to 3) in 60% of cases. Therefore a τ
either appears as a lepton with missing momentum (so-called leptonic τ, denoted τl) or as a narrow jet (so-called hadronic τ, denoted
τh9). A rather sophisticated ML algorithm is required to identify the τh and reject hadronic jets that look like taus.

Fig. 3. The Feynman diagrams for the signal (left) and main QCD+QED background (right).

Fig. 4. The HH bb̄ signal hypotheses scaled by factors indicated in parantheses (colored lines), CMS data dominated by the QCD+QED
background (black points) and rare backgrounds (colored histograms). The mγγ spectrum is shown on the left and mjj on the right (see Ref. [33]).

9 In fact experimentally τh are fascinating objects because they come from a color singlet lepton and are characterized by a tiny number of well-
identified hadrons. In CMS, for example, their identification was one of the motivators to develop the Particle Flow algorithm combining all the
information from all the detectors together [36].
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There are six different combinations that one can observe in H→ ττ decay: τhτh, eτh, μτh, eμ, μμ, and ee. The first one is privileged
by decay branching fraction, the second and third are easier to trigger upon using the light leptons signature, the last ones suffer from
a low branching fraction.

The presence of neutrinos, which cannot be detected, requires a mathematical procedure, called kinematic fit, to reconstruct H→
ττ mass. One needs to combine the visible mass of a specific τ with an estimate of the momentum of the neutrino coming from the
transverse momentum conservation laws. The τ leptons from Higgs boson decay are always produced with high momentum due to a
vast difference in scale between Higgs energy and the τ mass. Consequently, we can assume that the neutrinos are collinear with the
visible products of the τ decay. In the end, the fitted di-tau mass, mττ, has a similar resolution to mjj. It is shown in Fig. 5 (left) where
one can observe that the broad Z→ ττ and H→ ττ peaks overlap significantly.

The two main backgrounds for this final state are Z→ ττ production accompanied by two b-jets, and tt̄ production with subsequent
decays to b quarks, leptons, and neutrinos10. Since the Higgs masses in the case of this analysis are not so discriminating, the CMS
collaboration uses for the signal search variables related to the mass of the HH system built from two τ’s and two b-jets [38]. The
ATLAS collaboration uses directly the ML analysis output to discriminate signal from background [37]. An example of such an output
is shown in Fig. 5 (right). It is defined in such a way that the signal is clustered around 1 and the background around -1.

3.2.3. HH WW*bb̄
A W boson can decay or to a lepton and a neutrino either into two jets. The former is less frequent, but the overwhelming QCD

dijet production challenges the latter. It had been observed that the final state with WW*→ llνν (referred to as fully leptonic), where l
is an electron or muon, has better sensitivity to SM-like production than the final state with hadronic decays (semi-leptonic or fully
hadronic).

The fully-leptonic search has many similarities with the HH bb̄ analysis. The unique relevant and irreducible background is
the tt̄ production sketched in Fig. 6. The search for HH production in this channel becomes a high precision comparison of data vs. tt̄
production, which is rather well described by Monte Carlo (MC) predictions11.

The H WW* invariant mass cannot be reconstructed. The W mass (≈ 80 GeV) is close to the Higgs mass, and one of the W
bosons (or both) is off-shell12, and therefore we cannot use the same collinear approximation as for τ’s. The analysis needs to rely
more heavily on a multivariate discriminant. The latest LHC results regarding the fully-leptonic channel can be found in Refs. [39,40]
and for the semi-leptonic in Refs. [41,42].

3.2.4. HH bb̄bb̄
Similarly to HH bb̄, this final state is fully reconstructible. On top of that, the branching fraction is as high as 33%. The

Fig. 5. The HH bb̄ signal hypotheses (red line), ATLAS data (black points) and backgrounds (colored histograms). The mττ spectrum is shown
on the left and the output of the BDT training on the right (see Ref. [37]).

10 The top quark is the heaviest known elementary particle. It decays through the weak interaction nearly exclusively toWb [35], before any color
confinement process could start.

11 The MC simulation is a generic term to describe all the techniques that try to reproduce reality using a random generator, like in Monte Carlo
casinos.

12 In quantum mechanics, the mass of an unstable resonance is not well defined by the Heisenberg principle. There is a mass probability dis-
tribution with a width Γ, peaking at the so-called ”pole mass”. This pole mass is usually called ”resonance mass”. A resonance with a mass close to its
pole mass is said to be ”on-shell”. If the mass is different from the pole mass by a few Γ the resonance is said to be ”off-shell”.
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drawback is the lack of objects that are convenient to trigger on, such as photons or leptons. Moreover, the multijet final states can be
profusely produced by the QCD interaction without any EW contribution.

The choice of a good trigger is, therefore, critical to select signal events while keeping the data collection rate acceptable. The
presence of four jets can be easily detected, but without a possible identification of their B-meson content since the actual trackers are
too slow to participate in the L1 trigger. Jets with B-mesons can be identified in the HLT computing farm. There are two typical
situations to consider. When the mHH value we are interested in is typically below 500 GeV (low mass resonances or nonresonant
search), the specific trigger for HH bb̄bb̄ requires at the L1 trigger an optimal selection of the 4-jets with maximal pT and some
acceptance constraints. At the HLT ideally, two of the jets should be b-tagged. When < <500 m 900HH GeV, the trigger rates are lower
and the online b-tagging constraints can be relaxed.

The signal extraction method is defined by our ability to estimate the substantial QCD background. This background is not well
described by MC simulation due to significant higher-order corrections in perturbative QCD. Analyzers need to invent intricate data-
based methods to estimate it. The method depends on how the trigger is constructed and in that sense, is very different in ATLAS and
CMS [43,44]. The former relies on the mHH distribution to separate data from MC, while the latter uses an ML output distribution for
the same purpose.

3.2.5. Other processes
Many other channels were considered for this search: HH ZZ*bb̄ 4lbb̄, HH→4τ, HH→4W, HH→4γ, HH→WW*γγ [45].

All those final states are very rich in leptons and photons and cannot be easily faked by SM processes. Also, the background is
typically very low, giving essentially close-to-zero background searches. Unfortunately, they are severely penalized by their
branching fractions (see Fig. 2) and at the end, appear to be less sensitive than the four golden channels. There is significant analysis
work ongoing to see if some of them can still be improved or used for searches within the BSM Higgs models, where the Higgs
branching fractions are different from the SM and more favorable for these final states.

3.3. Results

No HH signal has been observed in data as of this writing. We discuss different results of the LHC searches looking at the 95%
confidence level (CL) exclusion limits assuming different BSM models predicting resonant and nonresonant anomalous HH pro-
duction.

3.3.1. Resonant searches
The limits on the production of heavy resonances X with subsequent decay to HH are considered for generic models. They are

defined in a way to bridge the interpretations in different BSM extensions of the SM. From the experimental point of view, a generic
bosonic heavy resonance is defined by:

• Production mechanism: quark-quark fusion or Drell-Yann (DY), ggF, or VBF. In models where X decays a significant fraction of the
time to Higgs bosons, the couplings to light quarks are suppressed. This fact disfavors the DY production mechanism and usually
favors the ggF process.

• Mass: to produce two H bosons in the final state, one needs >m 2mX H.
• Width: if the natural width of a resonance is smaller than the experimental resolution, we can neglect it. This assumption is called

the narrow width approximation. For <m 1X TeV the narrow width approximation holds for a large fraction of BSM models. In case
it doesn’t hold, we shall consider in the future limits for different width assumptions, intermediate and wide.

• Spin: scalar – spin-0, vector – spin-1 or tensor – spin-2. The decay of a spin-1 resonance to a pair of Higgs bosons is forbidden at
tree level, and only spin-0 or spin-2 are considered.

• Parity: in our case, the system of two Higgs bosons has parity +1. Only an X with parity +1 can decay into HH – for example
scalars can (spin-0, parity +1), while pseudo-scalars (spin-0, parity -1) cannot.

In Fig. 7, we show an example of the limits set for the resonant production of a heavy and narrow spin-0 resonance X with

Fig. 6. The Feynman diagrams for the HH WW*bb̄ signal (left) and the main tt̄ background (right).
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subsequent decay to HH split into different final states, taking the results of the CMS collaboration as an example. At low mass,
<m 400X GeV, the particles from HH decay are relatively soft. The most sensitive channel is then HH bb̄ since photons are the

easiest objects to trigger on and to reconstruct. In the high mass regime ( >m 700X GeV), the objects to be measured have higher
momenta and can be easily triggered upon. Therefore the channels with the best branching fractions, HH bb̄bb̄ and HH bb̄
provide the most stringent limits. The HH WW*bb̄ remains for the moment the less sensitive among the four golden final states due
to the overwhelming and irreducible tt̄ background. The combination of all channels improves the individual limits significantly since
at any value of m ,X except the region around 2m ,H at least two channels significantly contribute to constraint the BSM production.

The excluded cross-section by itself doesn’t tell much about the impact of HH searches on the BSM physics. We shall consider
explicit models and see how much our results constraint their parameter space. For example, on the already mentioned MSSM, there
is a small region between 2m 250H GeV and 2m 350top GeV where the lack of HH resonances in actual data excludes a significant
region of the phase space of the model, as shown in Fig. 8 (left)13. It is interesting to notice that this region corresponds to the crossing
of sensitivities of different HH channels (see Fig. 7), and the combinations of them help a lot to improve this constraint. The impact of
the LHC results on the singlet model described in Section 2.2 is shown in Fig. 8 (right). The data are not yet able to exclude the
cosmologically relevant parameters of the singlet models shown by the red dots, but the HL-LHC program may exclude or observe a
large fraction of the parameter space.

3.3.2. Nonresonant searches
If the resonance X is too heavy (typically heavier than a few TeV), this resonance cannot be directly observed at the LHC14. The

laws of quantum mechanics still allow observing the effects of such resonances through the modification of the HH cross-section or
the deformation of the mHH shape. For example, X can be produced off-shell with a mass lower than the pole mass, or contribute to
loop-induced processes. Experimentally, events with different mHH values would have a different efficiency due to trigger effects,
events selections, and detector acceptance. Therefore nonresonant BSM effects cannot be explored in a model-independent way. One
has to assume a particular mHH spectrum to perform the search15.

The simplest assumption consists of admitting that the mHH spectrum is SM-like, but the total cross-section is unknown. This ggF

Fig. 7. Cross section values excluded at 95% confidence level by the CMS collaboration for a spin-0 resonance produced in a narrow width
approximation (see Ref. [23]).

13 The MSSM has many fundamental parameters, and an interpretation requires assumptions about the relations among them. The model proposed
in Fig. 8 is called hMSSM since it assumes that the lightest neutral MSSM Higgs boson is the particle that was discovered by the LHC at the mass of
125 GeV [46].

14 The probability of producing a resonance in pp collision rapidly decreases with mX. This observation can be explained by the fact that the
collisions do not occur between protons themselves but between their constituents quarks and gluons that carry a fraction of the proton’s momenta.
The probability of finding a constituent of the proton carrying a substantial fraction is prohibitively small. So even if it is possible to produce a
resonance with mX of few TeV in a collider with =s 14 TeV, the probability of this phenomenon is negligible.

15 A proposal on how to construct a more model-independent approach was made in [48].
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spectrum, shown in Fig. 9 by the green dashed line, is peaking around =m 400HH GeV. A top quark box mediates one of the Feynman
diagrams contributing to the ggF process (see Fig. 1) and when the mHH mass exceeds the 2m 350top GeV threshold the production
probability increases. It decreases eventually due to the decreasing probability of finding two gluons with high momentum inside the
protons. These kinds of peaks that are not produced by an on-shell resonance but rather by a combination of phase-space factors are
called kinematic peaks.

We have seen previously that three of the golden channels are nearly equally sensitive to a resonance produced with
=m 400X GeV. We expect therefore a comparable sensitivity of those channels to SM-like production and a significant improvement

from their combination. The results from the ATLAS and CMS collaborations are shown in Fig. 10. This kind of anomalous production
is excluded with a cross-section larger than 7 times the SM one [49] by the ATLAS data. The CMS results are more permissive and
allow cross-sections below 22 times the SM [50]. Both collaborations have a similar experimental reach, but in nearly all CMS
channels, there is an upward fluctuation of data above the SM backgrounds and in the case of ATLAS analysis the opposite occurs.
This situation is statistically possible and would certainly evolve when the 3 times larger data sample from Run II on the tape is
analyzed.

To probe BSM physics in the nonresonant search the ATLAS and CMS collaborations use the EFT approach, which predicts an

Fig. 8. Left: Excluded region of the hMSSM phase space obtained using the limits of the X→HH production for the parameter space constrained by
the presence of a Higgs boson with a mass of 125 GeV (see Ref. [38]); Right: points of the model postulating the existence of an extra singlet that
could generate gravitational waves observable by the future Laser Interferometer Space Antenna (LISA). The LHC limits are shown with full lines
and the HL-LHC ones with dashed lines (see Ref. [47]).

Fig. 9. The mHH spectra for different assumptions on κλ (see Ref. [49]).
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independent modification of the Higgs couplings (see Sec. 2). As a first simplification, modifications of only the top Yukawa and
Higgs self-couplings are considered. The top Yukawa coupling is directly constrained within 40% of the SM value by the tt̄H pro-
duction rate recently discovered by LHC collaborations [51,52]. This constraint is direct and significantly better than what one can
expect from the HH production. So in a further approximation, we can try to derive the constraints on the self-coupling parameter, κλ,
assuming = 1t .

Limits in κλ are shown in Fig. 11 for the ATLAS and CMS collaborations. To understand the features of the limits, we shall look
again at the mHH shapes for different κλ values shown in Fig. 9. We can see that for |κλ|> >1 the kinematic peak shifts from 400 to
270 GeV. For these κλ values, the self-coupling diagram from Fig. 1 is dominating over the box diagram. The Higgs boson in the
propagator of gg→H*→HH has to be significantly off-shell. The minimal possible mass of the propagator is just above
2m 250H GeV. From the resonant search, we have seen that the most sensitive channel in this region of mHH is HH bb̄. For
these large κλ values, the mHH shape (and the limit) is rather independent on κλ, while the cross-section evolves as κλ2. Around κλ≈1,
the kinematic peak is higher in energy and the sensitivity is larger, but, due to strong interference effects between the box and triangle
diagrams, the cross-section is even smaller. Both experiments provide a rather loose constraint at κλ, and the best one is [ 5, 12],
driven by the downward fluctuation in ATLAS data. Much more data from future collider programs would be needed to pin down κλ if
its value is close to the one predicted by the SM.

4. Constraints on anomalous HH production from future colliders

The quest for the direct measurement of the parameters of the BEH is central for most of the future colliders. It is usually expressed
as the possible constraints in κλ assuming all other EFT parameters to be at their SM value.

Fig. 10. Cross section values excluded at 95% confidence level in units of SM cross section by the ATLAS (left) and CMS collaborations (right). (see
Refs. [49,50]).

Fig. 11. Cross-section values excluded at 95% confidence level as a function of κλ by the ATLAS (left) and the CMS collaborations (right). The result
is obtained by combining the limits from different HH final states (see Ref. [49,50]).
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4.1. Proton-proton colliders

There are today four major future pp collider projects: HL-LHC at =s 14 TeV and with a factor of 10 increae in luminosity
compared to LHC [20]; HE-LHC that would increase the s to 27 TeV within the same tunnel [53]; FCC-pp [54] and CEPC [55] that
plan to dig new 50-100 km tunnels and reach s up to 80-100 TeV.

The LHC HH analyses were extrapolated with different detector assumptions to the increased s , luminosities, harsher back-
ground conditions and expected performances of future detectors. The LHC program should increase by roughly a factor of two the
already collected luminosity before the end. This would not be sufficient to tackle the SM-like HH production. The HL-LHC program
with an expected 10 times larger luminosity seems to have enough sensitivity for a 3σ evidence of SM-like HH production. Unless a
significant experimental breakthrough helps, we may not have enough data for a 5σ observation [20]. We shall also be able to
measure the κλ parameter with a precision of 50% as shown in Fig. 12 (left) and exclude at 95% CL the possibility that the Higgs
boson doesn’t self-couple. Finally, a lack of HH events in the HL-LHC data would be a strong hint toward a potential difference from
the BEH hypothesis.

The real breakthrough for the BEH potential measurement would come from an increase of s since the HH production cross-
section increases quadratically with s . For example, the HE-LHC would provide a measurement of κλ at 15% and FCC-hh at 5%
precision if we assume similar performance from analyses and techniques as at the HL-LHC [20]. An example of the projection for the
HE-LHC is shown in Fig. 12 (right).

4.2. Electron-positron colliders

There are four major +e e collider projects on the market today: circular colliders with energy limited to 365 GeV for the Future
Circular Collider at CERN (FCC-ee) [54] and 250 for the Circular Electron-Positron collider in China (CEPC) [55] that could be built
before their pp equivalents in the same tunnel; The linear collider, ILC [56], with foreseen energy of 250 GeV and a possible upgrade
up to 380 GeV or even 500 GeV, and its concurrent project CLIC that may reach the energy of 3 TeV [57].

There are two dominating processes for HH production at +e e colliders: the associated production +e e ZHH and VBF
+e e HH e e. The cross-sections of both processes are shown in Fig. 13 as a function of s . At least =s 400 GeV is required for a
direct observation of HH production. Among all the collider projects to date, only CLIC would reach this energy (excluding the
unlikely 500 GeV ILC option). The recent prospects have shown that a precision of O(10%) may be reached on the κλ parameter if the

Fig. 12. Left: Expected sensitivity to κλ at the HL-LHC by ATLAS and CMS. Right: Expected sensitivity to κλ at the HL-LHC and HE-LHC (see
Ref. [20]).

Fig. 13. Production cross-sections of H boson and HH pairs in +e e collisions as a function of s (see Ref. [58]).
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energy of CLIC reaches indeed 3 TeV [58]. All other projects would have to rely on the indirect constraints through the EW loop
corrections to the single-Higgs production and Higgs branching fractions. The constraints would be in that case O(100%), which are
weaker than the direct ones foreseen from HL-LHC, due to the presence of other contributions to the loop correction from possible
BSM operators [59].

5. Conclusions

T he discovery of the Higgs boson at the LHC in 2012 provided us with a strong indication of the nature of the EWSB, the natural
phenomena behind the existence of masses for elementary particles. One of the goals of this review was to show that the impression
that we understand the EWSB is wrong. We can only guess the shape of the potential that triggers EWSB. In the BEH modeling, the
shape of the BEH potential is assumed to be the simplest possible, a quartic polynomial. Until now, we haven’t proved by direct
measurement that this is true.

The direct measurement of the Higgs boson potential is an absolute priority of the modern HEP scientific program. The HH
production is considered as a golden channel since it provides a direct handle on the Higgs self-coupling parameter λ of the BEH
potential. Unfortunately, HH production is 1000 times less frequent than the production of a single H boson and its measurement is
an extremely challenging task. Due to interference with processes involving the top Yukawa coupling to the H boson, the mea-
surement of λ is even more challenging. The ATLAS and CMS collaborations have invested a significant amount of time and resources
in building sophisticated and robust searches for HH production and in reaching a sensitivity of O(10) times the predicted SM cross-
section with data collected till 2016. The projections toward the HL-LHC that is the only long-term HEP program approved to date
shows that by 2035, the scientific community may have strong hints about the existence of events with a pair of H bosons in the final
state. Under that assumption that the BEH potential is rather SM-like, the Higgs self-coupling parameter would then be known at best
with a 50% precision. The HL-LHC program would allow excluding at 95% confidence level the possibility of the hypothesis Higgs
boson doesn’t couple to itself. Moreover, a lack of HH events in the HL-LHC data would be a strong hint toward a potential difference
from the BEH hypothesis.

All the high energy projects of future colliders proposed to the HEP community try to state the constraint they would bring to the
BEH potential. Except for the CLIC project, the +e e colliders are not punchy enough to provide a direct measurement of λ. They can
nevertheless constrain the Higgs boson self-coupling indirectly since it contributes to the EW corrections to the single Higgs boson
production. On the contrary, all the future pp collider programs consider a significant increase of the center-of-mass energy with
respect to HL-LHC. They would certainly be able to measure HH production and λ with a precision at least 20% if the BEH potential is
SM-like or to exclude the most simple version of the BEH potential.
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