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11.1 Introduction

Understanding the mechanism that breaks the electroweak symmetry and generates the masses
of the known elementary particles has been one of the fundamental endeavours in particle physics for
several decades. The discovery in 2012 by the ATLAS [1] and the CMS [2] collaborations of a new
resonance with a mass of approximately 125 GeV and the subsequent studies of its properties with
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the full data set from Run 1, from 2009 to 2012, with a centre-of-mass energy of 7TeV and 8 TeV,
conclusively provided a first portrait of the Electroweak Symmetry Breaking (EWSB) mechanism.
The data collected during the LHC Run 2, from 2015 to 2018, with a higher centre-of-mass energy
of 13 TeV and more conspicuous dataset, put in solid grounds the compatibility of the measured
resonance with the Higgs boson of the Standard Model (SM) [3].

In the SM, the electroweak interactions are described by a gauge field theory invariant under
the SU(2); x U(1)y symmetry group. The mechanism of EWSB [4] provides a general framework
to keep untouched the structure of these gauge interactions at high energies and still generate the
observed masses of the W and Z gauge bosons. The EWSB mechanism posits a self-interacting
complex EW doublet scalar field, whose C' P-even neutral component acquires a vacuum expectation
value (VEV) v & 246 GeV, which sets the scale of the symmetry breaking. Three massless Goldstone
bosons are generated and are absorbed to give masses to the W and Z gauge bosons. The remaining
component of the complex doublet becomes the Higgs boson — a new, and so far unique, fundamental
scalar particle. The masses of all fermions are also a consequence of EWSB since the Higgs doublet
is postulated to couple to the fermions through Yukawa interactions

The initial measurements during the LHC Run1 were accessible mainly through production
and decay channels related to the couplings of the Higgs boson to the vector gauge bosons (the
mediators of the electroweak interactions, W*, Z and v, as well as the gluons, ¢, mediators of the
strong interactions).

The outstanding performance of the LHC Run 2, made it possible for the ATLAS and CMS
experiments to independently and unambiguously establish the couplings of the Higgs boson to the
charged fermions of the third generation (the top quark, the bottom quark, and the tau). These
observations of fundamental importance were made with partial Run 2 datasets.

In all observed production and decay modes measured so far, the rates and differential mea-
surements are found to be consistent, within experimental and theoretical uncertainties, with the
SM predictions. In high resolution decay channels, such as the ones with four leptons (electrons
or muons) or diphoton final states, the mass of the Higgs boson has been measured at the permill
precision level.

Nevertheless, several channels are still out of reach experimentally and the couplings of the
Higgs boson to light fermions are yet to be proven. Moreover, within the current precision, a more
complex sector with additional states is not ruled out, nor has it been established whether the
Higgs boson is an elementary particle or whether it has an internal structure like any other scalar
particles observed before it.

Without the Higgs boson, the calculability of the SM would have been spoiled. In particular,
perturbative unitarity [5] would be lost at high energies since the longitudinal W/Z boson scattering
amplitude would grow with the centre-of-mass energy. In addition, the radiative corrections to the
gauge boson self-energies would exhibit dangerous logarithmic divergences that would be difficult to
reconcile with EW precision data. With the discovery of the Higgs boson, the SM is a spontaneously
broken gauge theory and, as such, it could a priori be consistently extrapolated well above the
masses of the W and Z bosons. Hence, formally there is no need for new physics at the EW scale.
However, as the SM Higgs boson is a scalar particle, at the quantum level it has sensitivity to
possible new physics scales. Quite generally, the Higgs boson mass is affected by the presence of
heavy particles and receives quantum corrections which destabilise the weak scale barring a large
fine tuning of unrelated parameters. This is known as the Higgs naturalness or hierarchy problem [6].
It has been the prime argument for expecting new physics right at the TeV scale. New theoretical
paradigms have been imagined, such as a new fermion-boson symmetry called supersymmetry
(SUSY) [7] (for recent reviews, see Refs. [8,9]), or the existence of strong interactions at a scale
of the order of a TeV from which the Higgs boson would emerge as a composite state [10] (see
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Refs. [11,12] for recent reviews). Alternatively, new agents stabilising the weak scale could also be
light but elusive, like in models of neutral naturalness [13,14]. Other more recent scenarios [15],
instead, rely on the cosmological evolution of the Universe to drive the Higgs boson mass to a value
much smaller than the cutoff of the theory and aim at alleviating the hierarchy problem without
the need for TeV scale new physics, even thought there might still be interesting and spectacular
signatures [15,16]. Beyond the naturalness problem, extensions of the SM Higgs sector without
other low-energy particles have been proposed, for example, to provide explanations for the fermion
mass hierarchies, see e.g. Ref. [17], to account for the Dark Matter abundance, see e.g. Ref. [18],
or to modify the properties of the electroweak phase transition [19]. Such models with additional
scalars provide grounds to explore new Higgs boson signals in concrete and complete scenarios,
with different types of coupling structure to fermions and gauge bosons.

The Higgs boson is anyway special and, in the eight years since its discovery, it became a powerful
tool to explore the manifestations of the SM and to probe the physics landscape beyond it. It might
offer direct insights on what comes beyond the weak scale through possible sizeable effects on the
Higgs boson properties. The Higgs boson couplings, however, are observed to be in good agreement
with their SM predictions. This, together with the strong bounds from precision electroweak and
flavour data, leaves open the possibility that the Higgs boson may well be elementary, weakly
coupled and solitary up to the Planck scale, rendering the EW vacuum potentially metastable [20].

After completion of the first two runs, the LHC has only gathered approximately 5% of its
projected full dataset. During the second long shut down currently underway, the LHC is under-
going important upgrades in order to prepare for its high luminosity phase. The foreseen larger
datasets to be collected during Run 3 and ultimately during the High Luminosity LHC (HL-LHC),
will enable yet more fundamental and challenging measurements to explore new physics.

This review is organised as follow. Section 11.2 is a theoretical review of the SM Higgs boson,
its properties, production mechanisms and decay rates. In Section 11.3, the experimental measure-
ments are described. In Section 11.4, the combination of the main Higgs boson production and
decay channels is presented. In Section 11.5, measurements of the main quantum numbers and C'P
properties of the Higgs boson are reported and the bounds on its total width are discussed. In Sec-
tion 11.6, a general theoretical framework to describe the deviations of the Higgs boson couplings
from the SM predictions is introduced and the experimental measurements of these Higgs cou-
plings is reviewed. Measurements of differential cross sections are outlined. Section 11.7 presents,
in detail, some interesting models proposed for extensions of the SM Higgs sector, addressing the
hierarchy problem or not, and considers their experimental signatures. Section 11.8 provides a
short summary and a brief outlook.

11.2 The Standard Model and the mechanism of electroweak symmetry breaking
In the SM [3], electroweak symmetry breaking [4] is responsible for generating mass for the W
and Z gauge bosons rendering the weak interactions short ranged. The SM scalar potential reads:

V() = m>PTd + \(PTD)? (11.1)

with the Higgs field @ being a self-interacting SU(2); complex doublet (four real degrees of freedom)
with weak hypercharge Y=1 (the hypercharge is normalised such that @Q = T57, +Y/2, @ being the
electric charge and T3y, the eigenvalue of the diagonal generator of SU(2),):

b — \2 <¢£¢;0> , (11.2)

where ¢° and a are the C'P-even and C'P-odd neutral components, and ¢ is the complex charged
component of the Higgs doublet, respectively. V(&) is the most general renormalisable scalar
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potential. If the quadratic term is negative, the neutral component of the scalar doublet acquires
a non-zero vacuum expectation value (VEV)

1 (0
(D) = 7 <v> ; (11.3)

with ¢° = H + (¢%) and (¢°) = v, inducing the spontaneous breaking of the SM gauge symmetry
SU(3)~ x SU(2), x U(1)y into SU(3), x U(1),,,. The global minimum of the theory defines the
ground state, and spontaneous symmetry breaking implies that there is a (global and/or local)
symmetry of the system that is not respected by the ground state. From the four generators of the
SU(2);, x U(1)y, SM gauge group, three are spontaneously broken, implying that they lead to non-
trivial transformations of the ground state and indicate the existence of three massless Goldstone
bosons identified with three of the four Higgs field degrees of freedom. The Higgs field couples
to the W, and B,, gauge fields associated with the SU(2), x U(1)y local symmetry through the
covariant derivative appearing in the kinetic term of the Higgs Lagrangian,

Citiggs = (D) (D'0) — V(). (11.4)

where D, @ = (0, +igo®W; /2 +ig'Y B,,/2)®, g and ¢ are the SU(2), and U(1)y gauge couplings,
respectively, and 0% a = 1,2,3 are the usual Pauli matrices. As a result, the neutral and the
two charged massless Goldstone degrees of freedom mix with the gauge fields corresponding to
the broken generators of SU(2); x U(1)y and become, in the unitarity gauge, the longitudinal
components of the Z and W physical gauge bosons, respectively. The Z and W gauge bosons
acquire masses,
gt s (g7 + g0
4 0 T4 4
The fourth generator remains unbroken since it is the one associated to the conserved U(1),,
gauge symmetry, and its corresponding gauge field, the photon, remains massless. Similarly the
eight color gauge bosons, the gluons, corresponding to the conserved SU(3), gauge symmetry with
8 unbroken generators, also remain massless (though confined inside hadrons and mesons as the
result of the asymptotic freedom behaviour of QCD). Hence, from the initial four degrees of freedom
of the Higgs field, two are absorbed by the W+ gauge bosons, one by the Z gauge boson, and there
is one remaining degree of freedom, H, that is the physical Higgs boson — a new scalar particle
first imagined by P. Higgs [4]. The Higgs boson is neutral under the electromagnetic interactions
and transforms as a singlet under SU(3), and hence does not couple at tree level to the massless
photons and gluons.
The fermions of the SM acquire mass through renormalisable interactions between the Higgs
field and the fermions: the Yukawa interactions,

miy = (11.5)

EYukawa = _Itl‘dij (le@ de - iluiquiéuRj - il‘lij [LZ@ eRj + h.C., (116)

which respect the symmetries of the SM but generate fermion masses once EWSB occurs. In the
Lagrangian above, ® = ioo®* and qr, (I1) and ug, dr (eg) are the quark (lepton) SU(2); doublets
and singlets, respectively, while in each term, ﬁXij is parametrised by a 3 x 3 matrix in family
space. The mass term for neutrinos is omitted, but could be added in an analogous manner to the
up-type quarks when right-handed neutrinos are supplementing the SM particle content (neutrinos
can also acquire Majorana masses via non-renormalisable dimension-5 interactions with the Higgs
field [21]). Once the Higgs field acquires a VEV, and after rotation to the fermion mass eigenstate
basis that also diagonalises the Higgs-fermion interactions, h fi; — hy0ij, all fermions acquire a
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mass given by my, = hfiv/\/i. The indices i, 5 = 1,2, 3 refer to the three families in the up-quark,
down-quark or charged lepton sectors. It should be noted that the EWSB mechanism provides no
additional insight on possible underlying reasons for the large variety of masses of the fermions,
often referred to as the flavour hierarchy. The fermion masses, accounting for a large number of
the free parameters of the SM, are simply translated into Yukawa couplings.

11.2.1 The SM Higgs boson mass, couplings and quantum numbers

The SM Higgs boson is a C'P-even scalar of spin 0. Its mass is given by mpy = v/2X v, where X is
the self coupling parameter in V(®). The expectation value of the Higgs field, v = (v2Gp)~ /2 ~
246 GeV, is fixed by the Fermi coupling G, which is determined with a precision of 0.6 ppm
from muon decay measurements [22]. The quartic coupling A is a free parameter in the SM, and
hence, there is no a priori prediction for the Higgs mass. Moreover the sign of the mass parameter
m? = —Xv? has to be negative for the EW symmetry breaking to take place, but there is no a
priori understanding of what decides of this sign. The experimentally measured Higgs boson mass,
mpy = 125.10 4+ 0.14 GeV [22], implies that A ~ 0.13 and |m| ~ 88.4 GeV.

The Higgs boson couplings to the fundamental particles are set by their masses. This is a new
type of interaction; very weak for light particles, such as up and down quarks, and electrons, but
strong for heavy particles such as the W and Z bosons and the top quark. More precisely, the SM
Higgs couplings to fundamental fermions are linearly proportional to the fermion masses, whereas
the couplings to bosons are proportional to the square of the boson masses. The SM Higgs boson
couplings to gauge bosons and fermions, as well as the Higgs boson self coupling, are summarised
in the following Lagrangian:

L= —gyplfH+ gHéIHH?’ + gHngH‘* AN (gvaH + “’H’;VVH2> (11.7)
with
m 2m3 2m? 3m? 3m?
Iuff = Tf, gHvV = TV7 JHHVV = TQV, JHHH = s GHHHH = U2H7 (11.8)

where V = W% or Z and Sy = 1,57 = 1/2. As a result, the dominant mechanisms for Higgs
boson production and decay involve the coupling of H to W, Z and/or the third generation quarks
and leptons. The Higgs boson coupling to gluons [23,24] is induced at leading order by a one-loop
process in which H couples to a virtual ¢¢ pair (with minor contributions from the other lighter
quarks). Likewise, the Higgs boson coupling to photons is also generated via loops, although in this
case the one-loop graph with a virtual W W~ pair provides the dominant contribution [25] and it
is interfering with the smaller contribution involving a virtual ¢t pair (as such, the Higgs coupling
to photons is sensitive to the relative phase of the interactions between bosons and fermions).

11.2.2 The SM custodial symmetry

The SM Higgs Lagrangian, Lhiges + Lyukawa Of Eq. (11.4) and Eq. (11.6), is, by construction,
SU(2); x U(1)y gauge invariant, but it also has an approximate global symmetry. In the limit
g — 0 and hy — 0, the Higgs sector has a global SU(2), symmetry, and hence it is invariant
under a global SU(2); x SU(2), symmetry, with SU(2); just being the global variant of the SM
chiral gauge symmetry. This symmetry is preserved for non-vanishing Yukawa couplings, provided
hy = hq. Once the Higgs acquires a VEV, both the SU(2); and SU(2), symmetry groups are
broken but the diagonal subgroup SU(2);, p remains unbroken and it is the subgroup that defines
the custodial symmetry of the SM [26].

In the limit ¢ — 0, the W and Z gauge bosons have equal mass and form a triplet of the
SU(2) ;. r unbroken global symmetry. Using the expressions for the W and Z gauge boson masses
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in term of the gauge couplings, one obtains at tree level

2 2 2
my 9 2 — My
= =cos“fy or p=—2"-— =1. 11.9
m% g2+ g W P m%, cos? Oy (11.9)

The custodial symmetry protects the above relation from large radiative corrections. All correc-
tions to the p parameter are therefore proportional to terms that break the custodial symme-
try. For instance, radiative corrections involving the Higgs boson are proportional to sin® 6y,
§p = —11Grm% sin? Oy log(m?,/m%)/(24y/272), and vanish in the limit ¢’ — 0. Since m; # my,
there are also relevant radiative corrections generated by massive fermions. They are proportional
to m? +m2 — 2(m?m?) log(m?/m?)/(m? — m?) and would indeed vanish for m; = my, [27].

11.2.3 Stability of the Higgs potential

The discovery of the Higgs boson with mp ~125 GeV has far reaching consequences within the
SM framework. In particular, the precise value of my determines the value of the quartic coupling
A at the electroweak scale and makes it possible to study its behavior up to high energy scales. A
larger value of mpg would have implied that the self coupling A would become non-perturbative at
some scale A that could be well below the Planck scale [28].

However, for the value of Higgs boson mass experimentally measured, the EW vacuum of
the Higgs potential is most likely metastable [20]. The high energy evolution of A shows that it
becomes negative at energies A = O(10') GeV (even though A could remain positive till higher
energy, maybe all the way to the Planck scale, if the top quark mass exceeds its current measured
value by 30). When this occurs, the SM Higgs potential develops an instability and the long
term existence of the EW vacuum is challenged. This behaviour may call for new physics at an
intermediate scale before the instability develops, i.e., below Mpjanck, €ven though new physics at
Mpianer could influence the stability of the EW vacuum and possibly modify this conclusion [29].
The consequences of the instability of the EW vacuum on high-scale inflation have been discussed in
Ref. [30]. It was also noticed that Higgs field fluctuations during inflation could seed the formation
of primordial black holes, possibly making up the Dark Matter relic abundance [31] or they could
produce a stochastic background of gravitational waves with characteristic structures [32], offering
a probe of the EW vacuum near criticality.

The lifetime of the EW metastable vacuum is determined by the rate of quantum tunnelling
from this vacuum into the true vacuum of the theory (for the most recent computation of the
EW vacuum lifetime within the SM, see Ref. [33]). Within the SM, the running of the Higgs self
coupling slows down at high energies with a cancellation of its S-function at energies just one to
two orders of magnitude below the Planck scale [34]. This slow evolution of the quartic coupling
is responsible for saving the EW vacuum from premature collapse. It might also help the Higgs
boson to play the role of an inflaton [35] (see, however, Ref. [36] for potential issues with this
Higgs-boson-as-an-inflaton idea).

11.2.4 Higgs boson production and decay mechanisms

Reviews of the SM Higgs boson’s properties and phenomenology, with an emphasis on the
impact of loop corrections to the Higgs boson decay rates and cross sections, can be found in
Refs. [37-44].

11.2.4.1 Production mechanisms at hadron colliders

The main production mechanisms at the Tevatron collider and the LHC are gluon fusion (ggF),
weak-boson fusion (VBF), associated production with a gauge boson (V H), and associated pro-
duction with a pair of tf quarks (ttH) or with a single top quark (tHq). Figurell.1l depicts
representative diagrams for these dominant Higgs boson production processes.

1st June, 2020 8:27am



7 11. Status of Higgs Boson Physics

g q W, Z
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Figure 11.1: Main leading order Feynman diagrams contributing to the Higgs boson production
in (a) gluon fusion, (b) Vector-boson fusion, (c¢) Higgs-strahlung (or associated production with a
gauge boson at tree level from a quark-quark interaction), (d) associated production with a gauge
boson (at loop level from a gluon-gluon interaction), (e) associated production with a pair of top
quarks (there is a similar diagram for the associated production with a pair of bottom quarks),
(f-g) production in association with a single top quark

The state-of-the-art of the theoretical calculations in the main different production channels is
summarized in Table 11.1.

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs boson production
channels in the SM, and the major MC tools used in the simulations

ggF VBF VH ttH
Fixed order: Fixed order: Fixed order: Fixed order:
N3LO QCD + NLO EW NNLO QCD NLO QCD+EW  NLO QCD+EW
(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)
Resummed: Fixed order: Fixed order: (MG5_aMC@NLO)
NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD
(HRes) (HAWK) (VH@NNLO)
Higgs pr:
NNLO+NNLL
(HqT, HRes)
Jet Veto:
N3LO+NNLL

The cross sections for the production of a SM Higgs boson as a function of /s, the center of mass
energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarised
in Fig. 11.2 (left) [45]. A detailed discussion, including uncertainties in the theoretical calculations
due to missing higher-order effects and experimental uncertainties on the determination of SM
parameters involved in the calculations, can be found in Refs. [41-44]. These references also con-
tain state-of-the-art discussions on the impact of PDF uncertainties, QCD scale uncertainties and
uncertainties due to different procedures for including higher-order corrections matched to parton
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shower simulations, as well as uncertainties due to hadronisation and parton-shower events.
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Figure 11.2: (Left) The SM Higgs boson production cross sections as a function of the center of
mass energy, 1/s, for pp collisions [45]. The VBF process is indicated here as g¢H. The theoretical
uncertainties are indicated as bands. (Right) The branching ratios for the main decays of the SM
Higgs boson near mpy = 125 GeV [43,44]. The theoretical uncertainties are indicated as bands.

Table 11.2: The SM Higgs boson production cross sections for mpy =
125 GeV in pp collisions (pp collisions at /s = 1.96 TeV for the Tevatron),
as a function of the center of mass energy, v/s. The predictions for the LHC
energies are taken from Refs. [41-44], the ones for the Tevatron energy are
from Ref. [46]. The predictions for the ggF channel at the LHC include the
latest N3LO results leading to reduced theoretical uncertainties by a factor
around 2 compared to the NNLO+NLL results. The total uncertainties are
estimated assuming no correlations between ag and PDF uncertainties.

Vs Production cross section (in pb) for mpy = 125 GeV

(TeV)

ggF  VBF  WH  ZH tHH  total
1.96 0.95T17% 0.065*5% 0.1375% 0.07975% 0.00410% 1.23
7 16.9714% 11,2472 0.58722% 0,343 1% 0.095.5% 19.1
8 21.4740%1.60123% 0.70721% 0.42730% 0.13 7597 24.2
13 48.6745% 3.78722% 1 37267 .88+ 2 1% 0.50 557 55.1
14 54.7145% 498722 1 5171:9% 0.99+21% 0.60759% 62.1

Table 11.2 summarises the Higgs boson production cross sections and relative uncertainties for
a Higgs boson mass of 125 GeV, for /s = 7, 8, 13 and 14 TeV. The Higgs boson production cross
sections in pp collisions at /s = 1.96 TeV for the Tevatron are obtained from Ref. [46].

1st June, 2020 8:27am



9 11. Status of Higgs Boson Physics

i. Gluon fusion production mechanism

At high-energy hadron colliders, the Higgs boson production mechanism with the largest cross
section is the gluon-fusion process, gg — H + X, mediated by the exchange of a virtual, heavy top
quark [47]. Contributions from lighter quarks propagating in the loop are suppressed proportionally
to mg. QCD radiative corrections to the gluon-fusion process are very important and have been
studied in detail. Including the full dependence on the (top, bottom, charm) quark and Higgs boson
masses, the cross section has been calculated at the next-to-leading order (NLO) in a; [48,49]. To a
very good approximation, the leading top-quark contribution can be evaluated in the limit m; — oo
by matching the SM to an effective theory. The gluon-fusion amplitude is then evaluated from an
effective Lagrangian containing a local HGY,,G“* operator [23,24]. In this approximation, the
cross section is known at next-to-next-to-next-to-leading order (N3LO) [50]. The validity of the
effective theory with infinite m; is greatly enhanced by rescaling the result by the exact LO result:
= (o0 /oLO_ ) X 0mi=co [44]. The large top-quark mass approximation, after this rescaling
of the cross section, yields a NNLO result that has been established to be at the percent level
accuracy [51]. Further progress is made to include full top mass dependence at NNLO [52].

The LO and NLO QCD corrections [53] amount to about 80% of the total N3LO cross section.
The NNLO corrections [54] further enhance the cross section by approximately 30% of the LO
plus NLO result (at pf = p, = mpy/2). Electroweak radiative corrections have been computed at
NLO and increase the LO cross section by about 5% for mpy ~ 125GeV [55]. Mixed QCD-EW
corrections are now being investigated with encouraging results on the computation of the exact 3-
loop amplitude [56] complementing the results obtained in either limit of heavy [57] or massless [58]
gauge bosons.

At N3LO, the perturbation series is rather stable with a mere enhancement of 3% of the total
cross section, with a central value quite insensitive to threshold resummation effects with the scale
choice mentioned above [44,50,59]. At the LHC with a center-of-mass energy of 13 TeV, the most
up-to-date value for the production cross section of a 125 GeV Higgs boson amounts to [44]

N0 = 48.6pb 1330 (T4 000 (theory) £ 1.6 pb (3.2%) (PDF + o). (11.10)

Besides considering the inclusive Higgs boson production cross section at the LHC, it is im-
portant to study differential distributions in order to probe the properties of the Higgs boson in a
detailed way. A more exclusive account of Higgs boson production is also required because experi-
mental analyses often impose cuts on the final states in order to improve the signal-to-background
ratio. To this end, it is useful to define benchmark cuts and compare the differential distributions
obtained at various levels of theoretical accuracy (i.e., at NLO or NNLO) with Monte-Carlo gen-
erators. In the infinite top mass limit, the Higgs boson pp distribution is known at NNLO [60, 61]
(see Ref. [62] for a recent reappraisal) and heavy quark mass effects, including top-bottom inter-
ferences, have been computed at NLO [63], revealing a non-trivial logarithmic structure that will
make resummation difficult [64]. A programatic approach for a fixed-order/resummation matching
of the top-bottom interferences has been proposed [65]. Many search modes for the Higgs boson are
carried out by separating the events according to the number of jets or the transverse momentum
and rapidity of the Higgs boson. For pr < 35 GeV, predictions for the transverse-momentum dis-
tribution can only be trusted after large logarithms of the form o In” (mu/p¥*), k < 2n—1, and
(non-Sudakov) double logarithms of the form gr,g my/mu[In®(mpy/my), In?(pr/m,)] have been re-
summed. This has been accomplished with N3LL accuracy [66] and the results have been matched
onto the fixed-order prediction at NNLO [67]. In addition, impressive progress is made to improve
the calculation of the Higgs boson production cross section with a jet veto (the “0O-jet bin” or in
the presence of a veto bounding the transverse momentum of the hardest accompanying jet) [68],
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reaching N2LL accuracy matched to N3LO. These accurate predictions for the jet-veto cross sec-
tion are required, e.g., to suppress the ¢t background in the H — WW channel [69]. Electroweak
corrections have been studied in Ref. [70]. Note that in the boosted regime, at pp ~ 1TeV, VH
takes over ggF as the dominant channel [71].

ii. Vector boson fusion production mechanism

The SM Higgs boson production mode with the second-largest cross section at the LHC is vector bo-
son fusion. At the Tevatron collider, VBF also occurred, but for my = 125 GeV had a smaller cross
section than Higgs boson production in association with a W or Z boson. Higgs boson production
via VBF, qq¢ — qqH, proceeds by the scattering of two (anti-)quarks, mediated by ¢- or u-channel
exchange of a W or Z boson, with the Higgs boson radiated off the weak-boson propagator. The
scattered quarks give rise to two back-to-back hard jets in the forward and backward regions of the
detector [72]. Because of the color-singlet nature of the weak-gauge boson exchange, gluon radia-
tion from the central-rapidity regions is strongly suppressed. These characteristic features of VBF
processes can be exploited to distinguish them from overwhelming QCD backgrounds, including
gluon-fusion induced Higgs boson + 2 jet production, and from s-channel WH or ZH production
with a hadronically decaying weak gauge boson. After the application of specific selection cuts,
the VBF channel provides a clean environment, not only for the Higgs boson searches originally
performed, but also for the subsequent determination of Higgs boson couplings at the LHC.

At the inclusive level, the cross-section is known at N3LO [73], with a residual uncertainty of
the order of few permill. However, this result is obtained in the DIS/factorised approximation [74]
where the fusing gauge bosons are emitted from the two quark legs independently. While, the exact
NNLO VBF calculation will remain out-of-reach in the near future, the leading non-factorisable
contributions with two forward jets have been estimated [75]. They give some corrections, also
of the order of few permill, to inclusive quantities, but they are an order of magnitude larger for
differential observables. Full NNLO QCD and NLO EW results in the DIS approximation are
known [76] and the residual uncertainty is of the order of a few percent but is quite sensitive to the
tagging jet cuts and jet radius modelling [77].

iii. WH and ZH associated production mechanism

The next most relevant Higgs boson production mechanisms after ggF and VBF at the LHC, and
the most relevant ones after ggF at the Tevatron collider, are associated production with W and
Z gauge bosons. The cross sections for the associated production processes, pp — VH + X, with
V = W+, Z receive contributions at NLO given by NLO QCD corrections to the Drell-Yan cross
section [78,79] and from NLO EW corrections. The latter, unlike the QCD corrections, do not
respect the factorisation into Drell-Yan production since there are irreducible box contributions
already at one loop [80]. At NNLO, the Drell-Yan-like corrections to W H production also give
the bulk of the corrections to ZH production [81]. For ZH production there are, however, gluon-
gluon induced contributions that do not involve a virtual Z gauge boson but are such that the Z
gauge boson and H boson couple to gluons via top-quark loops [82], see diagram (d) in Fig. 11.1.
In addition, WH and ZH production receive non Drell-Yan-like corrections in the ¢¢’ and qq
initiated channels, respectively, at the NNLO level, where the Higgs boson is radiated off top-quark
loops [83]. The full QCD corrections up to NNLO order, the NLO EW corrections and the NLO
corrections to the gluon-gluon channel are available in VHONNLO [84].

As neither the Higgs boson nor the weak gauge bosons are stable particles, their decays also
have to be taken into account. Providing full kinematical information for the decay products
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can furthermore help in the suppression of large QCD backgrounds. Differential distributions for
the processes pp — WH — pylH and pp — ZH — (Y0~ H/vH, including NLO QCD and
EW corrections, have been presented in Ref. [85]. The NNLO QCD corrections to differential
observables for W H production at the LHC, including the leptonic decays of the W boson and the
decay of the Higgs boson into a bb pair, are presented in Ref. [86]. Calculations at the same level,
including also the ZH process have been performed [87]. The W H production mode has also been
matched to a parton shower at NNLO accuracy [88]. Full NNLO results for both the production
and decay are available [89] and show a large impact of radiation from the final-state bottoms.
The WH and ZH production modes, especially in the boosted regime, provide a relatively clean
environment for studying the decay of the Higgs boson into bottom quarks [90].

iv. Higgs boson production in association with tt

Higgs boson radiation off top quarks, pp — ttH, provides a direct probe of the top-Higgs Yukawa
coupling. The LO cross section for this production process was computed in Ref. [91]. Later, the
NLO(+NNLL) QCD [92] and NLO EW corrections [93] were evaluated yielding a moderate increase
in the total cross section of at most 20%, but significantly reducing the scale dependence of the in-
clusive cross section. The EW corrections can be enhanced by large electroweak Sudakov logarithms
in particular in the boosted regime often used in the phenomenological analyses [94]. The total
theoretical errors, estimated by combining the uncertainties from factorisation and renormalisation
scales, strong gauge coupling, and parton distributions, amount to 10-15% of the corresponding
inclusive cross section. Interfaces between NLO QCD calculations for ttH production with parton-
shower Monte-Carlo programs have been provided in Ref. [95]. These programs provide the most
flexible tools to date for the computation of differential distributions, including experimental se-
lection cuts and vetoes on the final-state particles and their decay products. The fixed-order NLO
QCD calculation have been interfaced with the standard Parton Shower Monte-Carlo generators,
allowing an accurate description of the ttH signal, from the energy scale of the hard scattering to
the hadronisation energy scale. The exploitation of this channel requires, however, a proper de-
scription of the background, in particular t¢bb, which exhibits a huge k-factor' enhancement from
shower effects, see Ref. [44] for a detailed discussion.

v. Other single Higgs boson production mechanisms at the LHC

The Higgs boson production in association with a single top quark, though subdominant, can bring
valuable information, in particular regarding the sign of the top Yukawa coupling. This is due to
an almost totally destructive interference between two large contributions, one where the Higgs
boson couples to a space-like W boson and the other where it couples to the top quark. This
process has been computed at NLO in a five-flavour scheme [96] and amounts to about 90 fb at
Vs = 14 TeV (with the opposite sign of the top Yukawa coupling, the cross section increases by
one order of magnitude while the cross section for associated production with a pair of top quarks
is unaffected).

The Higgs boson production in association with a pair of bottom quarks (bbH) is known at
NNLO in the case of five quark flavours [97-99]. The coupling of the Higgs boson to a b-quark
is suppressed in the SM by the bottom-quark mass over the Higgs VEV, m; /v, implying that
associated production of a SM Higgs boson with b-quarks is small at the LHC. Yet, at high energy,
large logarithms are present and need to be resummed, leading to an enhancement of the inclusive
cross section. At /s = 14TeV, the bbH cross section can be as large as 550 fb, still two orders

Lthe k-factor is defined as the ratio of a physical quantity with and without radiative corrections included.
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of magnitude below the ggF production cross section. In a two Higgs doublet model or a SUSY
model, which will be discussed in Section 11.7, this coupling is proportional to the ratio of neutral
Higgs boson vacuum expectation values, tan 3, and can be significantly enhanced for large values
of this ratio. Consequently, the bbH mode can even become the dominant production process for
the Higgs boson, unlike in the SM.

The Higgs boson production in association with charm quarks is also known at NNLO and its
cross section is approximately 85 fb at /s = 13 TeV [44].

vi. Double Higgs boson production at the LHC

The main interest in the double Higgs boson production is that it can provide invaluable information
on the Higgs potential. In particular, it gives access to the Higgs trilinear self coupling. The
dominant production is via gluon fusion gg — HH. It accounts for more than 90% of the total
inclusive cross-section, the sub-leading production mechanisms are VBF HHjj (around 1.7fb at
13TeV), HHW (0.50fb), HHZ (0.36fb) and ttHH (0.8fb). The fixed order QCD corrections,
computed in the infinite top mass limit, are large, typically doubling the cross section from LO to
NLO [100] and further enhancing it by 20% from NLO to NNLO [101] to reach at 13 TeV [45]

o(gg — HH) O 7™ = 31.05 1227 (theory) & 3% (PDF + a,) & 2.6% (my). (11.11)

Recently, the complete NLO corrections with all top quark mass effects also became available
numerically [102,103], intriguingly revealing a k-factor much less flat than predicted in the large
top mass approximations. The non-trivial dependence of the results on the renormalisation scheme
and scale for the top quark mass [103] questions the assessment of the scale uncertainty and would
warrant a proper NNLO computation that will however remain out of reach for quite some time.
At the differential level, the destructive interference between the box and the triangle contributions
complicates the predictions made in the infinite top mass limit for both the HH invariant mass
and the leading Higgs boson pr distributions. With an inclusive cross section of about 35fb at
/s = 13 TeV and a difficult signal vs background discrimination, the double Higgs boson production
remains a challenging channel to probe and will greatly benefit from the high-luminosity run of the
LHC [104].

11.2.4.2 Production mechanisms at ete™ colliders

The dominant Higgs boson production cross sections at an ete™ collider are from the Higgs-
strahlung process [23,105], ete™ — ZH, and the WW fusion process [106], eTe™ — D W*W* —
VeveH. The cross-section for the Higgs-strahlung process scales as s~ and is predominant at low
energies, while the cross-section for the WW fusion process scales as In(s/m?;) and dominates at
high energies [107]. The ZZ fusion mechanism, ete™ — ete”Z*Z* — ete™ H, also contributes to
the Higgs boson production, with a cross-section suppressed by an order of magnitude with respect
to that of WW fusion. The process eTe™ — ttH [108] becomes important for /s > 500 GeV. For a
more detailed discussion of Higgs boson production properties at lepton colliders, see for example

Ref. [109).

11.2.4.3 SM Higgs boson branching ratios and total width

For the understanding and interpretation of the experimental results, the computation of all
relevant Higgs boson decay widths is essential, including an estimate of their uncertainties and, when
appropriate, the effects of Higgs boson decays into off-shell particles with successive decays into
lighter SM ones. A Higgs boson mass of about 125 GeV allows to explore the Higgs boson couplings
to many SM particles. In particular the dominant decay modes are H — bb and H — WW*,
followed by H — g9, H — 777~, H — cc and H — ZZ*. With much smaller rates follow
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the Higgs boson decays into H — vy, H — vZ and H — pupu~. Since the decays into gluons,
diphotons and Z~ are loop induced, they provide indirect information on the Higgs boson couplings
to WW, ZZ and tt in different combinations. The uncertainties in the branching ratios include the
missing higher-order corrections in the theoretical calculations as well as the errors in the SM input
parameters, in particular fermion masses and the QCD gauge coupling, involved in the decay. In
the following the state-of-the-art of the theoretical calculations will be discussed and the reader is
referred to Refs. [41-44,110] for detail.

The evaluation of the radiative corrections to the fermionic decays of the SM Higgs boson are
implemented in HDECAY [111] at different levels of accuracy. The computations of the H — bb and
H — cc decays include the complete massless QCD corrections up to N4LO, with a corresponding
scale dependence of about 0.1% [112]. Both the electroweak corrections to H — bb, cc as well as
H — 777~ are known at NLO [113] providing predictions with an overall accuracy of about 1-2%
for myg ~ 125 GeV.

The loop induced decays of the SM Higgs boson are known fully at NLO and partially beyond
that approximation. For H — gg, the QCD corrections are known up to N3LO in the limit of
heavy top quarks [49,114] and the uncertainty from the scale dependence is about 3%. For the
H — 77, the full NLO QCD corrections are available [49,115] and the three-loop QCD corrections
have also been evaluated [116]. The NLO electroweak corrections to H — gg and H — 7y
have been computed in Ref. [117]. All these corrections are implemented in HDECAY [111]. For
mp =~ 125 GeV, the overall impact of known QCD and EW radiative effects turns out to be well
below 1%. In addition, the contribution of the H — ~ve™e™ decay via virtual photon conversion
has been computed in Ref. [118]. The partial decay width H — Z= is only implemented at LO in
HDECAY, including the virtual W, top-, bottom-, and 7-loop contributions. The QCD corrections
have been calculated and are at the percent level [119]. The theoretical uncertainty due to unknown
electroweak corrections is estimated to be less than 5%, an accuracy that will be hard to achieve
in the measurement of this process at the LHC.

Table 11.3: The branching ratios and the relative uncertainty [43,44] for
a SM Higgs boson with mp = 125 GeV.

Decay channel = Branching ratio  Rel. uncertainty

H — vy 2.27 x 1073 2.1%
H—~7ZZ 2.62 x 1072 +1.5%
H—WTW- 2.14 x 107! +1.5%
H— 171" 6.27 x1072 +1.6%
H — bb 5.82 x 107! 2%
H — ce 2.89 x 1072 M
H — Z~v 1.53 x 1073 +5.8%
H — ptp~ 2.18 x 1074 +1.7%

The decays H — WW/ZZ — 4f can be simulated with the Prophecy4f Monte-Carlo genera-
tor [120] that includes complete NLO QCD and EW corrections for Higgs decays into any possible
four-fermion final state. All calculations are consistently performed with off-shell gauge bosons,
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without any on-shell approximation. For the SM Higgs boson, the missing higher-order corrections
are estimated to be roughly 0.5%. Such uncertainties will have to be combined with the parametric
uncertainties, in particular those associated to the bottom-quark mass and the strong gauge cou-
pling, to arrive at the full theory uncertainty. A detailed treatment of the differential distributions
for a Higgs boson decay into four charged leptons in the final state is discussed in Refs. [43,121].
The total width of a 125 GeV SM Higgs boson is I'y = 4.07 x 1073 GeV, with a relative uncer-
tainty of fé:ggﬁ. The branching ratios for the most relevant decay modes of the SM Higgs boson as
a function of my, including the most recent theoretical uncertainties, are shown in Fig. 11.2 (right)
and listed for myg = 125 GeV in Table 11.3. Further details of these calculations can be found in

the reviews [41-44] and references therein.

11.3 The experimental profile of the Higgs boson

The observation [1,2] at the LHC of a narrow resonance with a mass of about 125 GeV was an
important landmark in the decades-long direct search [46,122] for the SM Higgs boson. This was
followed by a detailed exploration of properties of the Higgs boson at the different runs of the LHC
at /s = 7, 8 and 13 TeV.

The dataset at /s =13 TeV in the Run2 phase of the LHC operation corresponds to an in-
tegrated luminosity of about 156 fb~! see Table 11.4. The datasets effectively useful for analysis
need to take into account the data-taking efficiency with fully operational detectors and the data
quality efficiency. The typical total inefficiency for both ATLAS and CMS is approximately 10%,
where approximately half is due to the data taking inefficiency and half from data quality.

In this section, most of the references for the Run 1 measurements that have been updated at
the Run 2 are given in the previous version of this review [123] and are not repeated herein.

Table 11.4: The LHC pp collision centre-of-mass energies and delivered
data samples.

Year /s (TeV) [ L.dt (fb~1)  Period
2010 7 0.04 Run1
2011 7 6.1 Run1
2012 8 23.3 Run1
2015 13 4.2 Run 2
2016 13 40.8 Run 2
2017 13 50.2 Run 2
2018 13 60.6 Run2

11.3.1 The principal decay channels to vector bosons

For a given my, the sensitivity of a channel depends on the production cross section of the Higgs
boson, its decay branching fraction, the reconstructed mass resolution, the selection efficiency and
the level of background in the final state. For a low-mass Higgs boson (110 GeV < mpy < 150 GeV)
for which the SM width would be only a few MeV, five decay channels play an important role
at the LHC. In the H — vy and H — ZZ* — 4{ channels, all final state particles can be
very precisely measured and the reconstructed my resolution is excellent (typically 1-2%). While
the H — WTW~ — (*ul'~Up channel has relatively large branching fraction, however, due
to the presence of neutrinos which are not reconstructed in the final state, the mpyg resolution,
obtained through observables sensitive to the Higgs boson mass such as the transverse mass, is poor
(approximately 20%). The H — bb and the H — 777~ channels suffer from large backgrounds and
lead to an intermediate mass resolution of about 10% and 15% respectively.
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With the increase in the size of datasets, measurements in the most sensitive channels are now
carried out differentially or in exclusive modes depending on specific production characteristics.
These measurements are discussed in Section 11.6.2.4.

The candidate events in each Higgs boson decay channel are split into several mutually exclusive
categories (or event tags) based on the specific topological, kinematic or other features present
in the event. The categorization of events increases the sensitivity of the overall analysis and
allows a separation of different Higgs boson production processes. Most categories are dominated
by signal from one Higgs boson decay mode but contain an admixture of various Higgs boson
production processes. For example, a typical VBF selection requires Higgs boson candidates to be
accompanied by two energetic jets (> 30 GeV) with a large dijet mass (> 400 GeV) and separated
by a large pseudo-rapidity (An;; > 3.5) [124]. While such a category is enriched in Higgs bosons
produced via VBF, the contamination from the ggF production mechanism can be significant.
Hence, a measurement of the signal rate in the VBF category does not imply a measurement of
VBF production cross section since one cannot resolve the contamination from ggF. Simulations
are used to determine the relative contributions of the various Higgs boson production modes in
each specific categories.

An important difference between the Run1 and Run2 results, in particular when comparing
signal strengths, and therefore in the measurement of the couplings of the Higgs boson as discussed
in Section 11.4, is that values and errors of the predicted cross sections have been improved (mostly
the scale and PDF uncertainties). The theoretical predictions are however compatible and therefore,
the signal strengths can be compared on a sound basis.

11.3.1.1 H — vy
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Figure 11.3: (Left) The invariant mass distribution of diphoton candidates, with each event
weighted by the ratio of signal-to-background in each event category, observed by ATLAS [125]
at Run 2. The residuals of the data with respect to the fitted background are displayed in the lower
panel. (Right) The my, distribution from CMS [126] Run 2 data.

In the H — ~7 channel, a search is performed for a narrow peak over a smoothly falling
background in the invariant mass distribution of two high pr photons. The background in this
channel is conspicuous and stems from prompt ~ processes for the irreducible backgrounds, and
the y+jet and dijet processes for the reducible backgrounds where one jet fragments typically
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into a leading 7°. In order to optimise search sensitivity and also to separate the various Higgs

boson production modes, ATLAS and CMS split events into several mutually exclusive categories.
Diphoton events containing a high py muon or electron, or missing energy (E}) consistent with
the decay of a W or Z boson, are tagged in the V H production category. Diphoton events containing
energetic dijets with a large mass and pseudo-rapidity difference are assigned to the VBF production
category, and the remaining events are considered either in the V H category when the two jets
are compatible with the hadronic decay of a W or a Z, or in the ggF production category. While
the leptonic V H category is relatively pure, the VBF category has significant contamination from
the gluon fusion process. Events which are not picked by any of the above selections are further
categorised according to their expected m., resolution and signal-to-background ratio. Categories
with good mpy resolution and larger signal-to-background ratio contribute most to the sensitivity
of the search.

Both ATLAS and CMS have studied in detail the calibration of the energy response of pho-
tons, in particular using Z — eTe™, Z — puTp "7 and the response of muons in the calorimeter
(for ATLAS) from Z — ptpu~ events. This information is used to correct the simulated signal
mass line-shapes. In each category, parametric signal models are adjusted to these line-shapes to
provide a functional form for the signal. Simple monotonic functional forms of the backgrounds are
determined by a fit to the m.., distribution in each category (typically exponential, Bernstein poly-
nomials, Laurent series or power laws). All categories are fitted simultaneously to determine the
signal yield at the measured combined Run 1 mass of 125.09+ GeV [127] discussed in Section 11.3.2.
The m, distribution after combining all categories is shown in Fig. 11.3, using the full ATLAS
Run 2 dataset.

The signal strength, p = (0 - BR)obs/(0 - BR)gm, which is the observed product of the Higgs
boson production cross section (¢) and its branching ratio (BR) normalised to the corresponding
SM values, is 1.17 + 0.27 for ATLAS in Run1 and 1.02 £ 0.14 in Run2 [128] (where this signal
strength measurement is estimated from the measured fiducial cross sections and thus neglects
acceptance systematic uncertainties, which are not expected to be dominant in particular given
that the measurement is inclusive). The signal strengths 2 measured in Run1 and Run2 by the
CMS collaboration are 1.187025 and 1.187517 [129] respectively.

11.3.1.2 H — ZZ* = (T 00~

In the H — ZZ* — T4~ ¢'T¢'~ channel, a search is performed for a narrow mass peak over a
small continuous background dominated by non-resonant ZZ* production from ¢g annihilation and
gg fusion processes. The contribution and the shape of this irreducible background is taken from
simulation. The subdominant and reducible backgrounds stem from Z + bb, tt and Z + jets events.
Their contribution is suppressed by requirements on lepton isolation and lepton impact parameter
and their yield is estimated from control samples in data.

To help to distinguish the Higgs boson signal from the dominant non-resonant ZZ* background,
both ATLAS and CMS [130] use a matrix element likelihood approach to construct a kinematic
discriminant built for each 4¢ event based on the ratio of complete leading-order matrix elements
| Msig? / Mpig?| for the signal (g9 — H — 4¢) and background (qg — ZZ — 4¢) hypotheses. To
further enhance the sensitivity, experiments also use multivariate techniques.

To improve the sensitivity to more exclusive production processes such as VBF, VH and ttH,
the experiments divide 4¢ events into mutually exclusive categories. Events are categorised in
terms of the number of reconstructed jets, the number of additional leptons (from the decay of a
vector boson in the associated production mode), number of jet tagged as containing a b-hadron, the
transverse momentum of the Higgs boson (or e.g. its associated vector boson) and missing transverse

2The Run 1 results for ATLAS and CMS are at fixed values of my = 125.4 GeV and 124.7 GeV, respectively.
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momentum. The exclusive processes are also further separated in different kinematic regions in a
framework referred to as Simplified Template Cross Sections (see Section 11.6.2.4). Dijets with a
large mass and pseudo-rapidity difference populate the VBF category. ATLAS requires the presence
of an additional lepton in the V H category. In events with less than two jets, CMS uses the p4T€ to
distinguish between production via the gluon fusion and the V H/VBF processes.

Since the myy resolutions and the reducible background levels are different in the 44, 4e and 2e2u
sub-channels, they are analysed separately and the results are then combined. The distribution
of the reconstructed invariant mass of the four leptons for CMS [126] is given in Fig. 11.3 (right),
showing a clear excess at a mass of approximately mpg = 125 GeV. Both experiments also observe
a clear peak at mgy = 91 GeV from the production of a Z boson on-mass-shell and decaying to four
leptons due typically to the emission of an off-shell photon from one of the primary leptons from
the Z boson decay.

The signal strengths p for the inclusive H — 4¢ production measured by ATLAS and CMS
are 1.44704% at my = 125.36 GeV and 0.937032 at my = 125.6 GeV respectively, in Run1. The
signal strengths measured by ATLAS and CMS in Run 2 are 1.04 £ 0.10 [131] and 0.94 £ 0.10 [126]
respectively (the ATLAS measurement is made at the combined Run 1 Higgs boson mass of my =
125.09 GeV while the my is profiled in the CMS analysis). The dominant uncertainty in these
measurements remains the statistical uncertainty.

11.3.1.3 Measurement of the Higgs boson mass

To measure the mass of the Higgs boson, ATLAS and CMS collaborations rely on the two
high mass-resolution and sensitive channels, vy and ZZ*/4¢. The ATLAS and CMS approaches
are very similar in these two analyses with small differences on the usage of categories, additional
discriminating variables and per-event errors. In these two channels, the mass resolutions range
from 1.4 GeV to 2GeV for ATLAS and from 1.0 GeV to 2.8 GeV for CMS (see Ref. [127] and the
reconstruction-performance references therein). The best mass resolution is obtained for both
experiments in the diphoton channel for central diphoton pairs (typically for events where both
photons are not converted). The signal strengths in the vy and ZZ channels are assumed to be
independent and not constrained to the expected rate (u = 1) for the SM Higgs boson.

Figure 11.4 summarizes all measurements of the Higgs boson mass, including the individual and
combined Run 1 measurements [127] and the Run 2 measurement by ATLAS [132] and CMS [130,
133] for both the diphoton and the 4¢ channels.

In the diphoton channel, as discussed in Section 11.5.3.2, a mass shift is expected to be induced
by the deformation of the mass line-shape of the signal in presence of background, from the in-
terference between the Higgs boson production and the continuum irreducible background. It is
a small but non negligible effect of approximately 35MeV [134] for a Higgs boson width close to
that of the SM. This effect could be larger if the width of the Higgs boson were to be substantially
larger. This effect estimated by ATLAS with a full simulation is still relatively small with respect
to the total uncertainty on the mass and is therefore neglected.

11.3.1.4 H—-WtW~ = {Tvl v

In this intricate channel, experiments search for an excess of events with two leptons of opposite
charge accompanied by missing energy and/or jets. A typical event selection is described below
in order to give an idea of the main challenges. Specific selections vary between experiments
and between Run1 and Run2 analyses. Events are divided into several categories depending on
the lepton flavour combination (ete™, ptp~and e*p¥) and the number of accompanying jets
(Njet = 0,1,> 2). In the ATLAS analysis, the Njx > 2 category is optimised for the VBF
production process by selecting two leading jets with a large pseudo-rapidity difference and with a
large mass (m;; > 500 GeV).
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ATLAS and CMS —4—~ Total [ ] Stat. [ Syst.

7 TeV, 8 TeV and 13 TeV Tot. Stat. Syst.
ATLAS H —~yyRun1 == 126.02 + 0.51 (+ 0.43 + 0.27) GeV
CMS H -yyRun1l = 124.70 + 0.34 (+ 0.31 + 0.15) GeV
| ATLASH - 4lRin1 =4 12451 £ 0.52 (+ 0.52 * 0.04) GeV |
CMS H - 4lRun1 — 125.59 * 0.45 (+ 0.42 + 0.17) GeV
| ATLAS-CMS yyRun1 - 125.07 +0.20 (+ 0.25 + 0.14) GeV |
ATLAS-CMS 4l Run 1 125.15 + 0.40 (+ 0.37 * 0.15) GeV

ATLAS-CMS Comb. Run 1 125.09 * 0.24 (+ 0.21 £ 0.15) GeV

ATLAS H -yyRun 2 124.93 £ 0.40 (£ 0.21 £ 0.34) GeV

ATLAS H - 4l Run 2 124.79 * 0.37 (+ 0.36 £ 0.05) GeV

CMS H - 4lRun?2 £ 125.26 +0.21 (+ 0.20 + 0.08) GeV
CMS H - yyRun?2 4 125.78 +0.26 (+ 0.18 + 0.19) GeV
CMS Comb. Run 2 & 125.46 +0.17 (£ 0.13 + 0.11) GeV
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Figure 11.4: Summary of the CMS and ATLAS mass measurements in the vy and ZZ channels in
Run1 and Run 2.

Backgrounds contributing to this channel are numerous and depend on the category of selected
events. Reducing them and accurately estimating the remainder is a major challenge in this ana-
lysis. For events with opposite-flavour leptons and no accompanying high pr jets, the dominant
background stems from non-resonant WW production. Events with same-flavour leptons suffer
from large Drell-Yan contamination (note that also the opposite-flavour leptons analysis has Drell—
Yan 77 background in 0-jet category). The tt , tW and W + jets (with the jet misidentified as a
lepton) events contaminate all categories. Non-resonant W2, ZZ and W+ processes also contribute
to the background at a sub-leading level.

A requirement of large missing transverse energy (E:,n}iss) is used to reduce the Drell-Yan and
multijet backgrounds. In the eTe™ and pu™p~ categories, events with my, consistent with the
Z mass are vetoed. The tt background is suppressed by a veto against identified b-jets or low
pr muons assumed to be coming from semi-leptonic b-hadron decays within jets (this soft muon
veto was not applied anymore in Run2 analysis) and tight isolation requirements diminish the
W+jets background. The scalar nature of the Higgs boson and the V — A nature of the W boson
decay implies that the two charged leptons in the final state are preferentially emitted at small
angles with respect to each other. Therefore the dilepton invariant mass (mygy) and the azimuthal
angle difference between the leptons (A¢y) are used to discriminate between the signal and non-
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resonant WV events [135]. The transverse mass, constructed from the dilepton py (p), Emiss

and the azimuthal angle between E%ﬂss and p%, is defined as mp = \/ 2p¥E¥iSS(1 — cos A EmessM)
and serves as an effective discriminant against backgrounds. The transverse mass variable also
tracks the Higgs boson mass but with a poor mass resolution. Background rates except for the
small contributions typically from non-resonant W2, ZZ and W+~ are evaluated from data control
samples with floating normalisation.

ATLAS fitted the mp distributions and observed an excess at my = 125.36 GeV with a local
significance of 6.1¢ similar to that expected from a 125GeV SM Higgs boson. The measured
inclusive signal strength is p = 1.09f8:%z{’. In the VBF category, an excess with a significance of
3.20 corresponding to a signal strength of u = 1.27J_r8:?£ is observed. The CMS analysis of 0- and
1-jet categories, using all lepton flavour combinations, shows an excess with an observed significance
of 4.30, lower than the expected sensitivity of 5.8¢ for a 125.6 GeV SM Higgs boson. CMS observes
no significant excess in the VBF production mode and sets a 95% CL limit on the signal strength
of pypr < 1.7 for my = 125.6 GeV.

ATLAS and CMS have also searched for the associated Higgs boson production in this channel.
The signal consists of up to three (WH) or four (ZH) high pr isolated leptons with missing
transverse energy and low hadronic activity. The major backgrounds stem from triboson and
diboson production where each boson decays leptonically. ATLAS observes [136] an excess at
myp = 125.36 GeV with a local significance of 2.5¢ corresponding to a uy g = 3.0ﬂ:8. CMS instead
sets a 95% CL limit of uy g < 4.7.

In this difficult channel, the full Run 2 dataset has not yet been analysed by ATLAS nor CMS.
There have been partial analyses made with Run2 data at 13TeV by both ATLAS and CMS.
ATLAS has analysed the WW — evuv decay mode in the gluon fusion, the VBF and V H produc-
tion modes with 2015 and 2016 datasets [137,138]. With this limited dataset the measured gluon
fusion signal strength yielded [138] pger = 1.10 & 0.20, with the largest uncertainties being the
experimental systematic uncertainties.

CMS has performed a more complete analysis with the full 2016 dataset, with most production
channels covering both the opposite- and same-flavour final states of opposite charge leptons (elec-
trons or muons), obtaining a combined signal strength of pww = 1.28 £ 0.18 [139]. This analysis
aims at several production modes (ggF, VBF and VH — with the vector boson reconstructed both
in jet and leptonic decay modes).

11.3.2 Decays to third generation fermions (bb and 7777)

In the SM, fermions acquire a mass through gauge invariant interactions with the Higgs field
which is also responsible for the electroweak symmetry breaking and thus for generating the masses
of gauge bosons (see Section 11.2 for more details). While this minimal solution is very elegant,
there is no fundamental reason for it to be the case, and probing the couplings of the Higgs boson
to fermions is therefore of fundamental importance, in particular since BSM physics can largely
change the SM predictions.

The discovery of the Higgs boson was made essentially through bosonic final states. These
decays probed mostly the couplings of the Higgs boson to vector bosons (the decay of the Higgs
boson to photons occurring only through loops is also dominated in the SM by the coupling of the
Higgs boson to W bosons). However, the predominant Higgs boson production mode is the gluon
fusion, occurring only through loops dominated by the coupling of the Higgs boson to fermions.
The observation of the Higgs boson in the two photons or two gluons decay modes is also an
indirect evidence for the coupling of the Higgs boson to fermions (and in particular to the top
quark). Nevertheless, the observation of either decays to fermions or production modes which
unambiguously proceed through fermion couplings provide direct probes of the coupling of the
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Higgs boson to fermions and is thus of fundamental importance.

At hadron colliders, the most promising channel for probing the coupling of the Higgs field
to the quarks and leptons are H — bb and H — 7177, respectively. For a Higgs boson with
mp ~ 125 GeV, the branching fraction to bb is about 58% and to 777~ is about 6%. Nevertheless,
the presence of very large backgrounds makes the isolation of a Higgs boson signal in these channels
quite challenging.

One of the most prominent goals of the LHC Run2 for ATLAS and CMS was the direct ob-
servation of the Yukawa coupling of the Higgs boson to fermions of the third generation (bottom
quarks, tau leptons and top quarks). This goal has been reached independently by both ATLAS
and CMS and with only partial Run 2 datasets.

11.3.2.1 H = 777~

In the H — 777~ search, 7 leptons decaying to electrons (7), muons (7,) and hadrons (7Theq)
are considered. The 717~ invariant mass (m.,,) is reconstructed from a kinematic fit of the visible
products from the two 7 leptons and the missing energy observed in the event. Due to the presence
of missing neutrinos, the m,, resolution is poor (= 15%). As a result, a broad excess over the
expected background in the m,, distribution is searched for. The major sources of background
stem from Drell-Yan Z — 777~ and Z — eTe™, W+jets, t£ and multijet production. Events in all
sub-channels are divided into categories based on the number and kinematic properties of additional
energetic jets in the event and the transverse momentum of the reconstructed Higgs boson and the
distance AR distance between the two 7’s. The sensitivity of the search is generally higher for
categories with one or more additional jets. The VBF category, consisting of a 7 pair with two
energetic jets separated by a large pseudo-rapidity, has the best signal-to-background ratio and
search sensitivity, followed by the 777741 jet category. The signal to background discrimination
relies in part on the m., resolution, which improves with the boost of the Higgs boson. The non-
VBF categories are further subdivided according to the observed boost of the 777~ system. CMS
primarily uses the reconstructed m,, as the final discriminating variable while ATLAS combines
various kinematic properties of each event categories with multivariate techniques to build the final
discriminant [140].

Searches for H — 777~ decays in the V H production mode are also performed in final states
where the W or Z boson decays into leptons or jets. The irreducible background in this search arises
from non-resonant W2 and ZZ diboson production. The reducible backgrounds originate from W,
Z, and tt events that contain at least one fake lepton in the final state due to a misidentified jet.
The shape and yield of the major backgrounds in each category are estimated from control samples
in data. Contributions from non-resonant W2 and ZZ diboson production are estimated from
simulations but corrected for reconstruction efficiency using control samples formed from observed
data.

For CMS, the significance of the observed excess at my = 125GeV in Runl is 3.20, close
to the expected 3.70 sensitivity, and corresponds to a signal strength of p = 0.86 + 0.29. The
observed (expected) deviation from the background-only hypothesis in ATLAS corresponds to a
local significance of 4.50 (3.40) and the best fit value of the signal strength is = 1.437033 [140].

When the ATLAS and CMS H — 77 Run 1 measurements are combined [141], the significance
of the observed excess corresponding to my = 125.09 GeV is 5.50 and the combined signal strength
is = 1.117023 consistent with the SM expectation.

The Run 1 evidence was strong only through the combination of the two experiments. The Run 2
larger dataset at a greater centre-of-mass energy is essential to further confirm this observation and
perform first precision measurements in this important channel.

ATLAS has analysed its 2015 and 2016 dataset so far, providing further evidence at the 4.4¢ level
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with an expected significance of 4.10. When combined with the Run 1 data the single experiment
observation significance is 6.40 (5.40 expected) [142].

In the CMS analysis of the 2016 data [143], the strategy was improved using additional categories
aiming at the inclusive production of the Higgs boson and binned in transverse momentum of the
7777 system, and for the VBF production, the analysis is binned as a function of the dijet mass.
This analysis reached a sensitivity of 4.7¢0 with a dataset corresponding to an integrated luminosity
of 35.9fb~1. CMS observes an excess with a significance of 4.9¢0. In combination with the Run 1
results, this provides an unambiguous observation of the direct coupling of the Higgs boson to taus,
in the VBF production mode.

CMS has then also extended to additional production modes via the associated production
with a vector boson [144] and analysed a larger dataset corresponding to an integrated luminosity
of almost 80fb~—! of data collected in 2016 and 2017, providing results which complete the Run 1
search for an unambiguous observation of the direct decay of the Higgs bosons to a pair of taus
(and measurements of cross sections times branching-fractions) [145].

11.3.2.2 H — bb

In the search for the decay of the Higgs boson to a pair of b-quarks, the most sensitive production
modes are the associated W H and ZH processes allowing use of the leptonic W and Z decays for
triggering, and to purify the signal and reject QCD backgrounds. The W bosons are reconstructed
via their leptonic decay W — £y where £ = e, u or 7. The Z bosons are reconstructed via their
decay into eTe™, ut " or vv. The Higgs boson candidate mass is reconstructed from two b-tagged
jets in the event. Backgrounds arise from production of W and Z bosons in association with gluon,
light and heavy-flavoured jets (V +jets), tt, diboson (ZZ and W Z with Z — bb) and QCD multi-jet
processes. Due to the limited m,; mass resolution, a SM Higgs boson signal is expected to appear
as a broad enhancement in the reconstructed dijet mass distribution. The crucial elements in this
search are b-jet tagging with high efficiency and low fake rate, accurate estimate of b-jet momentum
and estimate of backgrounds from various signal depleted control samples constructed from data.

At the Tevatron, the H — bb channel contributes the majority of the Higgs boson search sen-
sitivity below mp = 130 GeV. To separate signal from background, CDF and D0 use multivariate
analysis (MVA) techniques that combine several discriminating variables into a single final discrim-
inant. Each channel is divided into exclusive sub-channels according to various lepton, jet multipli-
city, and b-tagging characteristics in order to group events with similar signal-to-background ratio
and thus optimise the overall search sensitivity. The combined CDF and D0 data show [46,146] an
excess of events with respect to the predicted background in the 115-140 GeV mass range in the
most sensitive bins of the discriminant distributions suggesting the potential presence of a signal.
At my = 125 GeV, the observed signal strength is = 1.597085.

At the LHC, in order to reduce the dominant V+jets background, following Ref. [90], exper-
iments select a region in the V H production phase space where the vector boson is significantly
boosted and recoils from the H — bb candidate with a large azimuthal angle A¢y . For each
channel, events are categorised into different pr (V') regions with varying signal /background ratios.
Events with higher p7 (V) have smaller backgrounds and better m,; resolution. CMS uses MVA
classifiers based on kinematic, topological and quality of b-jet tagging and trained on different val-
ues of my to separate Higgs boson signal in each category from backgrounds. The MVA outputs
for all categories are then fit simultaneously.

The nominal results from ATLAS are also based on a combination of (i) a multivariate analysis
of their 8 TeV data, incorporating various kinematic variables in addition to m,; and b-tagging in-
formation and (ii) a statistical analysis of their 7 TeV data centred on m,; as the main discriminant.
In both cases, customised control samples devised from data are used to constrain the contributions
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Table 11.5: Summary of the results of measurements for a Higgs boson
decaying to a pair of b-quarks by ATLAS and CMS. The results are given
in terms of measured signal strength. When available, the statistical and
systematic contributions to the total uncertainty are reported separately
and in this order.

H — bb  Tevatron ATLAS Run1 CMS Run 1 ATLAS Run2 CMS Run 2
VH 1.6+0.7  0.52+0.324+0.24 1.0£0.5 1.16 £0.16 153 1.01 4+ 0.22
VBF (v) — —-0.8+2.3 2.841.44+0.8 2.5+1.3 1.3+£1.2
ttH — 1.4+£0.6+08 0.7+ 1.9 0.79+£0.29 + 0.53  1.49 +0.21 £ 0.39
Inclusive — — — 58+£3.1+25 2.3+ 1.7

of the dominant background processes.

The direct observation of the Higgs boson decaying to a pair of b-quarks, a major result of
Run 2, was obtained by both ATLAS and CMS independently after the update of their search with
similar analyses as those performed at Run 1 but with a larger dataset of approximately 80 fb~! of
data collected in 2015, 2016 and 2017. The increase in signal cross sections of nearly a factor of 3 at
the centre-of-mass energy of 13 TeV with respect to 7TeV, has also been instrumental in bringing
the two experiments to the required sensitivity to claim an evidence for this decay mode in the VH
production mode (in the high transverse momentum of the vector boson fiducial region of interest
for this channel). The expected significance for a SM Higgs boson is 4.3¢0 for ATLAS [147] and 4.9¢
for CMS [148]. Both ATLAS and CMS observe significant excesses corresponding to 4.90 and 4.8c
respectively with Run2 data only. When combined with results obtained in Run 1, the observed
(expected) significance of the excesses are 5.40 (5.50) and 5.60 (5.50) respectively. These results
provide direct evidence for the Higgs boson decay to a bb through the V H production mode. All
these results are summarised in Table 11.5. It should be noted that the sensitivity of these analyses
are already limited by systematic uncertainties.

This channel has also been exploited by ATLAS to produce a measurement at higher transverse
momentum of the vector boson in the framework of Simplified Template Cross Sections (STXS)
discussed in Section 11.6.2.4 [149]. In this case, at higher transverse momentum, the statistical
uncertainty still dominates.

Also, the LHCD collaboration has performed a search for the V H production with subsequent
decay of the Higgs boson to a pair of b-quarks [150] with 1.98 fb~! of data taken at a centre-of-mass
energy of 8 TeV. The final state is required to have two reconstructed b quarks and one lepton in
the LHCD acceptance of 2 < n < 5. The sensitivity of this search is an expected 95% CL exclusion
of 84 times the SM production rate. This analysis is also used to set a limit on the V H production
with the subsequent decay of the Higgs boson in a pair of ¢ quarks with a 95% CL limit at 6.4x 103
times the SM production rate, while the expected sensitivity corresponds to an exclusion of 7.9x 103
times the SM production rate.

ATLAS and CMS have also searched for H — bb in the VBF production mode. The event
topology consists of two VBF-tagging energetic light-quark jets in the forward and backward direc-
tion relative to the beam direction and two b-tagged jets in the central region of the detector. Due
to the electroweak nature of the process, for the signal events, no additional energetic jet activity
(excluding that from the Higgs boson) is expected in the rapidity gap between the two VBF-tagging
jets. The dominant background in this search stems from QCD production of multi-jet events and
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the hadronic decays of vector bosons accompanied by additional jets. A contribution of Higgs boson
events produced in the ggF process but with two or more associated jets is expected in the signal
sample. The signal is expected as a broad enhancement in the m,; distribution over the smoothly
falling contribution from the SM background processes. Both ATLAS [151] and CMS [152] have
produced results in this channel with Run 1 data, but with limited sensitivity. Both experiments
performed a similar analysis with Run 2 data [153]. The results are summarised in Table 11.5.

Two of the main difficulties for the VBF production mode are the large QCD background
and the difficulty in triggering events fully hadronic events. Both difficulties are addressed, by
the proposal made in Ref. [154], where the requirement of an additional photon in the final state
reduces the background through an interference effect and enhances the possibilities for triggering.
This analysis has been carried out by ATLAS at Run2 [153] (see Table 11.5).

The sensitivity in the inclusive search for the Higgs boson in the ggF production mode with
H — bb is limited by the overwhelming background from the inclusive production of pp — bb + X
via the strong interaction. For this reason, no meaningful results exist with the Run1 dataset
for this production mode. With the increase in centre-of-mass energy to 13 TeV, and by taking
advantage of the harder transverse momentum spectrum of the g¢g — H production mode with
respect to the QCD background, a search for high pr Higgs boson decaying to a pair of b quarks in
association with an energetic Initial State Radiation (ISR) jet, has been performed by ATLAS [155]
and CMS [156]. For this analysis with the Run 2 data, ATLAS and CMS require jets clustered with
the anti-kp algorithm [157] with a distance parameter of 1.0 and 0.8 respectively, with a transverse
momentum in excess of 480 GeV and 450 GeV respectively. As in the case of V H production mode,
this analysis is sensitive also to the VZ,Z — bb production, which is an important step in the
validation of the analysis chain. The Z — bb decay is observed with a significance of 5.8¢, in
good agreement with the expected sensitivity of 5.1c0. CMS provides an expected sensitivity to
the observation of a Higgs boson of 0.7¢. This estimate has a non negligible uncertainty from the
precise estimate of the fiducial signal cross section in the specific acceptance of this analysis. Both
ATLAS and CMS observe small and non significant excesses at my = 125 GeV of 1.60 and 1.50
respectively. These results are reported in Table 11.5.

Another important production mode sensitive to the decay of the Higgs boson to bottom quarks,
is the associated production with a pair of top quarks. The results of the searches for this pro-
cess have been combined with the channels described above, to provide an additional constraint
on the Yukawa coupling of the Higgs boson to bottom quarks. The channels corresponding to
this production mode are described in Section 11.3.3. The results are, however, also reported in
Table 11.5.

11.3.3 Higgs boson production in association with top quarks or in top decays
11.3.3.1 The associated production with top quark pairs

As discussed in Section 11.2, the coupling of the Higgs boson to top quarks plays a special role
in the electroweak symmetry breaking mechanism in the SM, as well as in its possible extensions.
Substantial indirect evidence of this coupling is provided by the compatibility of observed rates
of the Higgs boson in the principal discovery channels, given that the main production process
— the gluon fusion — is dominated by a top quark loop. Direct evidence of this coupling at the
LHC and the future e™e™ colliders will be mainly available through the tZH final state and will
permit a clean measurement of the top quark-Higgs boson Yukawa coupling. The ttH production
cross section at the LHC is small in comparison with the ggF or even V H production modes. The
production cross section for a 125 GeV Higgs boson in pp collisions at /s = 8 TeV of about 130 b
made it challenging to measure the ttH process with the LHC Run 1 dataset. However, in Run 2,
the increase in cross section at /s = 13TeV is substantial, reaching approximately 500 fb. For a
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sensitive search, at Run 1, it was important to target as many accessible experimental signatures
as possible. The analysis channels for such complex final states can be separated in four classes
according to the decays of the Higgs boson. In each of these classes, most of the decay final states
of the top quarks are considered (fully hadronic, semi-leptonic and dilepton decay final states).

The first analysis in this ensemble is the search for t¢H production in the H — 7 channel. This
analysis relies on the search for a narrow mass peak in the m,, distribution. The background is
estimated from the m,, sidebands. The sensitivity in this channel is mostly limited by the available
statistics. The second analysis is the search for the Higgs boson decaying to ZZ* and subsequently
to four leptons (electrons and/or muons). This channel is currently limited by the low statistics
due to the small branching fraction of the Z decays to leptons. The third analysis is the search
in the H — bb channel. This search is intricate due to the large backgrounds, both physical and
combinatorial in resolving the bb system from the Higgs boson decay, in events with six jets and four
b-tagged jets. Already with the Run 1 dataset, the sensitivity of this analysis was strongly impacted
by the systematic uncertainties on the background predictions. The fourth analysis channel is a
specific search for 777~ where the two tau leptons decay to hadrons. Finally, the W+W— | 77~
and ZZ* final states can be searched for inclusively in multilepton event topologies (not including
the resonant H — 4¢ channel that is covered in a more specific analysis). The corresponding ttH
modes can be decomposed in terms of the decays of the Higgs boson and those of the top quarks
as having two b-quarks and four W bosons (or two W and two taus, or two W and two Z) in the
final state.

ATLAS and CMS have provided a complete set of results in these channels and their combination
with the Run1 data [158,159]. Results for most of these channels have been updated with Run 2
data.

With the large increase in production cross section for the ttH associated production process of
a factor of 3.9 from 7 TeV to 13 TeV, an outstanding goal of the Run 2 physics program was the direct
observation of the top Yukawa coupling through this production mode. As could be seen in the
Run 1 results, the H — bb channel sensitivity was already dominated by systematic uncertainties
and the multilepton channel had already large systematic uncertainties, while channels such as the
H — ~v had very limited sensitivity due to the low statistics. With a conspicuous amount of data,
the hierarchy of channels was therefore bound to change.

ATLAS and CMS have analysed Run 2 data in all the sensitive decay channels for this production
mode, with datasets of variable size of up to the full Run2 dataset in the case where it matters
the most, i.e., the t{(H — ~7) channel. With this partial analysis of the Run 2 data, ATLAS and
CMS were able to independently observe the production of the Higgs boson in association with a
pair of top quarks, and therefore the Yukawa coupling of the Higgs boson to the top quark [160].
This observation is particularly important in comparison to the indirect evidence through the gluon
fusion production process dominated by the top quark loop.

The observation made independently by the two experiments was based on all the channels that
were studied at the Run1. ATLAS used up to 79.8fb~! of Run2 data and CMS has used its 2016
dataset of 35.9fb~!. ATLAS reached an expected sensitivity of 4.90 and an observed significance
of 5.80 with the Run 2 partial dataset alone, and 6.30 (with 5.10 expected) in combination with
the Run1 results. CMS reached a sensitivity of 4.20 and observed an excess with respect to the
background-only hypothesis of 5.20, combining the Run 1 and Run 2 results.

With the larger Run 2 dataset, the dominant mode is the tZ(H — v7) channel, where a narrow
peak over a continuous background is searched for. At Run2, this channel has reached a signal-
to-background ratio in excess of 1 in the most signal-like categories. This is in contrast with the
inclusive diphoton channel Higgs channels where the signal-to-background ratios are of the order
of a few percent. ATLAS has analysed the entire Run2 dataset reaching an observed (expected)

1st June, 2020 8:27am



25 11. Status of Higgs Boson Physics

sensitivity of 4.90 (4.2¢) [161] and CMS has utilised 77.4fb~! of Run2 data for this channel with
an observed (expected) sensitivity of 4.10 (2.70) [162], providing nearly unambiguous observations
in this channel alone. These results are largely dominated by statistical uncertainty and are there-
fore expected to improve significantly with more data. These results with the full dataset from
ATLAS [161] and with a larger Run 2 dataset for CMS [162] are not part of the ATLAS and CMS
combinations and therefore provide substantially more evidence for the direct coupling of the Higgs
boson to the top quark.

The resonant search for the resonant Higgs boson decay to four leptons in the associated pro-
duction with a pair of top quarks has also been updated in ATLAS [131] with the full Run 2 dataset
and reported in Table 11.6, but it is also not included in the combination.

An update of the H — bb channel made by CMS with a partial Run 2 dataset of 41.5 fb=1 [163],
using in particular the fully hadronic channel, is not in combination either. It is nevertheless
reported in Table 11.5.

For the so-called “multi-lepton” channels which cover mostly the WW, ZZ and 77 decay modes,
ATLAS and CMS have analysed only part of the Run 2 datasets [164].

All results are summarized in Table 11.6.

Table 11.6: Summary of the results of searches for a Higgs boson in association with a top
quark pair by ATLAS and CMS. The results are given in terms of a measured signal strength.
When available, the statistical and systematic contributions to the total uncertainty are reported
separately and in this order. The ATLAS [161] and CMS [162] diphoton results indicated by ()
are not included in the overall combinations which include versions of the diphoton analyses with
smaller Run 2 datasets. The combination includes the t#(H — bb) channels reported in Table 11.5.

ttH ATLAS Run1 CMS Run1l ATLAS Run?2 CMS Run?2
H =~y L3TFE e 12FRRTRE 138 FO O (¢ 227708 (%)
H — 40 — — 1.2 755 (%) 0.0+ 1.2 (%)
WW/rr/ZZ 1.4 +£0.6 +1.0 3.3+14 1.56 1030 +0-50 0.96 703
Comb. 1.7 £0.5 +0.8 26700 1.32 £0.18 702 1.49 +0.16 T57

11.3.3.2 The associated production with a single top quark

An additional production mode of the Higgs boson in association with a top quark is the single
top associated production mode. There is an interesting similarity between this production mode
and the H — vy decay mode. Both processes proceed through either the top Yukawa coupling or
the interaction of the Higgs boson with the W boson, with a negative interference between the two.
Representative Feynman diagrams for this production process are shown in Fig. 11.1. Contrary to
the diphoton decay channel, in this production mode the interference occurs at the tree level and
is dominant. This process can therefore be used to further discriminate a negative relative sign
between the couplings of the Higgs boson to fermions and its couplings to gauge bosons [165].

ATLAS and CMS have produced specific searches for the tH production mode with the Run 1
and Run2 data exploiting a variety of Higgs boson decay modes resulting in final states with
photons, bottom quarks, and multiple charged leptons, including tau leptons. In particular, with
the Run2 data, CMS has searched for multi-leptonic decay signatures from the H — WW™*,
H — 777~ and H — ZZ* modes [166]. This analysis restricts values of x;, the top-Higgs coupling
normalized to its SM value, to [—1.25,1.60] at 95% CL. CMS has also performed an analysis of the
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2015 dataset to search for the H — bb mode [167], yielding much less stringent constraints.

The diphoton channel has also been used to search specifically for this production mode by
ATLAS using Run1 data, yielding the restricted range of allowed values of k; at the 95% CL to
[—1.3,8].

The strongest constraint on the negative (relative) sign of k; was obtained by CMS with a
recent analysis of the 2016 dataset [168] in the multilepton (H — WW, H — ZZ, H — 77) and
H — bb channels, all combined with a reinterpretation of the H — ~~ analysis channel aiming at
measuring the pp — ttH production mode. Negative values of k; are disfavoured at approximately
1.50 and values of x; below —0.9 are excluded at 95% CL.

11.3.3.3 Flavour changing neutral current decays of the top quark

The discovery of the Higgs boson at a mass smaller than the top quark mass opened a new decay
channel for the top quark. The decays of the top quark to a Higgs boson and a charm or an up quark
proceed through a Flavour Changing Neutral Current (FCNC) which are forbidden at tree level and
suppressed at higher orders through the Glashow—Iliopoulos-Maiani (GIM) mechanism [3]. The
SM prediction for these branching fractions is BR(t — Hc) = 107! and two orders of magnitude
less for the Hu final state. These decay channels of the top quark are, therefore, very interesting to
probe possible FCNC interactions in the Yukawa couplings to the quark sector, see Section 11.7.

ATLAS has searched for FCNC top decays specifically in channels involving a Higgs boson with
subsequent decays to two photons and a pair of b-quarks [169]. It has also reinterpreted a search
for the ttH production in the multilepton final state (discussed in Section 11.3.6.1) [159]. The
latter channel covers Higgs boson decays to a pair of W bosons and a pair of taus. No significant
excess was observed in any of the specific channels (as discussed in Section 11.3.6.1, a slight excess is
observed in the t¢H multilepton channel) and 95% CL upper limits are set on BR(t — Hc) < 0.46%
with an expected sensitivity of 0.25% and BR(t — Hu) < 0.45% with an expected sensitivity of
0.29%. CMS has performed a search for these FCNC top decays in the diphoton and multi-lepton
channels [170], placing a 95% CL upper limit on BR(t — Hc) < 0.40% with an expected sensitivity
of 0.43%.

From these limits on branching fractions, constraints on non-flavour-diagonal Yukawa couplings
of a FCNC Lagrangian of the form:

Lrone = MegtHe + MygtHu + he.c. (11.12)

can be derived. The 95% CL observed (expected) upper limits from ATLAS on the |A\.p| and
|Atwrr| couplings are 0.13 (0.10) and 0.13 (0.10), respectively.

The results above are derived from the combination of several channels for searches performed
with Run 1 data. Both ATLAS and CMS have produced updates of individual channels with Run 2
data. ATLAS has searched for FCNC top decays with subsequent decays of the Higgs boson to a
pair of photons [171], yielding a 95% CL upper limit on BR(t — Hc) < 0.22% with an expected
sensitivity of 0.16%. CMS has searched for FCNC top decays with subsequent decays of the Higgs
boson to a pair of b-quarks [172], yiedling a 95% CL upper limit on BR(t — He¢) < 0.47% with an
expected sensitivity of 0.44%.

11.3.4 Higgs boson pair production

Higgs boson pair production in the SM is a rare but very important mode to measure and search
for. The measurement of Higgs boson pair production is essential to directly constrain the trilinear
Higgs boson self coupling and the search for Higgs boson pair resonances is key in a variety of BSM
models. The latter searches are discussed in Section 11.7.7.

In the SM, the main non-resonant production mode of two Higgs bosons proceeds through a
loop, mainly of top quarks, see Fig. 11.5 (a). Another production mode is via the trilinear coupling
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of the Higgs boson, see Fig. 11.5 (b), whose amplitude is not negligible compared to the former.
These diagrams interfere negatively, making the overall production rate smaller than what would
be expected in the absence of a trilinear coupling.

) , ___H g H

Y t,b“ ___</
g < ___ H g O H

(a) (b)

Figure 11.5: Feynman diagrams contributing at leading order to Higgs boson pair production
through (a) a top- and bottom-quark loop and (b) through the self coupling of the Higgs boson.

11.3.4.1 Searches for Higgs boson pair production

The searches for Higgs boson pair production both resonant and non-resonant are very inter-
esting probes for a variety of BSM theories, and they can be done in a large number of Higgs
boson decay channels. At Run 1, ATLAS and CMS have searched for both resonant and non reso-
nant Higgs boson pair production in the following channels: (i) HH — bbyy; (ii) HH — bbr 7~
(iii) HH — bbbb; (iv) HH — WW*yv; (v) in final states containing multiple leptons (electrons or
muons) covering the WW*WW* WW*ZZ*, ZZ*ZZ*, ZZ*t =, WW*rtr=, ZZ*bb, TT7 771~
channels; and (vi) yy77 7~ channels.

At Run 2, similarly to the t¢H production process, the di-Higgs production gains a substantial
increase in production cross section of a factor in excess of 3 from 8 TeV to 13 TeV, and most of
these channels have been updated both by ATLAS [173] and CMS [174] using the 2016 datasets
with the addition of the (vii) HH — bbbb channels. The detailed description of the analyses can be
found in references within the combination results published by the collaborations [173,174]. All
the results and their combinations are summarised in Table 11.7.

Table 11.7: Summary of the final states investigated in the search for
Higgs boson pair production by ATLAS and CMS, most analyses make
use of the 2016 Run 2 dataset corresponding to integrated luminosities of
up to 36fb~!. For ATLAS, the result indicated by (*) uses mostly the
bbWHW = channel. Results are 95% CL upper limits on the observed
(expected) SM signal strengths.

Channel ATLAS CMS
bbyy 20.3 (26)  23.6 (18.8)
bbbb 12.9 (21)  74.6 (36.9)
bbr T 12.5 (15)  31.4 (25.1)
WHW-W+W~= 160 (120) -
WHTW =y 230 (170) -
bV VvV 305 (305)* 79 (89)
Combination 6.9 (10)  22.2 (12.8)
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11.3.4.2 The Higgs boson self coupling

The Higgs boson self coupling is an extremely important direct probe of the Higgs potential
with implications on our understanding of the electroweak phase transition. Constraints on the
trilinear self coupling from H H processes is an outstanding long term goal of the LHC and the
reach in sensitivity has been reappraised in the light of the recent HH analyses from ATLAS and
CMS, shedding a different light on the achievable sensitivity [104]. Constraints from the HHH
final state on the quartic Higgs boson self coupling are out of reach at the LHC due mostly to the
very small production rates and intricate final states.

In the SM, the Higgs boson pair production through the trilinear Higgs boson self coupling
has an on-shell component and a large off-shell component. The on-shell H — H*H* is strongly
disfavoured, requiring two off-shell Higgs bosons in the final state. The sensitivity region to the
trilinear coupling production as in Fig. 11.5 (b), is mainly in the kinematic region where the two
Higgs boson in the final state are on-shell and the Higgs boson acts as a propagator (off-shell). As
discussed in the introduction to this section, this process interferes negatively with the background
Higgs boson pair production (Fig. 11.5 (a)).

The measurement of the trilinear coupling requires separating the contributions of the diagram
of Fig. 11.5 (b) from the box diagram of Fig. 11.5 (b), and therefore a precise knowledge of the top-
Yukawa coupling is needed. Each diagram alone would produce rather distinct mgg distribution.
And, for values of the trilinear coupling close to the SM value, an additional discriminating feature
of the signal with respect to one obtained with the box contribution alone is a deficit in the number
of events. With large variations of the trilinear coupling, an excess of events over the SM prediction
would be observed (for a value of the trilinear coupling about 6 times larger than its SM value, the
number of events is equal to the SM expectation). Additional sensitivity to the trilinear coupling
is also obtained from the kinematical distributions of the signal taking in particular into account
the effect of the HH mass distribution which discriminates the main contributions of Fig. 11.5.
This further discrimination is instrumental in resolving the degeneracy in the total cross section
mentioned above. The bounds obtained by ATLAS [173] and CMS [174] are the following:

(ATLAS) — 5.0 < k) < 12.0 (observed), —5.8 < k) < 12.0 (expected),

(11.13)
(CMS) —11.8 < k) < 18.8 (observed), —7.1 < k) < 13.6 (expected),

where k) is the ratio between the trilinear coupling value left free in the fit and its expected value
in the SM (k) = 1 corresponds to the SM). These results are also illustrated in Fig. 11.6.

The analyses performed at Run 2 bring substantial improvements from those of Run 1, and they
were used to reappraise the sensitivity of the LHC in the High Luminosity regime in the framework
of the update of the European Strategy for Particle Physics [104]. The result in terms of bounds
on the trilinear coupling are shown in Fig. 11.6, indicating that the significance of the observation
of the HH process reaches 4o. It is also apparent that the degeneracy of secondary minimum
at intermediate values of k) is resolved by the use of the kinematic discriminants. Indeed, this
secondary minimum is expected to be excluded at 99.4% CL. This is very important to allow the
measurement in the vicinity of the SM value at one standard deviation and to provide a meaningful
confidence interval. At HL-LHC, the foreseen precision on k) is approximately 50%.

Significantly higher precisions can be reached at pp colliders (and ete™ colliders) at higher
centre-of-mass energies. The foreseen precision for a High-Energy (HE) LHC at a centre-of-mass
energy of 27 TeV is expected to be within 10% to 20% [104]. At a very large hadron collider at
a centre-of-mass energy of 100 TeV, a 5% sensitivity is expected to be reached, provided that the
theoretical and parametric uncertainties are kept at the 1% level.

Indirect constraints on the Higgs boson trilinear coupling from single Higgs boson production
processes will be discussed in Section 11.6.2.5.
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Figure 11.6: (Left) Upper limit obtained by ATLAS on the total pp — HH production cross
section as a function of the trilinear coupling modifier k). The variation of the limit corresponds to
variations in the signal acceptance. The expected total production cross section is also illustrated
(red). (Right) Expected combined ATLAS and CMS likelihood for the searches for the pp — HH
production at the High Luminosity LHC. The channels used in the combination are indicated in
the figure.

11.3.5 Searches for rare decays of the Higgs boson
11.3.5.1 H — Z~ and the Dalitz H — {T{~~ decay

The search for H — Z~ is performed in the final states where the Z boson decays into opposite
sign and same flavour leptons (¢1£7), ¢ here refers to e or . While the branching fraction for
H — Z~ is comparable to H — v (about 1073) at my = 125 GeV, the observable signal yield is
brought down by the small branching ratio of Z — (e*e™ +pu*pu~) = 6.7 x 1072. In these channels,
the my,, mass resolution is excellent (1-3%), therefore the analyses search for a narrow mass peak
over a continuous background. The major backgrounds arise from the Z + ~ final state radiation in
Drell-Yan decays and from the Z + jets processes where a jet is misidentified as a photon. The ratio
of signal over background in this channel is typically of the order of 0.5%. In a narrow window of a
few GeV around 125 GeV, several hundreds of events are expected in a Run 2 dataset corresponding
to approximately 36 fb—1.

Events are divided into mutually exclusive categories on the basis of the expected m 2 resolution
and the signal-to-background ratio. A VBF category is formed for H — Z~ candidates which
are accompanied by two energetic jets separated by a large pseudo-rapidity. While this category
contains only about 2% of the total event count, the signal-to-noise ratio is about an order of
magnitude higher. The search for a Higgs boson is conducted independently in each category and
the results from all categories are then combined.

No excess of events is observed in either ATLAS or CMS in the Run 1 data. The CMS expected
and observed 95% CL upper limits for my = 125GeV on the signal strength u are 10.0 and 9.5
respectively. The ATLAS expected and observed upper limits on the signal strength p are 9.0 and
11.0 respectively, for my = 125.5 GeV.

The CMS analysis also extended the search for the so-called Dalitz Higgs boson decays H —
v*y — €74~ ~ in the low mass v* range of my < 20 GeV. This decay mode has a substantially larger
branching fraction compared to the Zv decay, as I'(H — v*y — ete™v) ~ 3.5% x I'(H — ~v) and
I'H =~y = putpu=y) ~1.7% x I'(H — ~y), while I'(H — Z~) = 2.3% x I'(H — ~7) (which
does not account for the subsequent decay of the Z boson to electrons or muons). The limits in this
channel are therefore stronger and CMS has observed an upper limit of 6.7 times the SM branching
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ratio [175].

ATLAS has performed an analysis of the full 2015 and 2016 Run 2 data to search for the Z~
decay mode [176]. No significant excess was observed and 95% CL observed (expected) upper limits
on the signal strength are 6.6 (5.2).

CMS has repeated its Z~ and ~*v analyses with the 2016 dataset and obtained much more
stringent observed limits on cross section times the corresponding branching fractions of 1.4 and
4.0 (6.1 and 11.4) times the SM cross section for H — v*y (H — Z~) [177]. CMS also performed
a combination of the two modes, obtaining a combined observed (expected) limit of 3.9 (2.0) times
the SM branching fractions.

11.35.2 H — u*tp~

The branching fraction in the H — pp~ channel for a 125 GeV SM Higgs boson is 2.2 x 1074,
about ten times smaller than that for H — ~+. The dominant and irreducible background arises
from the Z/v* — putu~ process which has a rate several orders of magnitude larger than that
from the SM Higgs boson signal. Due to the precise muon momentum measurement achieved
by ATLAS and CMS, the m,+,- mass resolution is very good (~ 2-3% for ATLAS and ~ 1-
3% for CMS depending on the selected categories; a better resolution is expected for CMS due
its higher field in the inner detector). A search is performed for a narrow peak over a large
but smoothly falling background. For optimal search sensitivity, events are divided into several
categories. Either taking advantage of the superior muon momentum measurement in the central
region, events can be subdivided by the pseudo-rapidity of the muons, or designing selections aiming
at specific production processes such in particular as the vector boson fusion.

No excess in the m +,- spectrum is observed near 125 GeV. From an analysis of the Run 1 data,
ATLAS sets an observed (expected) 95% CL upper limit on the signal strength p < 7.0 (7.2). The
CMS analysis of its 7 and 8 TeV data sets an observed (expected) limit of p < 7.4 (6.5).

ATLAS performed a reoptimised analysis using the full Run 2 dataset and categorising events in
number of jets including VBF-topology specific categories [178]. The data showed a non-significance
excess with a best-fit value of the signal strength for Higgs boson with a mass of 125 GeV, u =
0.5+ 0.7. The data subsequently yielded an observed (expected) 95% CL upper limit on the signal
strength of 1.7 (1.3) , assuming BR(H — pp) = 0, (while the expected limit assuming the SM
value for BR(H — pp) is 2.2).

CMS, having analysed its 2016 dataset of Run 2, has obtained an observed (expected) limit on
the production cross section times the branching fraction to a pair of muons of 3.0 (2.5) times the
SM expectation [179]. In combination with the Run 1 data, the limit improves to 2.2 times the SM
expectation. A non significant excess is also observed (with a significance of approximately 1o)
and the best fit signal strength is 1.0 + 1.0 (stat) &= 0.1 (syst).

11.3.5.3 H — ete™

A search similar to the H — putpu~ is performed by CMS in the di-electron channel. In this
search channel, the contribution from the peaking background from Higgs boson decays to dipho-
tons mis-identified as di-electrons (when mostly converted photons are faking electrons) needs to be
assessed. The sensitivity to the SM Higgs decays is negligible given the extremely small branching
fraction to eTe™, approximately 40’000 times smaller than the branching fraction to dimuons. It
is nevertheless interesting to probe this decay channel to search for potential large anomalous cou-
plings. Assuming a SM Higgs boson production cross section, the observed limit on the branching
fraction at the 95% CL is 0.0019, five orders of magnitude larger than the expected SM prediction.
It is also important to note that processes not depending on the electron Yukawa coupling such as
the H — eTe v (where the photon is soft), are sizeably larger than the direct Yukawa coupling
process, but also much smaller than the current constraints, making any interpretation in terms of
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constraint on the electron Yukawa couplings far from straightforward.

At Run?2, ATLAS has also performed a search for the H — ete™ decay mode with the full
dataset, improving the current limit by a factor of approximately 5, with a limit of 3.6 x 10™* on
the branching fraction [180].

11.3.5.4 Lepton flavour violating (LFV) Higgs boson decays

Given the Yukawa suppression of the couplings of the Higgs boson to quarks and leptons of
the first two generations and the small total width of the Higgs boson, new physics contributions
could easily have sizable branching fractions. One very interesting possibility is the Lepton Flavour
Violating (LFV) decays of the Higgs boson, in particular in the 7 and 7e modes. These decays
are suppressed in the SM but they could easily be enhanced in theories such as two-Higgs-doublet
models (discussed in Section 11.7).

There are already constraints on LFV Yukawa couplings |Y7,| from channels such as the 7 — 3
or T — iy, or a re-interpretation of the search for Higgs boson decays to 777~. A direct search at
the LHC, however, complements these indirect limits. The search for LFV decays in the 7u channel
have been done with the Run 1 dataset in several channels according to the subsequent decay of the
7. The results from CMS [181] and from ATLAS for the hadronic [182], the leptonic [183] decays
of the tau, and their combination [183] are reported in Table 11.8. It is interesting to note that the
analysis strategies at Run 1 for the di-lepton 7jepp channel are very different between ATLAS [183]
and CMS [181].

Table 11.8: Summary of the results of searches for lepton flavour violating decays of the Higgs
boson in the 7y and 7e channels from ATLAS and CMS. For the result with *, the expected
sensitivity was not reported but appears consistent with the observed one.

ATLAS (Run1) CMS (Runl) CMS (Run2)
BR(H — ) (0.53 4+ 0.51)% (0.8475:39)% (0.00 + 0.12)%
95% CL Obs. (Exp.) 1.43% (1.01%)  1.51% (0.75%)  0.25% (0.25%)
H — 7e¢ 95% CL Obs. (Exp.) 1.02% (1.21%) 0.69%* 0.61% (0.37%)

As shown in Table 11.8, an excess was observed in this channel by CMS with a significance
of 2.50, while in ATLAS analysis, the excess is smaller, about 1o at Run1l. CMS has performed
the search again with the full 2016 Run2 dataset [184], relying on a multivariate analysis. The
observed best fit branching fraction is (0.00 £ 0.12)%. These limits are reported in Table 11.8.

ATLAS and CMS have also performed a search for the LFV Higgs boson decays in the 7e
and pe channels [183-185]. No significant excess was observed and 95% CL limits are reported
in Table 11.8, for the Te channel only. For the pe channel, the constraints from the y — ey
experiments [186] are much stronger than those from the direct LEV Higgs boson decay search.
However these indirect constraints can be relaxed by the cancellation of LFV effects from new
physics.

At Run2, ATLAS has performed searches for LF'V decays of the Higgs boson in the e and ur
channels [187] as well as in the ey channel [180]. The searches for the H — er and H — u7 decays
where done with the 2016 data only and yielded upper limits on the LF'V decay branching fraction
of 0.47% (0.34%) and 0.28% (0.37%), respectively.

CMS has also searched for LFV decays with the 2016 dataset at Run 2 and obtained observed
(expected) limits on the LFV branching fraction of BR(H — pu7) < 0.25% (0.25%) and BR(H —
et) < 0.61% (0.37%), at the 95% CL [188]. These limits were also interpreted in terms of constraints
on the corresponding off-diagonal Yukawa couplings.
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The results obtained by ATLAS and CMS at Run2 do not confirm the excesses observed at
Run 1.

11.3.5.5 Probing charm- and light-quark- Yukawa couplings

Probing the Yukawa couplings to quarks of the second or even the first generation is extremely
challenging given the overwhelming backgrounds and very small rates.

The possibility of probing the Yukawa coupling to the charm has been discussed in Ref. [189]
where indirect bounds are estimated from a combined fit to the Higgs data and the importance
of using charm tagging is emphasised. Searches in the VH production mode have then been
carried out, in the channels very similarly to those aiming at the b-quark Yukawa coupling, by both
ATLAS [190] and CMS [191] with Run2 data. The upper limits obtained (expected) on the VH
production cross section times the charm quark decay branching fraction of the Higgs boson are:

(ATLAS) o(ZH) x BR(H — c¢) < 2.7 (3.97%1) pb, (11.14)

o(VH) x BR(H — ct)
U(VH)SM X BR(H — CE)SM

(CMS) <70 (37135). (11.15)

The ATLAS search [190] was done in the ZH channel where the Z boson decays to a pair of
leptons (electrons or muons) only. The expected cross section times branching fraction o(ZH) X
BR(H — cc) is 26 b~ 1.

Another possibility to access the charm Yukawa coupling has been discussed in Ref. [192]. It
relies on the decays of the Higgs boson to a final state with charmonium: H — J/W¥~. Higgs
boson decays in this final state have been searched for by ATLAS [193]. The sensitivity of this
analysis is, however, several orders of magnitude above the branching fraction estimated in the SM:
BR(H — J/¥y) = (2.8 £0.2) x 1075, ATLAS [193] has also searched for Higgs boson decays to
T(nS)y where (n = 1,2,3), a channel with much lower sensitivity than the H — bb to the Yukawa
coupling to b-quarks.

More recently, ATLAS has searched, , with a specific trigger, for another quarkonia final state
where the Higgs boson decays to ¢y [194] at the LHC Run 2 and a center-of-mass energy of 13 TeV.
This channel could probe deviations from the strange-quark Yukawa coupling. Its sensitivity is
several orders of magnitude above the SM expectation. Other quarkonia final states, such as the
07, which could potentially probe the Yukawa coupling to light quarks, can also be searched for.

CMS has also performed a search of the decays of the Higgs boson in the J/¥J/¥ and 7T
decay to cover the cases where the photon in the J/¥~ decay is virtual and transforms into a J/¥
meson, These decays provide an additional channel potentially sensitive to BSM phenomena [195].

11.3.5.6 Rare decays outlook

Rare decays such as those described in the above sections have clearly a limited sensitivity.
However, they already deliver interesting messages. For example, if the coupling of the Higgs boson
to muons was as strong as it is to top quarks, this mode should have been observed. Therefore,
it can be concluded that the observed couplings of the Higgs boson are manifestly non-universal.
Further developing these rare decay modes is an important component of the High Luminosity
program of the LHC in order to directly probe the couplings of the Higgs boson, and to potentially
measure the Yukawa coupling to the fermions of the second generation, in particular to muons. It is
also an integral part of the physics program of the discussed potential future Higgs boson factories.

11.3.6 Searches for non-SM decay channels

The main decay and production properties of the observed Higgs boson are consistent with
the SM predictions. The Higgs boson may, however, have other decay channels beyond those
anticipated in the SM. Among these, and of great interest, are the invisible decays into stable
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particles, such as DM particle candidates, that interact very weakly with the detector, and that
remain undetected. Other non standard decay channels that have been investigated are the decays
of the Higgs particle to hidden valley or dark particles.

11.3.6.1 Inwvisible decays of the Higgs boson

The discovery of the Higgs boson immediately raised the question of its couplings to DM and
how it could be used to reveal at colliders the existence of a dark sector coupled to the SM via
the Higgs boson portal, see Ref. [196] and references therein. If kinematically accessible and with
a sufficiently large coupling to the Higgs boson, DM particles, such as, e.g., neutralinos in SUSY
models, graviscalars in models with extra dimensions or heavy neutrinos in the context of four-
generation fermion models, would manifest themselves as invisible decays of the Higgs boson, thus
strongly motivating searches for the invisible decays of the Higgs boson.

To identify an invisibly decaying Higgs boson at the LHC, it must be produced in association
with other particles. Searches for invisible decays of the Higgs particle at the LHC have been
carried out in the three associated production modes of the Higgs boson with the highest SM cross
sections and target events with large missing energy.

The ggF production mode has the largest SM cross section but it usually results in the Higgs
boson being created alone and hence leaving no characteristic signature in the detector of its invisible
decay. One way to search for invisible decays in ggF production mode is to look for events with
the monojet topology arising from initial state gluon radiation and containing missing energy. The
major irreducible background in such searches stems from Z + jets events where the Z boson decays
into a pair of neutrinos [197]. The analysis with the best sensitivity targets the VBF production
topology but it suffers from large backgrounds arising from events with two jets and large missing
energy. The V H mode has much smaller cross section but the presence of a W or Z boson allows
a variety of final states that can be tagged with relatively low background.

ATLAS and CMS have searched for such final states at Run 1 and have observed no significant
excess over the predicted backgrounds (for references, see the previous edition of this review [123]).
Table 11.9 summarizes the 95% CL limits on the invisible decays of the Higgs boson assuming a
SM Higgs boson production cross section and the corresponding detector acceptances.

Table 11.9: Summary of the channels searched for and the corresponding 95% CL limits from
ATLAS and CMS on the branching fraction for the Higgs boson decay to invisible particles assuming
a SM Higgs boson production cross section. The results in parentheses are the expected exclusions.

ATLAS (Run1) ATLAS (Run2) CMS (Run1) CMS (Run2)

ggF (monojet); H — inv. - - 67 (71) % 66 (59)%
VBF; H — inv. 28 (31) % 37 (28) % 57 (40) % 33 (25) %
ZH; Z — 0v0— H — inv. 75 (62)% 67 (39) % 75(91) % 40 (42)%
VH; Z,W — jj: H — inv. 78 (86)% 83 (58) % - 50 (48)%
ZH; Z — bb; H — inv. - - 182 (189)% -
Combination 25 (27)% 38 (21)% - 26 (20) %
Run1 & 2 Combination 26 (17)% 19 (15)%

ttH; H — inv. - - — 46 (48)%

ATLAS has performed the search for invisible decays of the Higgs boson at Run2 with the
2015 and 2016 datasets, corresponding to an integrated luminosity of approximately 36 fb~!, in the
VBF production [198], the ZH associated production where the Z boson subsequently decays to
a pair of leptons [199], and the V H associated production where the vector boson (a W or a Z)
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subsequently decays hadonically [200]. The most stringent constraint is obtained through the VBF
channel. All results and their combination [201] are reported in Table 11.9. Combined with the
Run 1 results, the ATLAS limit on the invisible branching fraction reaches 26%, with an expected
sensitivity of 17% [201].

CMS has updated the search for invisible decays of the Higgs boson in the vector boson fusion
and the associated production with a vector boson channels (both with subsequent leptonic [202]
and hadronic decays [203]) using Run 2 data collected in 2016 [204]. It has produced a combination
with Run 1 channels, yielding a limit on the invisible branching fraction of 19%, with an expected
sensitivity of 15% [204].

CMS has also reinterpreted a search for scalar top quarks in the all-hadronic, semi-leptonic and
fully leptonic final state with the 2016 data of Run2 to set limits on the invisible Higgs decays
through the pp — ttH production mode [205]. The results of the search are reported in Table 11.9.

This constraint can then be further used to probe Higgs portal models to DM [196], where an
additional weakly interacting particle y with mass lower than my /2 is introduced as DM candidate
and where the Higgs boson is considered as the only mediator between the SM particles and DM.
In this model, it is interesting to express the limit on the invisible branching fraction in terms of
strength of interaction of DM with standard matter, i.e., in terms of it interaction cross section
with nucleons o, _ . In this model, the couplings of the Higgs boson to SM particles are assumed
to be those of the SM and the interaction of the Higgs boson with the nucleon is parametrised in
a Higgs-Nucleon form factor estimated using lattice QCD calculations [196]. The exclusion limits
from the constraints on invisible Higgs boson decays, both direct and indirect from the measurement
of the coupling properties of the Higgs boson can be compared to direct detection experiments.
For comparison, the limit at 90% CL on the invisible branching fraction of BRin, < 19% [204] is
used and converted into limits on o, under several hypotheses on the nature of DM particles
depending mainly on their spin (scalar- or fermion-like). The vector DM hypothesis is not included
since (renormalisable) models of vectorial DM require an extended dark sector that could imply
modifications of the signal. The results are shown in Fig. 11.7.

11.3.6.2 FExotic Higgs boson decays

The 125 GeV Higgs boson serves not only as a probe for potential DM candidates, but also
to search for other exotic particles arising from fields associated with a low-mass hidden sector.
Such hidden sectors are composed of fields that are singlet under the SM gauge group SU(3) X
SU(2) x U(1). These models are referred to as hidden valley models [206]. Since a light Higgs
boson is a particle with a narrow width, even modest couplings to new states can give rise to a
significant modification of the Higgs boson phenomenology through exotic decays. Simple hidden
valley models exist in which the Higgs boson decays to an invisible fundamental particle, which has
a long lifetime to decay back to SM particles through a small mixing with the SM Higgs boson,
see Ref. [206] for a concrete example. The Higgs boson may also decay to a pair of hidden valley
“v-quarks,” which subsequently hadronise in the hidden sector, forming “v-mesons.” These mesons
often prefer to decay to the heaviest state kinematically available, so that a possible signature is
H — 4b. Some of the v-mesons may be stable, implying a mixed missing energy plus heavy flavour
final state. In other cases, the v-mesons may decay to leptons, implying the presence of low mass
lepton resonances in high-Hr events [207]. Other scenarios have been studied [208] in which the
Higgs boson decays predominantly into light hidden sector particles, either directly, or through
light SUSY states, and with subsequent cascades that increase the multiplicity of hidden sector
particles. In such scenarios, the high-multiplicity hidden-sector particles, after decaying back into
the SM, appear in the detector as clusters of collimated leptons known as “lepton jets”.

A variety of models have been investigated searching for final states involving dark photons and
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Figure 11.7: 90% CL upper limits on the WIMP-nucleon scattering cross section as a function of
the DM particle mass. Spin-independent results excluded and favored regions from direct detection
experiments are also shown.

hidden valley scalars. The resulting topologies typically have leptons or light hadrons which in some
cases can be prompt (i.e., originating from the hard process interaction point) or not and are in some
cases collimated and reconstructed as jets [209,210], and long lived weakly interacting particles.
The latter occur not only in hidden valley scenarios, but also in gauge-mediated extensions of the
minimal SUSY standard model (MSSM), the MSSM with R-parity violation, and inelastic DM
scenarios [211]. Finally, CMS has performed a search for pair production of light bosons [212].
Such a scenario can occur in SUSY models with additional hidden (or dark) valleys.

11.4 Combining the main channels

The analysis strategy used by the LHC experiments to perform the searches for the Higgs boson
has been based on the Higgs boson decay modes. It is a natural choice given that it focusses on the
decay products of the object searched for. However, for each channel, exclusive sub-channels have
been defined according to the Higgs boson production processes and, in the results presented, these
sub-channels have been combined. The natural extension of this approach in order to probe further
the production and decay modes of the Higgs boson is to combine the analysis channels together.
Such a combination is also used in Section 11.6 to further measure the coupling properties of the
Higgs boson.

1st June, 2020 8:27am



36 11. Status of Higgs Boson Physics

At the LHC, the total cross section cannot be measured in any of the production modes. As a
consequence, neither the absolute branching fractions nor the total width of the Higgs boson can
be directly measured, at least if the width is of the SM size. However, a combined measurement
of the large variety of categories described in Section 11.3, with different sensitivities to various
production and decay modes, permits a wide variety of measurements of the production, decay and
coupling properties. These measurements require, in general, a limited but nevertheless restrictive
number of assumptions.

In this section, three sets of results will be given. The first one is the ATLAS and CMS
Run1 combination [141]. The other two are the individual combinations of ATLAS and CMS
independently with partial Run 2 dataset. It is important to note that, between the Run 1 and the
Run 2 results, the signal theoretical systematic uncertainties have improved significantly.

The Run1 full combination results were derived by the two collaborations, taking rigorously
into account all correlations in the systematic uncertainties and in the large number of channels
and their categories.

At Run 2, ATLAS [213] and CMS [214] have already produced combined measurements of the
coupling properties of the Higgs boson with partial datasets, of up to 80fb~! and up to 36 fb~!
respectively.

In this section, only the results on the main Higgs boson production and decay modes will be
discussed. Only a brief presentation of the combination framework is given here (a more detailed
description is given in Ref. [215]). This framework will also be used in Section 11.6 to discuss the
measurements of the coupling properties of the Higgs boson.

11.4.1 Principles of the combination

The combination of the Higgs boson analysis channels in each experiment and for the two
experiments together was done using a fit of a signal and background model to the data. As
described above, the data was made of a large number of categories, aiming at reconstructing
exclusive production and decay modes. In the combination of ATLAS and CMS [141], there were
approximately 600 categories. The combination was a simultaneous fit to all these categories,
using a reduced number of parameters of interest and a Higgs boson mass fixed at its measured
value (see Section 11.3.2). The much larger number of categories present in the ATLAS and CMS
combination [141] is due to additional separation in terms of finer exclusive production regions,
decay channels of the Z and the W bosons, and taus, control regions where little-to-no signal is
present, and different center-of-mass energies. It should be noted that the individual combination
performed by ATLAS [216] included two additional decay channels: the ™~ and Zv. For the sake
of simplicity these channels were omitted in the ATLAS-CMS combination. In addition, a H — bb
analysis performed by CMS, see the reference in Ref [123], and included in its own combination,
has been omitted from the ATLAS-CMS combination.

In their Run 2 individual combinations, ATLAS and CMS have not considered the Z+~ channel.
The CMS experiment has included the pp channel.

The key to understand how the combination of channels works relies on the combination master
formula, which expresses for each category, indexed by ¢, of a given channel (typically a category
covers mostly one decay mode, but possibly various production modes), the measured number of
signal events n¢ as a function of a limited number of parameters as follows:

né = (Z i oM x Ay X gip X iy BR?M) X LC. (11.16)
i?f

The production index is defined as i € {ggF, VBF,VH,ttH} and the decay index is defined as
fe{yy,WW,ZZ,bb, 77}, while O'Z-SM and BRJSCM are the corresponding production cross sections
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Table 11.10: Summary of the observation significances (with respect to the background only
hypothesis) for the main production and decay processes at the LHC. Measured signal strengths
are reported when the observation has been established unambiguously. Measured signal strengths
are reported with the uncertainty of statistical nature first and systematic last, ATLAS has not
reported these results in its Run 2 combination (NR). *The Run2 V H significances reported in this
table are obtained from the observation of the Higgs boson decays to b quarks, while the Run 1
combination corresponds to combination of all channels.

Decay modes
ATLAS (Run1) CMS (Run1) ATLAS (Run2) CMS (Run2)

vy 460 (5.30) 520 (4.60) NR 120333 H3G)
77 6.20 (6.30)  8.10 (6.50) NR 1.06 T8 +0-11
WW 5.90 (5.40)  6.50 (4.70) NR 1.28 +9-9 +0.14
. 3.40 (3.90)  4.50 (3.80) 6.40 (5.40)  5.90 (5.90)

Comb. 5.00 (5.50)
- 2.60 (2.50) 1.40 (2.10)

bb 5.40 (5.50) 5.50 (5.60)
Comb. 3.70 (2.60)
Production modes
ATLAS and CMS (Runl) ATLAS (Run2) CMS (Run2)
qq — qqH (VBF) Comb. 5.40 (4.60) 1.21 10181018 0.73 1022 +017
pp — VH Comb. 3.50 (4.20) 5.30 (4.80)* 4.80 (4.90)*
pp — ttH Comb. 4.40 (2.20) 5.80 (4.90) 5.20 (4.20)

and decay branching fractions, estimated as described in Section 11.2, assuming that the Higgs
boson is that of the SM. A7, and & are the signal acceptance and the reconstruction efficiency for
the given production and decay modes in the category c. L€ is the integrated luminosity used for
that specific category. For the purpose of this review, these parameters can be considered as fixed3.

The parameters of interest in the master formula are the signal strength parameters p; and
py. It is important to note that the formula relies on the factorisation of the production cross
section and decay branching fraction, which assumes the narrow width approximation. The width
of the Higgs boson will be discussed in Section 11.5, however, for the precision needed here, the
fact that the Higgs boson has been observed in decay channels with high mass resolution as a
resonance is sufficient to validate this hypothesis. It is also manifest in the above equation that
the ten parameters for the production modes (u;) and decay modes (pf) cannot be determined
simultaneously. This illustrates that total cross sections or branching fractions cannot be measured
without further assumptions in this fit.

The master formula also illustrates an important caveat to the measurement of signal strength
parameters. In case these are interpreted as scale factors of the production cross sections or branch-
ing fractions, then all the other quantities such as the acceptances and efficiencies, Aff and Eifs need
to be assumed as independent and fixed to their estimated values for the SM Higgs boson. An addi-
tional important caveat to note concerning these combined results is that only the normalisation is

3In the combination performed by ATLAS and CMS, the systematic uncertainties on these parameters are taken
into account by allowing these parameters to vary in the fit.
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varied, while the discriminating variables for the signal are not modified and are still used in the fit.
These caveats are of particular importance in the use of the combination to measure the coupling
properties of the Higgs boson, as discussed in Section 11.6. For relatively small perturbations of
the couplings of the Higgs boson from the SM values, this hypothesis is valid.

However, the products u; X p1f can be considered as free parameters and in principle measurable
(if there is sufficient sensitivity from specific categories). Measuring the products of signal strengths
can be viewed as measuring the cross sections times the branching fraction, o - BR. An illustration
of the results for the Run 2 combinations of ATLAS and CMS is presented in Fig. 11.8 for the
combination of ATLAS and CMS.
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Figure 11.8: Combined measurements of the products ¢ - BR, normalised to the SM predictions,
for the five main production and five main decay modes. The hatched combinations require more
data for a meaningful confidence interval to be provided.

A coherent picture emerges (including the Run 1 results, see Ref. [123]) where an excellent
consistency between the observation in each channel and the SM expectation. This multi-parameter
fit quantifies the current experimental knowledge of the main production and decays modes. Run 2
results are also available [213,214]. These are not included in the figure for the sake of simplicity.
The Run 2 results are already competitive with the Run 1 results. In Fig. 11.8, the Run 1 results are
kept for illustration purposes. The theoretical uncertainty in the aforementioned fit is not included
in the measured values of the signal strengths but is illustrated on the unit value corresponding to
the SM expectation.

Other fits involving ratios of cross sections, which are less sensitive to theory uncertainties, are
performed and reported in Ref. [215].

The most constrained fit in the combination allows for only one single parameter to vary,
ie., Y(i, f), i = ps = p. This global-signal-strength model provides the simplest probe of the
compatibility of the signal with the SM Higgs boson. Indeed, it is sensitive to any deviation from
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the SM Higgs boson couplings provided that these deviations do not cancel overall. The full Run1
combination determines the global signal strength to be

f=1.0940.11 = 1.09 & 0.07 (stat.) = 0.04 (expt.) & 0.03 (th.bkg.) +0.07 (th.sig.), (11.17)

where the statistical, experimental uncertainties as well as the theoretical uncertainties on the
background and on the signal are reported separately. The ATLAS Run2 combination of the
global signal strength yields [213]:

p=1.117509 = 1.11 +0.05 (stat.) 7093 (expt.) =+ 0.03 (th.bkg.) 003 (th.sig.), (11.18)
while the CMS Run 2 combination yields [214]:
p=1.1740.10 = 1.17 +0.06 (stat.) T30S (th.sig.) + 0.06 (other.syst.). (11.19)

These overall signal strengths are fully compatible with the SM expectation, y = 1, with a
precision of 10%. It is interesting to note that the main uncertainty in these measurements arises
from the limited precision in the theoretical predictions for the signal production processes. The
precision reached with the individual experiments combinations using partial Run 2 data sets have
already exceeded the full Run1 ATLAS and CMS combination precision.

11.4.2 Main decay modes

Despite the large number of decay channels, since the cross sections cannot be independently
measured, from the measurements described in this section it is impossible to measure the decay
branching fractions without a loss of generality. The simplest assumption that can be made is
that the production cross sections are those of the SM, which is equivalent to assume that, for
all 4 indices, p; = 1. All branching fractions py can then be measured in a simple 5 parameter
fit. The results of these fits are reported in Table 11.10 in terms of significances to highlight
their unambiguous observations: all the measured branching fractions are compatible with the SM
values.

For the 777~ channel, ATLAS and CMS were both only mildly sensitive at the Run 1 and have
observed excesses in their data. The individual results were not sufficiently significant to claim an
observation, however, in combination the evidence was very strong. It is really with the addition
of the Run 2 data that the decay of the Higgs boson to tau pairs has been established by the two
experiments independently and unambiguously (see Table 11.10 and Section 11.3.2).

As illustrated in Table 11.10, ATLAS and CMS were both less sensitive in the H — bb decay
mode. The available sensitivity came mostly from the V H process. The combined significance of
3.70 at Run 1 was sufficient to suggest evidence, however ATLAS and CMS observations were both
low with respect to the rate expected in the SM. At Run 2, this channel benefited largely from the
increased production cross sections at 13 TeV and the much larger dataset. In this case as well, it
is with the addition of the Run 2 data that both experiments were able to establish a measurement
in this channel (as discussed in Section 11.3.2).

These are major milestones of the LHC physics program.

11.4.3 Main production modes

Most analysis channels are divided into exclusive categories allowing for an increased overall
sensitivity and permitting to access the various Higgs boson production modes. The cross sections
of the main production modes can be measured assuming that the branching fractions are those of
the SM, i.e., for all f indices py = 1. These assumptions lead to a 5 parameter combination. The
results are reported in terms of significances of observation of the production modes in Table 11.10.
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The gluon fusion production process is the dominant production mode. Although no numerical
estimate of combined significance of observation for this process has been given by the experiments,
it is considered as established due to the overwhelming evidence from the three main discovery
channels. None of the other production modes have been firmly established by the experiments
individually. However, the table shows that, for the VBF production mode, the combination had a
large sensitivity and produced a combined observation of 5.4, therefore establishing this process
with a rate compatible with that expected in the SM.

The V H production mode has only very recently been unambiguously observed by ATLAS
and CMS independently (as discussed in Section 11.3.2) through the V (H — bb) channel. This is
illustrated in the relative contributions of all channels to the V H process shown in Figure 11.8.

With the Run2 data, all production processes have been established, and in particular the
pp — ttH process, which provides direct evidence of the coupling of the Higgs boson to top quarks.
This is another milestone in the LHC physics program.

11.5 Main quantum numbers and width of the Higgs boson
11.5.1 Main quantum numbers J&¢

Probing the Higgs boson quantum numbers is essential to further unveiling its coupling prop-
erties. The measurements of the signal event yields in all the channels discussed in Sections 11.3
and 11.4, and their compatibility with the SM Higgs boson predictions, give a qualitative but,
nonetheless, compelling indication of its nature. This qualitative picture is further complemented
by the implications of the observation of the particle in the diphoton channel. According to the
Landau—Yang theorem [217], the observation made in the diphoton channel excludes the spin-1
hypothesis and restricts possibilities for the spin to 0 or 2.

The Landau—Yang theorem does not apply if the observed state is not decaying to a pair of
photons but to a pair of scalars subsequently decaying to two very collimated pairs of photons (as
for example in the case of H — ajaq — 4y). This possibility has not been rigorously excluded but is
not experimentally favoured since tight selection criteria are applied on the electromagnetic shower
shapes of the reconstructed photons. A more systematic analysis of shower shapes and the fraction
of conversions could be performed to further discriminate between the single prompt photon and
the two overlapping photons hypotheses. There are also potential theoretical loopholes concerning
the applicability of the Landau—Yang theorem, such as off-shell vector boson decays. However, for
the observed particle not to be of spin 0 and +1 parity would require an improbable conspiracy of
effects. It is nevertheless important to test this hypothesis independently, in particular since the
measurements of coupling properties of the Higgs boson assume that it is a C'P-even state.

11.5.1.1 Charge conjugation

The charge conjugation quantum number is multiplicative, therefore given that the Higgs-like
particle is observed in the H — ~7 channel, and given that photons are C-odd eigenstates, assuming
C conservation, the observed neutral particle should be C-even.

11.5.1.2 Spin and parity

To probe the spin and parity quantum numbers of the discovered particle, a systematic analysis
of its production and decay processes is performed in several analyses. These analyses are designed
to be independent of the measured event yields and they rely instead on the production and the
decay angles, and on the threshold distributions as long as a significant signal is observed, i.e.,
in situations when an excess over the expected background can be used to further discriminate
between signal hypotheses. These analyses are based on probing various alternative models of
spin and parity [218]. These models can be expressed in terms of an effective Lagrangian [219]
or in terms of helicity amplitudes [220]. The two approaches are equivalent. In the following, the
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effective Lagrangian formalism is chosen to describe the models considered and a restricted number
of models are discussed [219]. In the analysis performed by CMS [220], a larger number of models
have been investigated, however, the main channels studied by both experiments are essentially the
same and the main conclusions are similar and fully consistent.

i. Spin-0 model

The interaction Lagrangian relevant for the analysis of spin-0 particle interaction with a pair of W
or Z bosons with either fixed or mixed SM and BSM CP-even couplings or C' P-odd couplings, is
the following [221]:

E(I;V’Z D {COS(&)HSM BQHZZZMZN + gHWWWJW“}

L [cos(a)ﬁHZZZWZW + sin(a)/{AZZZWZW}

—% {COS(Q)KHWWWLW_W + Sin(a)/@AWWWJVW_W} } H, (11.20)
where V# = ZF W are the vector boson fields, VE# are the reduced field tensors and V= =
1/2eMP7V,, are the dual tensor fields. And A defines an effective theory energy scale. The factors
KSMs KHZZ, KHWW, KAzZ, kaww denote the coupling constants corresponding of the coupling of
the SM and BSM CP-even and C'P-odd components of the Higgs boson to the W and Z fields.
The mixing angle « allows for the production of a C' P-mixed state and the C'P-symmetry is broken
when o # 0, 7.

This formalism can be used to probe both C'P-mixing for a spin-0 state, as discussed in Sec-
tion 11.5.1.4 or specific alternative hypotheses, as discussed below in Section 11.5.1.3, such as a
pure CP-odd state (J = 07) corresponding to o = 7/2, ksy = kpyvy = 0 and kayy = 1. A
BSM CP-even state J = 0% corresponds to a = 0, kayy = 0, kgyy = 1 and kgy arbitrary.
These hypotheses are compared to the SM Higgs boson hypothesis corresponding to @ = 0 and
kavy = kayy = 0 and xkgy = 1. This formalism has been adopted by the ATLAS experiment.
The analysis of these benchmarks are illustrated in Fig. 11.9.

A different parametrisation of anomalous couplings of a spin-zero boson with two gauge bosons
V'V can also expressed in the general form of the scattering amplitude A:

1V +rVe  my(a+@)?|
(A7 S

K ~
A~ GYV _ 6*‘}182‘}2 + a;/Vf;I(jl)f*(Q)uy + aé/vf;l(,l)f*@)w/

(11.21)

where ¢g; is the polarization vector of the boson V;, f:l(,i) = el'q” —e¥q" is a scalar tensor constructed

from the vector boson V; polarization and four momentum, f;l(f) = %qua f*@p7 s the correspond-

ing pseudo-scalar tensor. A; and Ag are new physics scales, a12 3 are coupling strength modifiers
and |/<;2/1§g,3)| =0 or 1. The custodial symmetry would require that aV'"W = a%% and, at tree-level,
the only non-zero contributions would come from the a; term. This parametrisation is used by
CMS. It is fully equivalent to the interaction Lagrangian approach described above.

ii. Spin-2 model

The graviton-inspired interaction Lagrangian for a spin-2 boson X*” that does not carry any color,
weak and electromagnetic charge and that uniquely interacts with the energy momentum tensor
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Figure 11.9: (Left) Definition of the production and decay angles defined for the H — ZZ*) — 4¢
final state [220]. (Right) Expected distributions of the test statistic for the SM hypothesis (in blue)
and several alternative spin and parity hypotheses (in red).

TV:F of vector bosons V or fermions f, can be written as follows [221]:

1
&0 L | SaTioe e 122
4 f

where the strength of the interaction is determined by the couplings &y and ;. The simplest
scenarios, referred to as universal couplings (UC), correspond to & = &y. They predict a large
branching ratio to photons (of approximately 5%) and negligible couplings to massive gauge bosons
(W and Z). They are therefore disfavoured, and other models are investigated where the couplings
of the W, Z and ~y are assumed to be independent. Universality of the couplings refers to §; = &,.
Two other scenarios are considered: £, = 0 and §; = 2{,. In these scenarios, a large enhancement of
the tail of the transverse momentum of the spin-2 state is expected and requires a further selection
requirement in order to probe the models within the range of validity of the effective field theory.
Two requirements are considered, p%( < 300 GeV and pj)g < 125GeV [219]. The analysss of these
benchmarks are discussed below and results are illustrated in Fig. 11.9.

11.5.1.3 Probing fized J¥ scenarios

At the LHC, the determination of the spin and CP properties of the Higgs boson is done
independently from the total rates measurement, it uses a global angular helicity analysis and,
when applicable, the study of threshold effects. The channels used for this analysis, H — 7,
H— WW® = vy and H — ZZ®) — 40, are those where the observation of a signal is unam-
biguous.

At the Tevatron, an analysis using the threshold distribution in the associated production mode
V H with subsequent decay to a pair of b quarks was performed by the DO collaboration.
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i. The VH production at DO

The mass of the VH system is a powerful discriminant to distinguish a J© = 07, with a threshold
behaviour in do/dM? ~ 3,583, 3% from a 0%, 0~ and 2F state, respectively [222]. The V H mass
observable not only discriminates signal hypotheses, but also has an increased separation between
the 0~ and 27 hypotheses with respect to the backgrounds, thus allowing, with a small and not
yet significant signal yield, to exclude that the observed state is 0~ at 98% CL [223] and 27 at the
99.9% CL [224], assuming a signal produced with their best fit signal strength (which was p = 1.23).

ii. The vy channel at the LHC

In the H — ~y7y channel, the analysis is performed inclusively using the production angle cos 67, ¢ and
the transverse momentum of the diphoton pair [219]. The polar angle in the rest frame is defined
with respect to the bisector axis of the momenta of the incoming protons and is referred to as the
polar angle in the Collins—Soper frame [225]. The SM Higgs boson signal distribution is expected to
be uniform with a cutoff due to the selection requirements on the photons transverse momentum.
The H — 7 channel is mostly sensitive to the gluon-initiated spin-2 production scenarios, which
yield a cos (g distribution peaking at values close to 1. The ATLAS limits are derived from a
fit of the signal in bins of cos ¢ and diphoton transverse momentum and are summarised in
Fig. 11.9 (right) (only combined results are shown). The data shows a good compatibility with
the SM 0" hypothesis and contributes strongly to the exclusion of several spin-2 scenarios. The
conclusions are the same from CMS results [220].

iii. The H — WW® — ¢vlv channel at the LHC

In the H — WW® — fufv channel, the production and decay angles cannot be easily recon-
structed due to the presence of neutrinos in the final state, however, sensitivity arises from the
V — A structure of the decay of the W bosons. A scalar state thus yields a clear spin correla-
tion pattern that implies that the charged leptons e or p from the decays of the W bosons are
produced close to one another in the transverse plane. This feature impacts observables such as
the azimuthal angle between the two leptons A®yy or their invariant mass myy in addition to the
threshold behaviour of the decay. It can be used to discriminate between various spin and parity
hypotheses. The approach adopted by ATLAS uses a multivariate discriminant, whereas CMS uses
a 2D-fit of the dilepton mass and the transverse mass. Figure 11.9 (right) summarises the ATLAS
results of the H — WW®) — fufv analyses alone and in combination with other channels. Spin-1
hypotheses (11 and 17) have also been tested in this channel by ATLAS and CMS. ATLAS and
CMS exclude the 17 and 1~ hypotheses at more than 95% CL.

iv. The H— ZZ®™) — 4¢ channel at the LHC

The H — ZZ®™) — 4/ coupling analysis, as described in Section 11.3, also uses a discriminant based
on the 0% nature of the Higgs boson to further separate signal and background. In this analysis,
this feature is used to discriminate between signal hypotheses. The observables sensitive to the
spin and parity are [226] the masses of the two Z bosons (due to the threshold dependence of the
mass of the off-shell Z boson), two production angle 6* and @1, and three decay angles, @, #; and
0. The production and decay angles are defined as:

— 61 and 0, the angles between the negative final state lepton and the direction of flight of Z;
and Z5 in the rest frame.
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Figure 11.10: Likelihood profiles for the £z and £4yy - tan a parameters, representing respec-
tively C'P-even and C'P-odd anomalous couplings of the Higgs boson.

— @, the angle between the decay planes of the four final state leptons expressed in the four
lepton rest frame.

— @1, the angle defined between the decay plane of the leading lepton pair and a plane defined
by the vector of the Z; in the four lepton rest frame and the positive direction of the proton axis.

— 0*, the production angle of the Z; defined in the four lepton rest frame with respect to the
proton axis.

These angles are illustrated in Fig. 11.9 (left). There are two approaches to this analysis.
The first, used by CMS, is a matrix element likelihood approach where a kinematic discriminant is
defined based on the ratio of the signal and background probabilities. These probabilities are defined
using the leading-order matrix elements. A similar approach is also performed by ATLAS as a cross
check of their main result. The main approach adopted by ATLAS is the combination of sensitive
observables with a Boosted Decision Tree. These analyses are sensitive to various J? hypotheses
and in particular discriminate the 0% hypothesis from the 0. In all scenarios investigated, and for
both ATLAS and CMS, the data is compatible with the 07 hypothesis. ATLAS and CMS exclude
a pure pseudo-scalar nature of the observed boson at CLg levels of 98% and 99.8% [220].

11.5.1.4 Probing C P-mixing and anomalous HV'V couplings

The careful study of the kinematic properties of the events observed in the H — ZZ*) — 4¢ and
H — WW® = fulv channel, and in particular the angular distributions described above, allows
one to further probe the HVV coupling beyond testing fixed hypotheses. Assuming that the ob-
served particle is a spin-0 state, and using several discriminating observables in the H — ZZ () 5 40
and H — WW® — fufv channels, the anomalous terms in the formalism of Eq. (11.20) can be
probed. In the approach of helicity amplitudes used by CMS [220], all terms are essentially equiv-
alent, except for one additional phase which is neglected in Eq. (11.20).

Results are derived in terms of the parameters Kgyy = v kgyy /A and Rayvy = v kayy /A, and,
more precisely, as measurements of Ky /kgy and tan « - K4yy /s, as shown in Fig. 11.10. These
parameters can be interpreted as mixing parameters of a tensor anomalous C'P-even coupling and a
C P-odd component. The measurements are made in the H — ZZ®*) — 4¢and H — WW®) — (uviv
channels independently and then combined assuming that the Zgyv/kgm and tana - Rayvy/Kgm
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Figure 11.11: Observed (solid) and expected (dashed) likelihoods as a function of fu, cos(da,) (left),
fas €0S(¢q,) (right) for the Run1 and Run2 datasets separately and combined.

are the same for the W and Z vector bosons. Only the combination of the WW and ZZ channels
is shown in Fig. 11.10. The asymmetric shape of the likelihood as a function of Zgww, Hzz/ksm 1S
mainly due to the interference between the BSM and the SM contributions that gives a maximal
deviation from the SM predictions for negative relative values of the BSM couplings. In Fig. 11.10,
the expected likelihood profiles for a SM Higgs boson are also displayed. While no significant
deviation from the SM expectation is observed, the precision of the measurements of the mixing
parameters is fairly low. The results and conclusions from the CMS measurements [220] are very
similar.

An individual ZZ* channel measurement has also been carried out with a partial Run 2 dataset
by ATLAS [227]. CMS has performed a C'P-mixing analysis of a partial Run2 dataset of 36 pb~!
combined with the full Run1 data using the ZZ* channel [228]. In this analysis the CMS exper-
iment sets constraints on the following parameters defined in the scattering amplitude parametri-
sation (11.21):

a0 a;
foo = g b= e () (11.23)
where o; is the cross section for process with a; = 1 and a;x; = 0. The constraints on these
parameters are shown in Fig. 11.11.

CP invariance in the HV'V coupling can also be probed with the VBF production process in
the H — 777~ channel. CMS has performed an analysis in this channel and has combined its
results with the aforementioned ZZ* channel using the same dataset [229].

ATLAS has also performed an analysis using optimal observables [230], defined as the ratio
of the interference between the C'P-odd and the SM contributions normalised to the SM matrix
element squared, using the Run 1 data. In this study, the C'P-mixing contributions are described in
the framework of an effective field theory governed by a single parameter d, found to be consistent
with its SM value of d = 0 and constrained to the interval [-0.11,0.05] at the 68% CL.

11.5.2 Off-shell couplings of the Higgs boson
In the dominant ggF production mode with a subsequent decay of the Higgs boson into a
pair of Z bosons, the production cross section of an off-shell Higgs boson is known to be sizeable.
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This follows as a consequence of the enhanced couplings of the Higgs boson to the longitudinal
polarisation of the massive vector bosons at high energy.

The off-shell to on-shell cross section ratio is approximately 8% in the SM [231]. Still the Higgs
contribution to V'V production at large invariant mass remains small compared to the background.
It is nevertheless interesting to probe Higgs production in this regime as it is sensitive to new
physics beyond the SM.

The difficulty in the off-shell V'V analysis, beyond the small signal-to-background ratio, is due
to a large negative interference between the signal and the gg — V'V background.

The resulting presence of a SM Higgs boson signal in the far off-shell domain results in a deficit
of events with respect to the expectation from background only events. It is only when the off-shell
couplings of the Higgs boson are larger than expected in the SM that the presence of a signal appears
as an excess over the background expectation. One additional intricacy arises from the precision
in the prediction of the rate for gg — V'V, a loop process at lowest order, and its interference with
the signal. At the time of the publication of the original ATLAS and CMS results, a full NLO
prediction had not been computed.

It is interesting to note that, in this regime, the Higgs boson is studied as a propagator and
not as a particle. The measurement of its off-shell couplings is therefore absolute and does not rely
on the knowledge of the total Higgs boson width. The off-shell coupling constraints can then be
used to indirectly constrain the width of the Higgs boson, under specific assumptions detailed in
Section 11.5.3.3.

This measurement has been carried out in the H - ZZ — 4¢, H — ZZ — {lvv and H —
WW — fvlv channels. To enhance the sensitivity of the analysis, the knowledge of the full
kinematics of the events is important. In particular the signal and the background can be further
distinguished by the invariant mass of the V'V system, which is more accurately accessible in the
H — ZZ — 44 channel. Angular distributions also play an important role in this analysis. For these
reasons, the H — ZZ®*) — 4¢ channel is significantly more sensitive than H — WW®) — fviv.
The CMS results in Refs. [232] include the VBF and V H processes through the selection of two
additional jets in the final state. The ATLAS results do not have a specific selection for the VBF
or V H production processes, but their contributions are taken into account.

Limits on the off-shell rates have been reported for the two channels by ATLAS [233] and
CMS [232]. The combined results, assuming that the off-shell rates in the ZZ and WW channels
scale equally, are given for two different hypotheses on the VBF production rate: fixing it to its
SM value or scaling it as the gluon fusion rate. The observed (expected) limits on the off-shell rate
fraction with respect to its SM expectation is 6.7 (9.1) for ATLAS [233] with the VBF rate fixed to
its SM value and 2.4 (6.2) for CMS [232] where no assumption is made on the relative production
rates of gluon-fusion and VBF. In both cases, the custodial symmetry is assumed and the ratio of
the rates in the ZZ and WW decays are fixed to those of the SM. Results without this assumption
have also been reported in Ref. [232].

Both ATLAS [234] and CMS [228] have performed off-shell Higgs boson analyses to constrain
the off-shell Higgs boson production rates with partial Run 2 datasets, corresponding respectively to
luminosities of 36.1fb~! and 80.2 fb~—!. With the increase in centre-of-mass energy and luminosities,
significantly better sensitivities are achieved. The ATLAS analysis is based on two decay channels,
H — 40 and H — 202v, and the two main ggF and VBF production modes, while the CMS analysis
is based on the H — 4/ channel exclusively, but uses the exclusive V H categories. The results
obtained have already reached an impressive sensitivity, with 95% CL upper limits on the off shell
signal strength pof—_shell:

(ATLAS) fioff—shenl < 3.8 (0bs) [3.4 (exp)], (CMS) fiof—shell < 2.28 (obs) [3.2 (exp)]. (11.24)
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11.5.3 The Higgs boson width

In the SM, the Higgs boson width is very precisely predicted once the Higgs boson mass is
known. For a mass of 125 GeV, the Higgs boson has a very narrow width of 4.1 MeV [44]. It is
dominated by the fermionic decays partial width at approximately 75%, while the vector boson
modes are suppressed and contribute 25% only.

At the LHC or the Tevatron, in all production modes, only the cross sections times branching
fractions can be measured. As a consequence, the total width of the Higgs boson cannot be inferred
from measurements of Higgs boson rates. Direct constraints on the Higgs boson width are much
larger than the expected width of the SM Higgs boson.

11.5.3.1 Direct constraints

Analyses of the reconstructed mass line-shape in the two channels with a good mass resolution,
the H — vy and H — ZZ®) — 4/ channels, allow for a direct measurement of the width of the SM
Higgs boson. The intrinsic mass resolution in these channels is about 1-2 GeV, much larger than
the expected width of the SM Higgs boson. As a result, only upper limits on the Higgs boson width
have been set by ATLAS [235] and CMS [236]. The two main challenges of direct constraints on the
width through the measurement of the line-shape are: (i) the modelling of resolution uncertainties
and (ii) the modelling of the interference between the signal and the continuum background which
can be sizeable for large widths, in particular in the range where direct constraints are set. Given
that these interference effects are small with respect to the individual channels sensitivity, they are
neglected in deriving constraints on the total width. The combined constraints, however, being
more precise, could be affected by the interference. ATLAS [235] has therefore not combined the
constraints on the width from the two channels. The results are reported in Table 11.11. These
constraints are still three orders of magnitude larger than the expected SM width and are fully
compatible with the SM hypothesis.

Table 11.11: Run1 observed (expected) direct 95% CL constraints on the
width of the 125 GeV resonance from fits to the 4y and ZZ mass spectra
and to the 4/ vertex lifetime. *The CMS measurement from the 4¢ mass
line-shape was performed using Run 2 data.

Exp. M., mass spectrum My, spectrum 40 vertex lifetime
ATLAS < 5.0(6.2) GeV < 2.6(6.2) GeV —
CMS <2.4(3.1)GeV <1.1(1.6)GeV*  >35x10712GeV

Another direct constraint on the Higgs boson width can be obtained, in the H — ZZ®*) — 4¢
channel, from the measurement of the average lifetime of the Higgs boson calculated from the
displacement of the four-lepton vertex from the beam spot. This analysis has been carried out by
CMS (see references in Ref. [123]), using the measured decay length. The measured c7y is 235 pm,
yielding an observed (and expected) limit at the 95% CL of ety < 57(56) um. From this upper limit
on the lifetime of the Higgs boson, the 95% CL lower limit on its width is I > 3.5 x 10712 GeV.

11.5.3.2 Indirect constraints from mass shift in the diphoton channel

In the diphoton channel, it was noticed in Ref. [237], that the effect of the interference between
the main signal g9 — H — 7y and the continuum irreducible background gg — 77, taking into
account detector resolution effects, is responsible for a non negligible mass shift. The size of the
mass shift depends on the total width of the Higgs boson and it was suggested that measuring this
mass shift could provide a constraint on the width [237]. It was further noticed that the mass shift
has a dependence also on the diphoton transverse momentum. The total width of the Higgs boson
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could therefore be constrained using the diphoton channel alone.

Further studies were performed by ATLAS to estimate the size of the expected mass shift [134].
The expected shift in mass in the diphoton channel is 35+9 MeV for the SM Higgs boson. Very
preliminary studies of the sensitivity of this method to estimate the width of the Higgs boson in
the High-Luminosity regime have been made by ATLAS [238] and yield an expected 95% CL upper
limit on the total width of approximately 200 MeV from 3ab~! of 14 TeV data.

11.5.3.3 Indirect constraints from on-shell rate in the diphoton channel

In the diphoton channel, it was noticed in Ref. [239], that the interference between the main
signal g9 — H — v amplitude and the continuum irreducible background gg — ~v amplitude
generates non-negligible change in the on-shell cross sections, as a result of the existence of a
relative phase between these amplitudes. The size of this on-shell interference effect depends on
the total width of the Higgs boson and it was suggested that measuring this on-shell cross section
precisely could provide a constraint on the Higgs total width. This interference effect yields around
2% reduction for the gg — H — 7 cross section measurement. The current evaluation of this
interference effect is performed at NLO and has a fgg;‘j uncertainty, due to the fact that the large
relative phase is driven by the two-loop gg — 7 background amplitude [237,239]. This on-shell
interference effect has a dependence on the pr of the diphoton system and the photon polar angle in
the diphoton rest frame, which can be further exploited to improve the measurement to constrain
the Higgs total width.

Taking the ratios of the on-shell cross section of Higgs boson to diphoton channel and the cross
section of Higgs boson to four-leptons channel where the interference effect is negligible could put
bound on the Higgs boson total width. This ratio is free from many dominant sources of systematic
uncertainties for cross section measurements, i.e., PDF uncertainty and luminosity uncertainty,
and can be further improved by the accumulation of the LHC data. From this cross section ratio
measurement alone, a preliminary estimation of the current limit from this interference effect with
current 30% precision puts an upper bound of 800 MeV on the Higgs boson total width and the
limit improves to 60 MeV with 3ab~! of 14 TeV data [239, 240].

11.5.3.4 Indirect constraints from off-shell couplings

Using simultaneously on-shell and off-shell measurements in the V'V channels, it was no-
ticed [231,241] that the total width of the Higgs boson could be constrained. This can be illustrated
from the parametrisation of the signal strength measurements both on-shell (fon—shen) and off-shell
(Hoff—shell) as a function of the couplings modifiers x, and ky parameterising the main process
g9 — H — V'V (see Section 11.6.2 for the definition of these coupling modifiers). The on-shell and
off-shell signal strengths can be written as:

2 2
ﬁg, on—shell ﬁV, on—shell

I'y/I'sm

2 2
Hon—shell = » Moff—shell = Kg off —shell BV, off —shell: (1125)

A bound on the Higgs boson width can then be obtained from the measurements of the on-shell and
off-shell signal strengths. This assumes that no new physics alters the Higgs boson couplings in the
off-shell regime, i.e., that the running of its couplings is negligible in the off-shell regime [242,243].
Both ATLAS [233] and CMS [232] have used their off-shell production limits to constrain the width
of the Higgs boson.

Both ATLAS and CMS analyses use the kinematic event characteristics to further gain in
sensitivity to discriminate between the signal and background. The ATLAS analysis assumed that
there are no anomalous couplings of the Higgs boson to vector bosons, and obtains 95% CL observed
(expected) upper limit on the total width of 5.7xI'sy (9.0xI'gy) with the Run1 dataset. In the
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CMS analysis, the observed (expected) limit on the total width is 6.2x sy (9.8x sy ) for the ZZ
channel only at Run 1.

In addition, in the CMS analysis, results are also derived allowing for anomalous couplings of
the Higgs boson, therefore reducing the discriminating power of the kinematic variables used in the
analysis but reducing the model dependence. The observed (expected) limit on the total width is
10.9><FSM (17.4><FSM).

CMS has also combined the ZZ and W™ W~ channels while keeping the gluon-fusion and VBF
production processes separate. For the gluon fusion mode, the observed (expected) combined upper
limit at the 95% CL on the total width of the Higgs boson is 2.4xI'sy (6.2xIgy) [232], while for
the VBF production mode the exclusion limits are 19.3x sy (34.4xIgy) [232].

At Run2, using the ATLAS [234] and CMS [228] analyses described in Section 11.5.2, the
following bounds were obtained:

(ATLAS) I'y/I'g™ < 3.5 [3.7 (exp)], (11.26)
(CMS) I'y < 9.16 [13.7 (exp)] MeV or Ty g™ =3.2728 [4.1750 (exp)]. (11.27)

CMS has also performed this analysis considering possible anomalous HZZ couplings as discussed
in Section 11.5.1.4. Neither the results nor the sensitivities are significantly affected by allowing
specific anomalous coupling parameters to float in the fits.

ATLAS and CMS have also performed a study of the prospects for measuring the Higgs boson
width mainly in the four lepton channel. Projecting to a luminosity of 3ab™!, it was concluded
that, within assumptions similar to the ones mentioned above and assuming the SM central value,
the observed (expected) combined upper limit at the 95% CL on the total width of the Higgs boson
would be 3.8xIgy (3.4xIgnm), i-e., the width of the Higgs boson could be constrained with the
following precision [104]:

Iy =417 MeV. (11.28)

11.6 Probing the coupling properties of the Higgs boson

As discussed in Section 11.2, within the SM, all the Higgs boson couplings are fixed unambigu-
ously once all the particle masses are known. Any deviation in the measurement of the couplings
of the Higgs boson could therefore signal BSM physics.

Measuring the Higgs boson couplings without relying on the SM assumption requires a general
framework treating deviations from the SM coherently at the quantum level in order to provide
theoretical predictions for relevant observables to be confronted with experimental data. An at-
tempt in that direction has been formalised in the so-called k-formalism [244], following earlier
attempts [245] and initial phenomenological studies of the first hints of the existence of the Higgs
boson [246]. In this LO-inspired approach, the SM Higgs boson couplings are rescaled by arbitrary
factors, k’s, keeping the same Lorentz structure of the interactions. This formalism allows for sim-
ple interpretation of the signal strengths measured in the various Higgs channels. It it has been
utilised to test various physics scenarios, like the existence of additional new particles contributing
to the radiative Higgs boson production and decays, or to probe various symmetries of the SM
itself, as for example the custodial symmetry. It only compares the experimental measurements to
their best SM predictions and does not require any new BSM computations per se. And, from a
more theoretical perspective, its relevance arises from the fact that it actually fully captures the
leading effects in single Higgs processes of well motivated scenarios. Still, the x-formalism has
obvious limitations and certainly does not capture the most general deformations of the SM, even
under the assumptions of heavy and decoupling new physics. A particularly acute shortcoming at
the time Higgs physics is entering a precision era is the lack of proficiency to assert the richness
of kinematical distributions beyond simple signal strength measurements. Several extensions and
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alternative approaches are being developed as part of the activities of the LHC Higgs Cross Section
Working Group [45].

The Higgs Pseudo-Observable (HPO) approach [247] allows one to report the data in terms
of a finite set of on-shell form factors parametrising amplitudes of physical processes subject to
constraints from Lorentz invariance and other general requirements like analyticity, unitarity, and
crossing symmetry. These form factors are expanded in powers of kinematical invariants of the
process around the known poles of SM particles, assuming that poles from BSM particles are
absent in the relevant energy regime. A set of HPOs have been proposed to characterise both
the Higgs boson decays and the EW Higgs boson production channels, thus exploring different
kinematical regimes. Prospective studies concluded that these HPOs can be measured/bounded at
the percent level at the HL-LHC and could therefore be used to constrain some explicit models of
new physics.

Another systematic approach to characterise the possible Higgs boson coupling deviations in-
duced by BSM physics is the use of Effective Field Theories (EFT) [248,249]. This approach
assumes again that the new physics degrees of freedom are sufficiently heavy to be integrated out
and they give rise to effective interactions among the light SM particles. By construction, the effec-
tive Lagrangians cannot account for deviations in Higgs physics induced by light degrees of freedom,
unless they are added themselves as extra fields in the effective Lagrangians. In Section 11.7, several
examples of models with light degrees of freedom affecting Higgs boson production and decay rates
will be presented. The main advantage of EFTs is their prowess to relate different observables in
different sectors and at different energies to constrain a finite set of effective interactions among the
SM degrees of freedom. In an EFT, the SM Lagrangian is extended by a set of higher-dimensional
operators, and it reproduces the low-energy limit of a more fundamental UV description. It will be
assumed that the Higgs boson is part of a C'P-even EW doublet, @, and that the Lagrangian is an
analytic function of the gauge invariant #'®. This scenario is commonly refereed as SMEFT. Even
though it is not fully established experimentally, this set-up is motivated by the measurements of
the Higgs couplings to the different SM particles that show an alignement with their masses, such
an alignement naturally follows under this assumption of a linear realisation of the SU(2), x U(1)y,
symmetry of the SM but would require an ad-hoc tuning otherwise. General Lagrangians bypassing
this linear assumption have been explicitly written down, see for instance Ref. [250]. They rely on
a chiral expansion with a specific power-counting, effectively resumming the expansion in powers
of the Higgs field, usually referred as HEFT as opposed to SMEFT.

11.6.1 Effective Lagrangian framework

The SMEFT has the same field content and it respects the same linearly-realised SU(3), x
SU(2); xU(1)y local symmetry as the SM. The difference is the presence of operators with canonical
mass-dimension d larger than 4. These are organised in a systematic expansion in d, where each
consecutive term is suppressed by a larger power of a high mass scale. Assuming baryon and lepton
number conservation, the most general Lagrangian takes the form

Log =L+ Y. V0 +3 ol 4. (11.29)
i j

The contribution of the higher order operators of dimension d to physical amplitudes is suppressed
by (E/A)**, where E is the relevant energy scale of the process and A is the energy scale sup-
pressing the higher-dimensional operators. The Wilson coefficients cgd)
of the heavy new physics in low-energy observables. Their precise forms in terms of masses and
couplings of the new particles can be obtained via matching with the ultraviolet (UV) completion

of the SM, see, e.g., Ref. [251], or inferred using specific power-counting rules [248,252].

encode the virtual effects
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The list of dimension-6 operators was first classified in a systematic way in Ref. [253] after the
works of Ref. [254]. Subsequent analyses pointed out the presence of redundant operators, and a
minimal and complete list of operators was finally provided in Ref. [255]*. For a single family of
fermions, there are 76 real ways to deform the SM generated by 59 independent operators. With
the 3 families of fermions of the SM, flavour indices can be added to these 59 operators, and fur-
thermore, new operator structures, that have been dismissed by means of Fierz transformations in
the single family case, have to be considered, for a total of 2499 real deformations [258]. When
considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators
of dimension 6. In particular the vast subset of 4-fermion operators, whether flavour and C'P pre-
serving or not, can be more strongly constrained by other processes. Thus, it makes sense to neglect
this whole class, with the exception of one particular four-fermion interaction that contributes to
the muon decay and thus directly affects the Fermi constant. The dipole operators, instead do di-
rectly affect Higgs boson production, however, under very general and plausible assumptions on the
flavour structure of new physics, the coeflicients of these operators display the same structure and
the same chiral suppression of the Yukawa couplings. The consequence is that, with the possible
exception of processes involving the top quark, their effect in Higgs boson production is expected
to be negligible. Furthermore, as far as Higgs boson decays are concerned, the dipole operators
only contribute to three (or more)-body final states (for instance H — bby) and as such they can
easily be neglected too. Eliminating these two classes, there remain three other classes: 1) purely
bosonic operators, 2) generalised Yukawas, 3) Higgs-fermion current operators. Operators in class
2 and 3, per se, can still contain C'P- or flavour-violating terms, on which experimental constraints
are rather strong. Under the assumption of flavour universality (respectively diagonality), one is
left with 12 (14) parameters affecting EW precision measurements, diboson processes and single-
and double-Higgs data and 7 (17) other parameters modifying the EW gauge boson couplings to
fermions, see Ref. [44] for further technical details. Working in the unitary gauge and performing
suitable redefinition of fields and input parameters the effective Lagrangian can be conveniently
expressed in the parameterisation of Ref. [259], the so-called Higgs basis that conveniently single
out these special less constrained parameters. Such a classification reflects the current experimen-
tal situation and the hierarchy in the sensitivity of the experimental measurements in the various
sectors of the SM. As the sensitivity of the measurements in the Higgs sector improves, another
and more general parametrisation of the SM deformation will have to be retained, in particular a
parametrisation more suited for a treatment at the quantum level. In other bases of operators, in
particular the so-called Warsaw basis [255] used in some experimental EFT analyses [128,260,261],
one finds strong correlations among the operators affecting the EW gauge couplings to fermions,
leaving 12 (14) linear combinations of operators with weaker constraints.

Section 11.6.2 illustrates how the Higgs data accumulated at the LHC can (partially) constrain
the SM deformations, i.e., the dimension-6 operators of the SEMFT Lagrangian. Automatic tools
are being developed to analyse the experimental data within an EFT framework, see the report [262]
and references therein.

11.6.2 Probing coupling properties

As described in Section 11.3, a framework was developed by ATLAS and CMS [141], individu-
ally and together, to combine the very large number of exclusive categories aimed at reconstructing
the five main decay modes and the five main production modes of the Higgs boson. The general
conclusion of this combination, illustrating the compatibility of the observation with the SM ex-
pectations, is given in Section 11.3. The same framework with its master formula, Eq. (11.16),

4Complete enumerations of d=8 operators have been obtained [256] and some preliminary constraints on peculiar
subsets of these operators have been derived from experimental measurements [257]. Still, in this review, the EFT
Lagrangians will be truncated at the level of dimension-6 operators.
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can be used to further measure coupling properties of the Higgs boson under specific additional
assumptions.

11.6.2.1 Combined measurements of the Higgs boson coupling properties
i. From effective Lagrangians to Higgs observables

The x framework, described in detail in Ref. [43,244], facilitates the characterisation of Higgs
coupling properties in terms of a series of Higgs coupling strength modifier parameters x;, which
are defined as the ratios of the couplings of the Higgs bosons to particles ¢ to their corresponding SM
values. The x framework assumes a single narrow resonance so that the zero-width approximation
can be used to decompose the cross section as a product of two factors characterising the production
and the decay of the Higgs boson. The x parameters are introduced by expressing each of the these
factors as their SM expectation multiplied by the square of a coupling strength modifier for the
corresponding process at leading order:

ooMy, Z-FSM&% o-BR /@2'/@%

o -BR)(i v H — f)=— -~ = =+ (11.30)
where ,u{ is the rate relative to the SM expectation and k% is an expression that adjusts the SM

Higgs width to take into account the modifications induced by the deformed Higgs boson couplings.
When all k; are set to 1, the SM is reproduced. For loop-induced processes, e.g. H — 7y, there is a
choice of either resolving the coupling strength modification in its SM expectation, i.e., K (k¢, Kw)
or keeping k. as an effective coupling strength parameter.

The x-framework is the simplest parametrisation directly related to experimental measurements
of the Higgs boson production and decay modes. For this reason, it has been widely used by the
community. It can also be connected to the SMEFT formalism as follows. Restricting to the EFT
directions not probed outside Higgs physics [263], the Higgs boson couplings are written in the
unitary gauge as:

2m
L= miy W,iWRH + HVVT (cos? O Zyu 21" + 2 W W) H
+ Ry 12 Ga G"™WH + H,Y AWA“ H + K,Z’Y AWZWH (11.31)
mH 3 my my my\ g7
+/‘€3%H — Kt Z 7‘1‘/4)1) Z 7—*—/'{7- Z 7 ffH

fuct "V F=dys,b f=equT

The exact correspondence between the effective coefficients of the dimension-6 operators and the
k’s can be found for instance in Ref. [44]. In the SM, the Higgs boson does not couple to massless
gauge bosons at tree level, hence k; = K, = Kz, = 0. Nonetheless, the contact operators are
generated radiatively by SM particles loops. In particular, the top quark gives a contribution to
the 3 coefficients kg, k-, Kz, that does not decouple in the infinite top mass limit. For instance, in
that limit k, = kg = 1 [23,24,264].

The coefficient for the contact interactions of the Higgs boson to the W and Z field strengths
is not independent but obeys the relation

(1 — cos* Oy )kyy = sin 20Kz + sin? O Koy (11.32)

This relation is a general consequence of the custodial symmetry [265], which also imposes kz = Ky
at leading order (kz/kw — 1 is a measure of custodial symmetry breaking and, as such, is already
constrained by electroweak precision data and the bounds on anomalous gauge couplings). When
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the Higgs boson is part of a SU(2);, doublet, the custodial symmetry in the bosonic sector could
only be broken by the Or = %(@T?F@)Z operator at the level of dimension-6 operators and it
is accidentally realised among the interactions with four derivatives, like the contact interactions
considered.

The coefficient k3 can be accessed directly only through double Higgs boson production pro-
cesses, hence it will remain largely unconstrained at the LHC. Before the associated production of
a Higgs boson with a pair of top quarks was observed, the Higgs boson coupling to the top quark
was only probed indirectly via the one-loop gluon fusion production or the radiative decay into two
photons. However, these two processes are only sensitive to the combinations of couplings (k¢ + £g)
and (k; + k) and not to the individual couplings. Therefore a deviation in the Higgs boson cou-
pling to the top quark can in principle always be masked by new contact interactions to photons
and gluons (and this is precisely what is happening in minimal incarnations of composite Higgs
models [266]). The current and still limited sensitivity, of the order of 20%, in the t¢H channel
leaves elongated ellipses in the direction kg = K, = 1 — K.

The operators already bounded by EW precision data and the limits on anomalous gauge
couplings modify in general the Lorentz structure of the Higgs couplings and hence induce some
modifications of the kinematical differential distributions [267]. A promising way to have a direct
access to the effective coefficients of these operators in Higgs physics is to study the V H associated
production with a W or a Z at large invariant mass of the V H system [268]. These differential
distributions could also be a way to test the hypothesis that the Higgs boson belongs to a SU(2)y,
doublet together with the longitudinal components of the massive electroweak gauge bosons.

ii. Interpretations of the experimental data

The measurements of the coupling properties of the Higgs boson are entirely based on the formalism
of the effective Lagrangian described above. Measurements of coupling properties in this framework
implies assessing the parameters of the model Eq. (11.31) or combinations of these parameters with
different sets of assumptions.

These measurements are carried out with the combination framework described in Section 11.4,
where the y; and py signal strength parameters are further interpreted in terms of modifiers of the
SM couplings sy where k € {Z, W, f,g,7,Z~} as in Eq. (11.31). The number of signal events per
category for the various production modes are typically estimated at higher orders in the analyses
but are scaled by these single LO-inspired factors, thus not taking into account possible intricacies
and correlations of these parameters through the higher-order corrections. This approximation is
valid within the level of precision of current results and their compatibility with the SM expectation.

In this formalism, further assumptions are explicitly made: (i) the signals observed in the differ-
ent search channels originate from a single narrow resonance with a mass of 125 GeV; (ii) similarly
to the combination described in Section 11.4, the narrow width approximation is assumed (to allow
the decomposition of signal yields into products of production and decay signal strengths); (iii) the
tensor structure of the couplings is assumed to be the same as that of a SM Higgs boson. This
means in particular that the observed state is assumed to be a C' P-even scalar as in the SM.

Loop-level couplings such as the gg — H, H — vy and H — Z+ can either be treated effectively,
with kg, ky and Kz, as free parameters in the fit or these parameters can be expressed in terms
of the know SM field content and as a function of the SM coupling modifiers, in the following
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way [269]:

Ko (Kt kb, Kie) = 1.042 k7 — 0.040 kyrip, + 0.002 k7 — 0.0056; ki + 0.0005Kkc + 0.00002r7,
K2(kp, kv) = 1.59 k7 — 0.66 Ky kp + 0.07 K, (11.33)

k3 (P, ky) = 11263 — 0.15 Ky kp + 0.03 k3.

The rkz, parametrisation has been used only in the ATLAS Run1 combined measurements of
the coupling properties of the Higgs boson. The ™ p~ channels is included neither in the CMS and
ATLAS-CMS Run 1 combinations, nor in the ATLAS [213] Run 2 individual combination, while it
is included in the CMS [214] Run 2 combination.

The parametrisations are given for a Higgs boson mass hypothesis of 125.09 GeV (and in the
last two expressions, all the Higgs-fermion couplings are assumed to be rescaled by an universal
multiplicative factor k). It can be noted from the expression of k. that the coupling of the Higgs
boson to photons is dominated by the loop of W bosons, and it is affected by the top quark loop
mostly through its interference with the W loop. The sensitivity of the current measurements to
the relative sign of the fermion and vector boson couplings to the Higgs boson is due to this large
negative interference term. The k4 parameter is expressed in terms of the scaling of production cross
sections and therefore also depends on the pp collisions centre-of-mass energy. The parametrisations
of Ky and Kz, are obtained from the scaling of partial widths and are only dependent on the Higgs
boson mass hypothesis. Experiments use a more complete parametrisation with the contributions
from the b-quarks, 7-leptons in the loops [43,244].

The global fit is then performed expressing the p; and py parameters in terms of a limited
number of k; parameters or their ratios, under various assumptions. The parametrisation for the
main production modes are: (i) figer = /@3 for the gluon fusion and an effective coupling of the Higgs
boson to the gluons; (ii) pypr,y g = k¥ for the VBF and V H processes when the W and Z couplings
are assumed to scale equally, and M%BF(HI/V, Kz) = (ﬂ%/VUWWH +r%507z21)/(owwr + 0zz1), when
the couplings to the W and Z bosons are varied independently (oww g and ozzp denote the VBF
cross sections via the fusion of a W and a Z boson respectively, the small interference term is
neglected); (iii) 7 = K2 for the ttH production mode. Numerically the production modes signal
strengths as a function of the coupling modifiers to the SM fields are:

fagF = 1.06K7 + 0.01k7 — 0.07k¢kp, and  pypr = 0.74k7, + 0.26K%. (11.34)

The decay mode signal strengths are parametrised as u; = /ﬁ?i /K3 where k € {Z, W, f, 9,7, 27}
denotes the decay mode and k7, the overall modifier of the total width that affects all the signal
yields. kg is a priori an independent parameter. However, when it is assumed that the Higgs
boson cannot decay to new particles beyond those of the SM, xp can also be treated as an effective
parameter and expressed in terms of the coupling modifiers to the SM field content. Its general
expression is:

K3 = 0.57k; + 0.06r2 + 0.03K2 + 0.22k3 + 0.03K% + 0.09x7 + 0.0023k2. (11.35)

The general expression of the total width of the Higgs boson can be written as follows:

2 1SM
ki ly

Iy = —2-"2*2
T 1~ BRpsu

(11.36)

where I’ EIM is the total width of the SM Higgs boson and BRpgy is the branching fraction of the
Higgs boson to new particles beyond the SM.
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Figure 11.12: Likelihood contours in the (kp,xy) plane for the ATLAS-CMS Runl combina-
tion [270] (left) and the ATLAS [213] (center) and CMS [214] (right) individual Run 2 combinations.

Specific parametrisations will be made in order to address the following aspects of the coupling
properties of the Higgs boson under different assumptions: (i) the relative couplings of the Higgs
boson to fermions and bosons; (ii) the potential impact of the presence of new particles beyond the
SM either in the loops or both in the loops and the decay of the H; and (iii) also, more general
models either of coupling modifiers or their ratios, under different assumptions.

iii. Couplings to bosons and fermions

As it will be discussed in Section 11.7.6.3, it is interesting to probe a model where no additional
field content is considered in the decay width of the Higgs boson and where the relative couplings of
the Higgs boson to W- and Z-bosons is fixed to its SM value, i.e., ki = Kz, and where all Yukawa
couplings scale with one coupling modifier. In this model, only the SM particles are assumed to
contribute to the gluon fusion and the diphoton loops, and all fermion couplings modifiers are
required to scale simultaneously with a unique factor kg while all vector boson couplings modifiers
also scale with a common factor xy . It is a two-parameter fit with xy and kp as free variables of
interest. The ATLAS-CMS combined results for each channel independently, the combinations of
all channels for the two experiments separately and the results of the overall combination are all
shown in Fig. 11.12.

The global fit is only sensitive to the relative sign of Ky and kp. By convention, either kg or
Ky can be considered positive and negative values of ky or kK respectively can be considered. Such
values are not excluded a priori, but would imply the existence of new physics at a light scale and
would also raise questions about the validity of the perturbative treatment of the SM deformations
and also about the stability of the vacuum [271]. Among the five main Higgs boson decay channels,
only the 7 is sensitive to the sign of kp (or ky) through the interference of the W and ¢ loops
as shown in Eq. (11.33). The current global fit disfavours a negative value of kr at more than
five standard deviations. A specific analysis for the Higgs boson production in association with a
single top quark has been proposed in order to more directly probe the sign of kp (see references
in Ref. [123]). All available experimental data show a fair agreement of the SM prediction of the
couplings of the Higgs boson to fermions and gauge bosons. The results shown in Fig. 11.12 assume
that kg > 0, however, in Ref. [141], a similar combination is done without this assumption. The
observed exclusion is fully compatible with the SM expectation The ATLAS and CMS combined
measurements with the Run 1 dataset lead to

ky =1.0440.05 and kp=0.98T01 (11.37)
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and were already at an impressive 5% level of accuracy for the xy parameter. The ATLAS Run 2
combination yielded:
ky =1.054+0.04 and kp =1.05=+0.09. (11.38)

And the results for the CMS Run 2 are reported as likelihood contours shown in Fig. 11.12.

iv. Probing new physics in the loops (and the decay)

A more constrained model fully focussing on BSM scenarios with new heavy particles contributing
to the loops and where all couplings to the SM particles are assumed to be the same as in the
SM (kw = kz = K¢ = Ky = K7 = 1) is also used to constrain the x4 and s, parameters only. In
this model, it can be assumed that the new physics affecting the loops are either introducing new
decay channels (i.e., BRpgy allowed to vary in the fit) or not (i.e., BRpsy = 0). In the two cases,
the results on the couplings through loops (to gluons and photons) do not change significantly.
The constraints on BRgsy will be discussed in the next section, while here the focus will be on
the effective couplings of the Higgs boson to gluons and photons. The contours of the combined
likelihood in the (k, rq) plane for the ATLAS and CMS experiments and their combination are
shown in Fig. 11.13. The measured values of these parameters for the ATLAS and CMS Run1
combination are:

kg = 0.787013 and k= 0.8770 5. (11.39)

At Run 2, the ATLAS combination yielded:
kg = 1.03700% and k. = 1.00 £ 0.06. (11.40)

The CMS results are reported as likelihood contours in the (kg,k+) plane only, as shown in
Fig. 11.13.

35.9 b (13 TeV)
T T

;\‘m T T T T T T > =L L L L L L L A B = hd T
1‘6_,?;51‘5 a1nd cMs OatLasicms ] X s ATLAS 4 Bestfit ] - cmMs
un Oaras “F {s=13TeV,24.5-79.8 " —68%CL 1 1.4F B
J— Cems F m,=125.09 GeV, IyHI <25 ..--95% CL ]
1.4F 1.2 PSM=88/° % SM -
1.2F F ] L i
11 = 2
1 L ]
Ly n
0.8 E E 1 i
0.9~ ]
0'67_‘65%@ [95%CE + Bef“i“ * SM expected 1 T T T I D\mwuw. zmww : Eesm\ - SMEX\pem
06 08 1 [EEEREIEN 08585 09 095 1 105 11 115 1.2 07 08 09 1 1112 13

v K %

Figure 11.13: Likelihood contours in the (x4, k) plane for the ATLAS-CMS [270] combination
(left) and for the ATLAS [213] (center) and CMS [214] (right) individual Run 2 combinations.

In this model as well, all results are fully compatible with the SM expectations.

v. Coupling measurements and probing BSM physics in loops and in the decay

In the models described above, it was either assumed that no new latent BSM degree of freedom
distorts neither the loop-induced Higgs boson couplings to gluons and photons nor the total Higgs
boson width, or that all tree level couplings to SM particles are SM-like. These assumptions can
be relaxed.

In order to probe simultaneously the Higgs boson couplings to massive and massless parti-
cles, only the assumption BRggy = 0 is kept. The couplings to photons and gluons are then
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parametrised by independent effective couplings, x4 and k., and Kz, kw, kK¢, |k-|, and |kp| are
measured simultaneously. The absolute values of certain coupling modifiers only indicate the de-
generacy of combined likelihood for the two signs. It can be noted that when the coupling to gluons
is not considered effective, there is some sensitivity to the sign of k; through the interference be-
tween the top- and bottom-quark loops in the gluon fusion process. In this analysis, the constraint
on the top quark Yukawa coupling comes from the t#H direct search channels only. The complete
set of results from this model is given in Table 11.12 for the ATLAS-CMS combination using the
full Run1 dataset [270] and for the ATLAS [213] and CMS [214] individual combinations using
partial Run 2 datasets. Figure 11.14 also displays the results of the individual ATLAS and CMS
combinations. A negative relative sign is allowed for the ky and kz parameters without loss of
generality. This convention is used in the ATLAS and CMS Run1 combination and in the CMS
Run 2 combination. Neglecting the very small interference between the W and Z exchanges in the
VBF production and when treating the photon and gluon couplings as effective, the sensitivity to
the negative signs of the couplings of the Higgs boson to the W and the top quark and that of
the Z to the gluon come respectively from the tH and the ggH Z production processes. In the
case of the ATLAS Run2 combination, only a relative negative sign of the coupling of the Higgs
boson to the top quark is allowed. The cases reported in Table 11.12 of negative values of the
couplings correspond to quasi-degenerate cases and the choice of sign is therefore not significant.
For instance, the negative value of xyy obtained by CMS in its Run2 combination is due to tH
contribution to the ttH channels as the specific tH analyses described in Section 11.3.3 are not
included in the combination.

It is interesting to note that, with a partial Run 2 dataset, the sensitivity of individual experi-
ments is already better than the one obtained at Run 1. This is in large part due to the improved
systematic uncertainties related to the predictions of the Higgs boson production and decay that
have been discussed in Section 11.2.

Table 11.12: Coupling modifier combined measurements assuming the absence of perceptible new
physics in the decay of the Higgs boson. No assumption is made for the loop level couplings of the
Higgs boson to gluons and photons which are considered as effective.

LHC Runl ATLAS Run2 CMS Run2 HL-LHC (expected)

Ky 0.87T0M 1054009 1.07F010+0.09 1.8%
kw0870 1.05+0.09 —1.137915+006 1.7%
kz —0.98+0.10 1.11+0.08 1.00 999 +0.06 1.5%
kg 0781015 099010 1181085 012 2.5%
ke 1407020 1.09101%  0.98 1008 012 3.4%
Ry 049752 1031019 1713184020 3.7%
e 0847077 1057095 0.80 %087 Tog 1.9%

The results above are obtained under the assumption that the Higgs boson decays only to SM
particles. This assumption is necessary since the signal rates cannot resolve separately kg and
the absolute couplings of the Higgs boson to the SM particles. This degeneracy can, however,
be resolved using an independent constraint on the Higgs boson width as the one derived from
off-shell couplings measurements. This approach was used by the ATLAS experiment (see refer-
ences in Ref. [123]), thus yielding a priori an absolute measurement of the couplings of the Higgs
boson. The validity of the results obtained still relies on assumptions that have been discussed
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in Section 11.5.2. Another well-motivated assumption to resolve the aforementioned degeneracy
preventing the determination of ky is inspired by unitarity conditions. Requiring that xy < 1
allows to free the BRpgn parameter and further probe new physics in the decay of the Higgs bo-
son. An intuitive understanding of how this constraint works can be given by a simple example.
In the VBF H — WTW ™~ channel, the number of signal events compared to the SM prediction is
rescaled by (1 — BRBSM)H%V / K}%{, and, an observed signal close to the SM expectation cannot ac-
commodate a large value of BRpgy since the depletion factor (1 — BRpgy) cannot be compensated
by an enhanced value ky > 1. Or, in other terms, if Ky ~ 1 is preferred from other channels,
a low signal in the VBF H — WTW ™~ channel would be a sign of the presence of BSM physics
in the Higgs boson decays. Within this framework, all the Higgs boson couplings to massive and
massless SM particles can be measured in addition to BRggy. The results of this combination are
shown in Fig. 11.14 (left). The results for all parameters do not change significantly with respect
to the previous fit that assumed BRpgy = 0. But a 95% CL bound on this parameter can now be
obtained:

BRpsm < 34% (ATLAS), BRpsu < 38% (CMS). (11.41)

Both ATLAS and CMS in their Run 2 combinations have included the search for invisible decays
of the Higgs boson [213,214], described in Section 11.3. This allows for a coherent interpretation of
the constraints on invisible decays and the measurements in the visible channels as well as simulta-
neously constraining BRi,, and the overall branching fraction to potentially “visible” particles but
to which none of the considered measurements are sensitive, as for example Higgs boson decays
to light quarks or BSM particles decaying subsequently mainly to light quarks (BRyug referred
to as branching fraction to undetected particles). The limits obtained on the invisible branching
fractions are:

BRiny < 30% (ATLAS), BRin, < 22% (CMS). (11.42)

Models which are less sensitive to modelling systematic uncertainties and requiring no con-
straints on the natural width of the Higgs bosons have been considered, either through the ratio of
cross section and branching ratios (see results in Ref. [123]) or through a more generic approach to
avoid the degeneracy in the measurement of the coupling modifiers, probing the coupling properties
of the Higgs boson through ratio of couplings. In the latter model, the cross section times branching
fraction of the gg — H — ZZ process is parametrised as a function of a single coupling modifier:

Koz = kg X 2 (11.43)
RH

Then all combination signals can be parametrised with the following ratios of coupling modifiers:
(i) the Azg = kz/kg4 ratio which is mainly probed by the measurements of the VBF and ZH produc-
tion; (ii) the \yg = K¢/Kgy ratio constrained by the ttH production process; (iii) the Az = kw /rz
ratio mainly probed by the WW and ZZ decay modes; (iv) the \;z = k;/kz ratio constrained by
the 777~ channel; (v) the \pz = Kp/kz ratio probed mainly by the V H (bb) channels; and (vi) the
Az = ky/Kz ratio constrained by the diphoton channel. In this parametrisation, the ZZ channel
plays an important normalisation role (the results are discussed in detail in the previous edition of
this review [123]).

11.6.2.2 Differential cross sections

To further characterise the production and decay properties of the Higgs boson, with the increase
in size of the LHC datasets, measurements of fiducial and differential cross sections are being carried
out by ATLAS and CMS both at Run 1 (the references can be found in the previous edition of this
review [123]) and Run2 [260,272] and in several channels: (i) the diphoton, (ii) the four leptons,
and (iii) the WW channels.
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Figure 11.14: ATLAS [213] (left) and CMS [214] (right) combined measurements of coupling mod-
ifiers in the ky < 1 scenario, and in the case of the ATLAS measurements with the assumption
BRpsy = 0 and using the off-shell Higgs measurements.

The definition of a fiducial volume as close as possible to the reconstruction level selection
criteria is very important as it will minimise the model dependence from possible variations in
the signal reconstruction efficiencies. Minimising model dependence of unfolded fiducial differential
cross section measurements is also key to ensure their usefulness to further probe and tune more
accurate models in the future.

As an example in the diphoton channel for the ATLAS Run 1 analysis (similar criteria are used
at Run2 and by CMS), the selection criteria defining the fiducial volume are the following: the
two highest transverse momentum (E7), isolated final state photons, within || < 2.37 and with
105GeV < M,, < 160GeV are selected (the transition region between the barrel and end-cap
calorimeters is not removed); after the pair is selected, the same cut on Er/M.,, as in the event
selection, i.e., in excess of 0.35 (0.25) for the two photons is applied. The requirement of the
isolation of the photon to define the fiducial volume is particularly important to avoid potentially
large variations of the reconstruction efficiency within this volume for production processes as
different as the gluon fusion and ttH.

While strict fiducial requirements are key to minimise model dependence, these make combi-
nations of decay channels impossible. To gain precision in the measurement of the production
properties of the Higgs boson, the fiducial volume defined on the decay products of the Higgs boson
can be removed and channels can be combined relying on the extrapolation from the reconstruction
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acceptance using Monte Carlo simulations. This has been used to combine differential cross section
for instance in the transverse momentum of the Higgs boson. Such hybrid approaches are also
discussed in Section 11.6.2.4.

A large number of observables have been studied aiming at probing the accuracy of the modelling
of the Higgs boson production simulations. Some examples include (i) the transverse momentum
and pseudo rapidity of the objects, such as jets or leptons, produced in association with the Higgs
boson in several modes, the principal distributions of the Higgs boson decay products such for
instance in the diphoton channel; (ii) the production angle in the Collins—Soper frame [225] in the
diphoton channel; (iii) the overall distribution of the Higgs boson transverse momentum.

The measured differential cross section in the Higgs boson transverse momentum by ATLAS
and CMS using the full Run 2 datasets are illustrated in Fig. 11.15.
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Figure 11.15: (Left) Fiducial differential, closely matching the reconstruction level selections, cross
sections in Higgs boson transverse momentum in the H — 4¢ channel from the CMS experi-
ment [126]. (Right) Partially fiducial combined cross sections using the H — vy and H — 44
channels from the ATLAS experiment [272].

11.6.2.3 Constraints on non-SM Higgs boson interactions in an effective Lagrangian

An example of the possible use of differential cross sections in constraining non-SM Higgs
boson couplings in an EFT is given by ATLAS [273]. In this analysis, differential cross section
measured in the diphoton channel are used to constrain an effective Lagrangian where the SM is
supplemented by dimension six C'P-even operators of the Strongly Interacting Light Higgs (SILH)
formulation [248] and corresponding C'P-odd operators. The diphoton differential cross sections are
mainly sensitive to the operators that affect the Higgs boson interactions with gauge bosons. CMS
has also recently analysed [260] the Higgs boson transverse momentum distribution to constrain
the Higgs boson couplings to top, bottom, and charm quarks as well as the effective coupling to
gluons. This analysis is, however, not performed in an EFT framework.

The differential distributions used in this combination are: (i) the transverse momentum of the
Higgs boson, (ii) the number of reconstructed jets produced in association with the diphoton pair,
(iii) the invariant mass of the diphoton system and (iv) the difference in azimuthal angle of the
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leading and sub-leading jets in events with two or more jets. This analysis shows how differential
information significantly improves the sensitivity to dimension-6 operators.

11.6.2.4 Simplified Template Cross Sections (STXS)

An overarching subject of discussion between the theory and experimental communities in the
field of Higgs physics has been how experimentalists could best communicate their results for them
to be most efficiently used by others for further interpretation.

In the field of precision SM measurements, the commonly used practise is that results are given
at particle level within a well defined fiducial volume of phase space. The fiducial volume is usually
defined close enough to the experimental reconstruction to minimise the possible variations of the
reconstruction efficiency within the particle level fiducial volume. In this way, results minimise
their dependence on theoretical uncertainties.

ATLAS and CMS have produced fiducial and unfolded cross sections based on all objects re-
constructed in the events. These measurements could be used for further interpretation. However,
performing a proper combination of channels taking into account all experimental systematic un-
certainties is non trivial. A proposal [44,274] was made by the LHC Higgs Cross Section Working
Group to produce results in each decay channel with a well defined fiducial phase space of the Higgs
boson (and not its decay products) and for other associated objects pertaining to all channels, such
as jets and missing transverse momentum (MET). The definition of the fiducial regions is moti-
vated by maximising the experimental sensitivity, isolating possible BSM effects, and minimising
the dependence on theoretical uncertainties. The number of regions is also minimised to avoid the
loss of experimental sensitivity. The observables that are measured in this approach are still the
standard production cross sections (the gluon fusion, the vector boson fusion, the VH and ttH
associated production modes) within the defined fiducial volumes.

In summary, this approach is hybrid. It is fiducial on specific objects to reduce the theory
dependence and inclusive in the Higgs kinematics in order to allow for a more straightforward
combination. This approach also allows the use of multivariate techniques to enhance the sensitivity
within given fiducial regions, at the expense of a greater extrapolation and therefore increased model
dependence.

The currently used Simplified Template Cross Sections (STXS) scheme covers, with a limited
number of bins, the ggF' process in four categories in number of jets (0, 1, 2 and 2 VBF-like
jets, where VBF-like means a selection of two high invariant mass jets with large pseudo rapidity
difference) further subdivided in four transverse momentum categories covering the full spectrum
with the last bin being inclusive for pr > 200GeV. The V H process is subdivided two categories
depending on the number of reconstructed charged leptons corresponding to the decays of either a
W boson or a Z boson, and two bins in transverse momentum. VBF and hadronic V H categories
are defined using jet cuts and two bins in transverse momentum.

Measurements in this framework have been made in various decay channels. The first measure-
ments have been performed in the main Higgs boson discovery channels. ATLAS has produced
measurements of the diphoton and the 4¢ channels with Run 2 data [125,227,236,275,276]. And
full Run 2 results are available for the H — 4¢ channel from ATLAS [131] and CMS [277].

CMS has carried out a measurement of the STXS in the H — 777~ decay channel targeting
the high transverse momentum of the Higgs boson [145], in particular in the channel where the
Higgs boson is produced with one jet of transverse energy in excess of 200 GeV.

ATLAS [149] has made a measurement of the STXS aiming at the VH production mode in the
H — bb decay mode at high transverse momentum of the vector boson above 250 GeV, where the
discrimination of the background further increases.

A combination of STXS across decay channels has also been carried out by ATLAS with a
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dataset corresponding to an integrated luminosity of up to 80fb~! [213].

11.6.2.5 Indirect constraints on the Higgs boson couplings

The direct measurements at the LHC provide direct probes of the Higgs boson couplings to
the vector bosons (photons, W, Z and gluons) and to a limited number of Yukawa couplings to
fermions. Currently these include essentially the third generation fermions — tau leptons, bottom
and top quarks. For the High-Luminosity run, prospective studies [104] have shown that a good
precision will be reached in the measurement of the coupling of the Higgs boson to muons and
an evidence of the Higgs boson trilinear self-coupling with a precision of the order of 50% can be
achieved. For the couplings of the Higgs boson to the other light SM fermions, direct evidences will
be hard to reach at the LHC. However, from the measurements of the main observed Higgs final
states, it is possible to constrain specific couplings through their radiative corrections to dominant
processes. Two prime examples are: (i) the trilinear self-coupling can be constrained through loop
corrections to the single Higgs boson production [278-280], see the interpretation carried out by
ATLAS of the combination of the main decay channels [281]; (ii) the charm Yukawa coupling can
be constrained from the differential cross section in Higgs boson transverse momentum [282], see
the ATLAS [283] and CMS [260] analyses in the diphoton channel. These indirect constraints,
however, require assumptions on the possible variations of all the other couplings.

ATLAS has also performed a preliminary combination of the single Higgs boson production
measurements [284], using the approach and parametrisations of Ref. [279], which yield the following
constraint:

—3.2 < Ky <11.9. (11.44)

When combined with results of the double Higgs boson production searches, the following combined
constraint on the Higgs boson trilinear coupling yields:

—2.3 < k) <10.3(obs) [-5.1 < k) < 11.2.(exp)]. (11.45)

The direct and indirect constraints on the Higgs boson trilinear self-coupling are currently of similar
strength. The double Higgs boson measurements are dominated by statistical uncertainties and are
expected to improve much more rapidly than the precision on single Higgs boson measurements.
Furthermore, it should be stressed that the constraints on the trilinear self-coupling obtained via
the NLO fit of single Higgs boson data are less robust and more model-dependent since the NLO
effects induced by a shift of the trilinear self-coupling compete with possible LO effects sourced by
the deviations of the Higgs boson couplings to the other SM particles. The different effects can
be disentangled by the measurements of various kinematical differential distributions in addition
to the study of the inclusive rates [285], but the expected sensitivity in such global fits is not as
promising as the one obtained when only the Higgs boson self-coupling is allowed to deviate from
its SM value [286].
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Figure 11.16: Simultaneous measurement of the simplified template cross sections times the branch-
ing fraction BR(H — ZZ) (normalised to their Standard Model expectations) and the ratios of
branching fractions BR(f)/BR(ZZ2) [213].
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11.7 New physics models of EWSB in the light of the Higgs boson discovery

The discovery of a light scalar with couplings to gauge bosons and fermions that are consistent
with SM predictions, together with the slow running of the Higgs boson self-coupling at high
energies allow one to consider the SM as a valid perturbative description of nature all the way to
the Planck scale. This picture is admittedly very attractive, but it posits that the Higgs boson is
an elementary scalar field, whose mass has quantum sensitivity to possible new physics scales. This
EW /Higgs naturalness problem [6] has become much more definite after the Higgs boson discovery.

There are two broad classes of models addressing the naturalness problem®. One is based on
SUSY [7] (for recent reviews, see Refs. [8,9]). This is a weakly coupled approach to EWSB, main-
taining the perturbativity of the SM, and, the Higgs boson remains elementary and the corrections
to its mass are screened at the scale at which SUSY is broken so the value of the weak scale
remains insensitive to the details of the physics at higher scales. These theories predict at least
three neutral Higgs particles and a pair of charged Higgs particles [25]. One of the neutral Higgs
bosons, most often the lightest C'P-even one, has properties that could resemble those of the SM
Higgs boson (at least in some regions of the parameter space). It is referred to as a SM-like Higgs
boson, meaning that its couplings are close to the ones predicted in the SM. The other approach
invokes the existence of strong interactions at a scale of the order of one TeV or above and these
new interactions induce the breaking of the electroweak symmetry [288]. In the original incarna-
tion, dubbed technicolor, the strong interactions themselves trigger EWSB without the need of a
Higgs boson. Another possibility, more compatible with the ATLAS and CMS discovery, is that
the strong interactions produce four light resonances identified with the Higgs doublet and EWSB
proceeds through vacuum misalignment [10] (see Refs. [11,12] for recent reviews). In that case, the
Higgs boson itself has a finite size and thus never feels the UV degrees of freedom that would oth-
erwise have dragged its mass to much higher scales. The Higgs boson could also correspond to the
Goldstone boson associated with the spontaneous breaking of scale invariance, see Ref. [289] and
references therein. However, this dilaton/radion scenario now requires a jumbled model-building
to be consistent with the constraints from the coupling measurements. All these BSM scenarios
can have important effects on the phenomenology of the Higgs boson. Also, in each case, the role
of the Higgs boson in the unitarisation of scattering amplitudes is shared by other particles which
remain targets of experimental searches.

The realisation of SUSY at low energies has many good qualities that render it attractive as a
model of new physics. First of all since, for every SM degree of freedom, there is a superpartner of
different spin but of equal mass and effective coupling to the SM-like Higgs boson, in the case of
exact SUSY, an automatic cancellation of quantum corrections to the Higgs mass parameter holds.
In practice, it is known that SUSY must be broken since no superpartners of the SM particles have
been observed so far. The mass difference between the precise value of the mass of any particle
and that of its corresponding superpartner is proportional to the correlated soft SUSY breaking
parameter, generically called Mgysy. The quantum corrections to the Higgs boson mass parameter
are proportional to MSQUsy, and provided Mgusy is of order of a few TeV, the low energy mass
parameters of the Higgs sector become insensitive to physics at the GUT or Planck scale. Another
interesting feature of SUSY theories is related to the dynamical generation of EWSB [290]. In
the SM, a negative Higgs mass parameter, m?, needs to be inserted by hand to induce EWSB,
see Eq. (11.1). In SUSY, instead, even if the relevant Higgs mass parameter is positive in the
ultraviolet, it may become negative and induce EWSB radiatively through the strong effect of the
top quark-Higgs boson coupling in its renormalisation group evolution [290].

In the following, the Higgs sector will be explored in specific SUSY models. In all of them, it

5 Another solution to the naturalness problem is to lower the fundamental scale of quantum gravity, like for
instance in models with large extra-dimensions, see Ref. [287].
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is often possible to find regions of the parameter space that accommodate one neutral Higgs boson
with properties that resemble those of the SM Higgs boson, whereas additional neutral and charged
Higgs bosons are also predicted and are intensively being sought for at the LHC (see Section 11.7.7).
In the simplest SUSY model, accommodating a SM-like Higgs boson mass of about 125 GeV results
in constraints on the stop sector, with at least one stop mass in the few TeV mass range. In non-
minimal SUSY extensions of the SM (details and related references can be found in the previous
edition of this review [123]), a SM-like Higgs boson with mass of 125 GeV can be accomodated
with less restrictions on the stop sector. While naturalness dictates relatively light stops and - at
the two loop level - also gluinos, the first and second generation of squarks and sleptons couple
weakly to the Higgs sector and may be heavy. Moreover, small values of the u parameter and
therefore light Higgsinos, the fermionic superpartners of the Higgs bosons, would be a signature of
a natural realization of electroweak symmetry breaking [291]. Such SUSY spectra, consisting of TeV
range stop masses and light Higgsinos, continue to be under intense scrutiny by the experimental
collaborations [292] in order to understand if such natural SUSY scenarios endure and can explain
why the Higgs boson remains light.

In the context of weakly coupled models of EWSB, one can also consider multiple Higgs SU(2)
doublets as well as additional Higgs singlets, triplets or even more complicated multiplet structures,
with or without low energy SUSY. In general, for such models, one needs to take into account
experimental constraints from precision measurements and flavour changing neutral currents. The
LHC signatures of such extended Higgs sectors are largely shaped by the role of the exotic scalar
fields in EWSB.

The idea that the Higgs boson itself could be a composite bound state emerging from a new
strongly-coupled sector has been reconsidered thanks to the insights gained from the AdS/CFT
duality. The composite Higgs boson idea is an incarnation of EWSB via strong dynamics that
smoothly interpolates between the standard technicolor approach and the true SM limit. To avoid
the usual conflict with EW data, it is sufficient, if not necessary, that a mass gap separates the Higgs
resonance from the other resonances of the strong sector. Such a mass gap can naturally follow
from dynamics if the strongly-interacting sector exhibits a global symmetry, G, broken dynamically
to a subgroup H at the scale f, such that, in addition to the three Nambu—Goldstone bosons of
SO(4)/SO(3) that describe the longitudinal components of the massive W and Z, the coset G/H
contains a fourth Nambu—Goldstone boson that can be identified with the physical Higgs boson.
Simple examples of such a coset are SU(3)/SU(2) or SO(5)/SO(4), the latter being favoured since it
is invariant under the custodial symmetry. It is also possible to have non-minimal custodial cosets
with extra Goldstone bosons leading to additional Higgs bosons in the spectrum, see for instance
Ref. [293]. Modern incarnations of composite Higgs models have been recently investigated in the
framework of 5D warped models where, according to the principles of the AdS/CFT correspondence,
the holographic composite Higgs boson then originates from a component of a gauge field along the
5th dimension with appropriate boundary conditions.

A last crucial ingredient in the construction of viable composite Higgs boson models is the con-
cept of partial compositeness [294], i.e., the idea that there are only linear mass mixings between
elementary fields and composite states. After diagonalisation of the mass matrices, the SM parti-
cles, fermions and gauge bosons, are admixtures of elementary and composite states and thus they
interact with the strong sector, and in particular with the Higgs boson, through their composite
component. This setup has important consequences on the flavour properties, chiefly the suppres-
sion of large flavour changing neutral currents involving light fermions. It also plays an important
role in dynamically generating a potential for the would-be Goldstone bosons. Partial composite-
ness also links the properties of the Higgs boson to the spectrum of the fermionic resonances, i.e.,
the partners of the top quark. As in the MSSM, these top partners are really the agents that trigger
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the EWSB and also generate the mass of the Higgs boson that otherwise would remain an exact
Goldstone boson and hence massless. The bounds from the direct searches for the top partners,
in addition to the usual constraints from EW precision data, force the minimal composite Higgs
models into some unnatural corners of their parameter spaces [295].

11.7.1 Higgs bosons in the minimal supersymmetric standard model (MSSM)

The particle masses and interactions in a SUSY theory are uniquely defined as a function of the
superpotential and the Kéhler potential [9]. A fundamental theory of SUSY breaking, however, is
unknown at this time. Nevertheless, one can parametrise the low-energy theory in terms of the most
general set of soft SUSY-breaking operators [9]. The simplest realistic model of low-energy SUSY
is the minimal SUSY extension of the SM (MSSM) [9,296], that associates a SUSY partner to each
gauge boson and chiral fermion of the SM, and provides a realistic model of physics at the weak
scale. However, even in this minimal model with the most general set of soft SUSY-breaking terms,
more than 100 new parameters are introduced. Fortunately, only a subset of these parameters
impact the Higgs boson phenomenology either directly at tree-level or through quantum effects.

The MSSM contains the particle spectrum of a two-Higgs-doublet model (2HDM) extension of
the SM and the corresponding SUSY partners. Two Higgs doublets, #; and &5, with hypercharge
Y = —1 and Y = 1, respectively, are required to ensure an anomaly-free SUSY extension of the
SM and to generate mass for down-type quarks/charged leptons (®1) and up-type quarks (92) [25].
The Higgs potential reads

V =m2®ldy + m3®idy — m3(DTioa®s + h.c.)
1 1 .
+ oM (@] D1) + S 2a(P100)? + X5(@]01) (Do) + M| ] i (11.46)
1 , :
+ 5)\5 {(@{102¢2)2 + hC] + [[Aﬁ(@J{@l) + )\7(@5@2)]@{20’2@2 + hC} ,

where m? = u? + m%ll (1 = 1,2), with u being the supersymmetric Higgsino mass parameter and
m; the soft supersymmetric breaking mass parameters of the two Higgs doublets; m3 = Bp is
associated to the B-term soft SUSY breaking parameter; and \;, for ¢ = 1 to 7, are all the Higgs
quartic couplings.

After the spontaneous breaking of the electroweak symmetry, five physical Higgs particles are
left in the MSSM spectrum: one charged Higgs pair, H*, one C'P-odd neutral scalar, A, and two
C P-even neutral states, H and h, with h being the lightest. The Higgs sector at tree level depends
on the electroweak gauge coupling constants and the vacuum expectation value v — or equivalently
the Z gauge boson mass — and is determined by only two free parameters: tan S - the ratio of the
two Higgs doublets’ vacuum expectation values vy /v; - and one Higgs boson mass, conventionally
chosen to be the C' P-odd Higgs boson mass, ma. The other tree-level Higgs boson masses are then
given in terms of these parameters. The tree level value of my, is maximised not only for m4 > my
but also for tan 5 > 1. For m4 > my it acquires a maximum value my = my cos 2.

Radiative corrections have a significant impact on the values of Higgs boson masses and cou-
plings in the MSSM. The dominant radiative effects to the SM-like Higgs boson mass arise from
the incomplete cancellation between top and scalar-top (stop) loops and at large tan 5 also from
sbottom and stau loops. The stop, sbottom and stau masses and mixing angles depend on the
SUSY Higgsino mass parameter y and on the soft-SUSY-breaking parameters [9,296]: Mg, My,
Mp, My, Mg, and A;, Ay A,. The first three of these are the left-chiral and the right-chiral top

50Observe that in the SM sections of this review, H denotes the SM Higgs boson, whereas in the sections about
SUSY, or extensions of the SM with two Higgs doublets, H is used for the heaviest C'P-even Higgs boson, since this is
the standard notation in the literature, and the 125 GeV SM-like light Higgs boson will be denoted by h. Generically,
in the MSSM, the lightest C'P-even Higgs boson is indeed SM-like and thus it is naturally identified with the 125 GeV

Higgs boson discovered by ATLAS and CMS, while in 2HDM extensions, with or without SUSY, there could still be
lighter scalar states below 125 GeV.
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and bottom scalar quark mass parameters. The next two are the left-chiral stau/sneutrino and
the right-chiral stau mass parameters, and the last three are the trilinear parameters that enter
in the off-diagonal squark/slepton mixing elements: X; = A; — pcot f and X, = A, — ptan .
At one-loop, the electroweak gauginos yield a small contribution to the Higgs boson mass, and at
the two-loop level, the masses of the gluinos also enter in the calculations. Radiative corrections
to the Higgs boson masses have been computed using a number of techniques, with a variety of
approximations; for a discussion see for example Refs. [39,297,298] and the corresponding section
of the previous edition of this review [123].

The discovered SM-like Higgs boson, if interpreted as the lightest MSSM Higgs boson with a
mass of about 125 GeV, provides information on the possible MSSM parameter space, see Fig. 11.17.
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Figure 11.17: Values of the SUSY mass scale Mgysy = Mg versus the stop mixing parameter
normalised by the SUSY mass scale X;/Mgusy, for fixed tan 5 = 20, = 200 GeV and M4 = A; =
A, = A, = Mgysy. The solid black line corresponds to my = 125 GeV while in the grey band my,
varies by +1 GeV. The red dotted lines are iso-values of the stop mass. This figure is based on
Ref. [299].

The phenomenology of the Higgs sector depends on the couplings of the Higgs bosons to gauge
bosons and fermions. At tree-level, the couplings of the two CP-even Higgs bosons to W and Z
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bosons are given in terms of the angles «, that diagonalises the C'P-even Higgs boson squared-mass
matrix, and

gnvv = gvmysin(B — o), grvv = gvmy cos(f — ), (11.47)

where gy = 2my /v, for V.= W or Z (gymy is the SM hVV coupling). Observe that in the limit
cos(S—a) — 0, the lightest C' P-even Higgs boson h behaves as the SM Higgs boson. This situation
is called alignment and is achieved in specific regions of parameter space for m4 > myz [300] or
in the large m4 > my limit, in which alignment is achieved through decoupling [300,301]. There
are no tree-level couplings of A or H* to VV. The couplings of the Z boson to two neutral Higgs
bosons are given by geaz(pg — pa), where ¢ = H or h, the momenta ps and ps point into the
vertex, and

ghaz = gzcos(B —a)/2, gumaz = —gzsin(f —a)/2. (11.48)

The expressions of the couplings between a charged Higgs boson, a neutral Higgs boson and the W
boson as well as the expressions of the four-point couplings of vector bosons and Higgs bosons can
be found in Ref. [25].

The tree-level Higgs boson couplings to fermions obey the following property: the neutral
components of one Higgs doublet, @1, couple exclusively to down-type fermion pairs while the
neutral components of the other doublet, @9, couple exclusively to up-type fermion pairs [25].
This Higgs-fermion coupling structure defines the Type-II 2HDM. In the MSSM, fermion masses
are generated when both neutral Higgs components acquire a vacuum expectation value, and the
relations between Yukawa couplings and fermion masses are (in third-generation notation)

hpr = V2myp/(veos B),  hy =V2my/(vsinpB). (11.49)

The couplings of the neutral Higgs bosons to ff, relative to their SM values, gmy/(2my ), are
given by

hbz)_: —sina/ cos 3, htt : cosa/ sin 3,
Hbb : cosa/ cos 3, Htt :sina/sinf3, (11.50)
Abb : ~y5tan f3, Att i vy5cot 3.

In each relation above, the factor listed for bb also pertains to 7t7~. The charged Higgs boson
couplings to fermion pairs, normalised to g/(v/2my), are given by

1475

+ my, tan,@’l;f), JH—7+y @ My tanﬁl _275 . (11.51)
The non-standard neutral Higgs bosons have significantly enhanced couplings to down-type fermions
at sizeable tan 8. Radiative corrections can modify significantly the values of the Higgs boson
couplings to fermion pairs and to vector boson pairs, through a radiatively-corrected value for
cos(8 — a) as well as from the one-loop vertex corrections to tree-level Higgs-fermion Yukawa
couplings, see Ref. [9] and references therein, for a detailed discussion.

11.7.1.1 MSSM Higgs boson phenomenology

The MSSM parameters have to be arranged such that the mass, the C'P properties, the decay
and production properties of one of the neutral Higgs bosons agree with the LHC Higgs data.
Given that present data allows only for moderate departures from the SM predictions, it implies
that some degree of alignment is necessary.

The SM-like branching ratios of h can be modified if decays into SUSY particles are kinemati-
cally allowed, and, in particular, decays into a pair of the lightest SUSY particles — i.e., the lightest
neutralinos, ¥J — can become dominant and would be invisible if R-parity is conserved [302]. More-
over, if light superpartners exist and couple to photons and/or gluons, the h loop-induced coupling

G- - M cot B
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to gg and 7 could deviate sizeably from the corresponding SM predictions (see for instance the
review [297]), and would be in conflict with present data (see Section 11.3). For the heavier Higgs
states, there are two possibilities to be considered”:

i) Alignment triggered by decoupling, hence m4 > several hundred GeV: The HWW and HZZ
couplings are very small. The dominant H, A decay branching ratios strongly depend on
tan 3. The decay modes H, A — bb, 777~ dominate when tan 8 is large (this holds even
away from decoupling). For small tan 3, the tt decay mode dominates above its kinematic
threshold. For the charged Higgs boson, Ht — tb dominates.

ii) Some degree of alignment without decoupling, hence my < a few hundred GeV: The main
difference with the previous case is that, in the low tan 8 regime (tan 5 < 5), additional decay
channels may be allowed which involve decays into the lightest SM-like Higgs boson; A — Zh,
H — hh as well as H - WW/ZZ decay modes are available (they are suppressed in the strict
alignment limit). When kinematically open, the decays A/H — tt become relevant or even
dominant for sufficiently small tan 3. For the charged Higgs boson, H™ — 77v, dominates
below the tb threshold, and also H* — W#*h may be searched for.

In both cases i) and ii), the heavier Higgs states, H, A and H*, are roughly mass degenerate
(with masses + 20 GeV or less apart). If kinematically allowed, the heavy Higgs boson decays into
charginos, neutralinos and third-generation squarks and sleptons can be important [305].

At hadron colliders, the dominant neutral Higgs boson production mechanism at moderate
values of tan 8 is gluon fusion, mediated by loops containing heavy top and bottom quarks and
the corresponding SUSY partners. The effect of light stops that may contribute to the gluon
fusion production can be partially cancelled by mixing effects. Higgs boson radiation off bottom
quarks becomes important for large tan 3, where at least two of the three neutral Higgs bosons
have enhanced couplings to bottom-type fermions [306,307]. Detailed discussions of the impact
of radiative corrections in these search modes are presented for instance in Ref. [308]. The vector
boson fusion and Higgs-strahlung production of the C'P-even Higgs bosons as well as the associated
production of neutral Higgs bosons with top quark pairs have lower production cross sections by at
least an order of magnitude with respect to the dominant ones, depending on the precise region of
MSSM parameter space [41-44]. Higgs boson pair production of non-standard MSSM Higgs bosons
has been studied in Ref. [309]. For a discussion of charged Higgs boson production at LHC, see
Refs. [42,43,310].

Strong production of a heavy neutral Higgs boson followed by its decay into top-quark pairs
is a challenging channel, only most recently being searched for by ATLAS and CMS. Interference
effects between the signal and the SM ¢t background need to be carefully taken into account [311].

Summarising, the additional Higgs bosons are sought for mainly via the channels:

pp — A/H — 7777 (inclusive),

bA/H,AJ/H — 777~ (with b-tag),

bbA/H,A/H — bb (with b-tag),

pp — tt — HEWTbb, HF — 10, |

gb— H"t or gb— H't, HF — v, . (11.52)

After the Higgs boson discovery, updated MSSM benchmarks scenarios have been defined to high-
light interesting conditions for the MSSM Higgs boson searches [43,304,312]. The latest benchmark
"In very special regions of the parameter space, there is still the possibility that the heavier C' P-even Higgs state is

identified with the 125 GeV Higgs boson discovered by ATLAS and CMS, see for instance the discussion in Ref. [303]
and the benchmark M3?® defined in Ref. [304].
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scenarios update [304], partly based in MSSM parameter space discussions in Ref. [312], considers
six benchmarks to illustrate different aspects of Higgs phenomenology in the MSSM. They include
one case with complex parameters, but they all assume R-parity conservation and no flavour mix-
ing. Each scenario contains one C P-even scalar with mass around 125 GeV and SM-like couplings.
These scenarios include a Mg% scenario with relatively heavy superparticles, so the Higgs phe-
nomenology at the LHC resembles that of a 2HDM with MSSM-inspired Higgs boson couplings.
Other two scenarios are characterised by some of the superparticles — staus or electroweakinos —
being relatively light, that in turn is of relevance for heavy neutral Higgs boson searches. In partic-
ular, the traditional A/H — 777~ search channel varies depending on the values of u and My, that
may enable the A/H decays into electroweakinos. Another two scenarios are characterised by the
phenomenon of alignment without decoupling, in which one of the two neutral C' P-even scalars has
SM-like couplings independently of the mass spectrum of the remaining Higgs bosons, hence allow-
ing for all the Higgs bosons to have relatively low mass values (about few hundred GeV). Finally
there is one scenario which incorporates C'P violation in the Higgs sector and gives rise to a strong
admixture of the two heavier neutral states. All the above scenarios assume all parameters in the
mass range from 1 to a few TeV, hence they are not applicable for values of tan 5 of order a few, for
which a Higgs boson mass value of 125 GeV is out of reach. An additional study, EFTMSSM [313],
proposes two scenarios specifically designed for the low tan S region and ensures a 125 GeV Higgs
boson mass in almost the entire parameter space by employing a flexible supersymmetric mass
scale, reaching values of up to 1016 GeV.

An alternative approach to reduce the large number of parameters relevant to the Higgs sector
is to consider that, in the Higgs basis, the only important radiative corrections are those affecting
the Higgs boson mass [314]. This approximation is called hMSSM and works well in large regions of
parameter space but it breaks down for sizeable values of y and Ay, and moderate values of tan (3,
for which the radiative corrections to the mixing between the two CP even eigenstates become
relevant. The effect of such radiative corrections is to allow for alignment for small to intermediate
values of tan 3, independent of the specific value of m 4 [315]. In addition, the hMSSM assumption
that the right value of the Higgs boson mass may be obtained for all values of m4 and tan g
is in conflict with the MSSM predictions for the Higgs boson mass for small values of m 4 and
tan B ~ O(1). The recent M}?° [304] and EFTMSSM benchmarks [313], are designed to address
the limitations of the hMSSM, in particular the low tan 8 region for the EF TMSSM.

The M}?E’ scenarios are aiming at treating more rigorously all radiative correction to the ob-
served Higgs boson mass as well as specifically taking into possibly intermediate to light MSSM
colorless states as electroweakinos or staus [304]. The main M?® benchmark, however, assumes
that super partners are heavy, so that the phenomenology of the observed Higgs boson is not altered
except in its couplings due to the existence of another doublet. Another important example sce-
nario, referred to as M ,%25 (%), considers light electroweakinos and therefore the heavy Higgs bosons
H and A can have sizeable decay rates to charginos and neutralinos, consequently suppressing the
77~ decay rate. It is interesting to note that in this scenario the branching fraction of the Higgs
boson to photons is enhanced for small values of tan due to the presence of electroweakinos in the
loop. These two scenarios are illustrated in Fig. 11.18.

The compatibility between the predicted and measured Higgs boson mass is an important
constraint in these scenarios. The predictions are illustrated in Fig. 11.18. To use the predicted
Higgs boson mass as a constraint (exclusion at nearly constant tan 8 at high My in the (M4, tan )
plane), it is important to account for the theoretical uncertainty on the prediction which is in excess
of an order of magnitude larger than the experimental uncertainty on the measured mass of the
Higgs boson. The theoretical uncertainty depends itself on the specific SUSY spectrum for a given
MSSM parameter set and should be estimated accordingly, however, a more generic estimate of
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+3 GeV is made and found to be a conservative choice.
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Figure 11.18: The 95% CL exclusion contours in the (M4,tan 3) parameter space for the M ,125
(right) and M}?%()(left) benchmark scenarios. The nearly vertical dotted line illustrated the lower
limit on the mass of the A boson and the close-to horizontal dotted line represents the limit on
tan 8 from the compatibility of the measured mass of the observed Higgs boson and the prediction
using radiative corrections (mostly from the stop sector).

Reviews of the properties and phenomenology of the Higgs bosons of the MSSM can be found
for example in Refs. [9,39,297]. Future precision measurements of the Higgs boson couplings to
fermions and gauge bosons together with information on heavy Higgs boson searches will provide
powerful information on the SUSY parameter space [315,316].

Improvements in our understanding of B-physics observables put indirect constraints on addi-
tional Higgs bosons in mass ranges that would be accessible in direct LHC searches. In particular,
BR(Bs — ptu7), BR(b— sv), and BR(B, — 7v) play an important role within minimal flavour-
violating (MFV) models [317], in which flavor effects proportional to the CKM matrix elements are
induced as in the SM.

11.7.2 Supersymmetry with singlet extensions

The Higgs mass parameter p is a SUSY parameter, and as such, it should naturally be of order
Mcgur or Mpianck- The fact that phenomenologically it is required that u be at the electroweak/TeV
scale is known as the p problem [318]. SUSY models with additional singlets can provide a solution
to the p problem, by promoting the p parameter to a dynamical singlet superfield S that only
interacts with the MSSM Higgs doublets through a coupling Ag at the level of the superpotential.
An effective u is generated when the real scalar component of S acquires a vacuum expectation
value vg, yielding e = Asvs. After the minimization of the Higgs potential, the vacuum state
relates the vacuum expectation values of the three C'P-even neutral scalars, v1, vo and vg, to the
scalar doublet and singlet soft SUSY breaking masses, hence, one expects that these VEVs should
all be of order Mgygy and therefore the u problem is solved.

The addition of a singlet superfield to the MSSM may come along with additional symmetries
imposed to the theory. Depending on such symmetries, different models with singlet extensions of
the MSSM (xMSSM) have been proposed, see Ref. [319] for a general review. Among the most
studied examples are the NMSSM with an additional discrete Z3 symmetry (first introduced in
Ref. [320]), the Nearly-Minimal SUSY SM (nMSSM), with additional discrete Z&, and Z¥ sym-
metries [321], and the U(1)-extended MSSM (UMSSM) [322]. A Secluded U(1)"-extended MSSM
(sMSSM) [323] contains three singlets in addition to the standard UMSSM Higgs boson singlet;
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this model is equivalent to the nMSSM in the limit that the additional singlet VEV’s are large, and
the trilinear singlet coupling, A\g, is small [324].

A singlet extended SUSY Higgs sector opens new avenues for discovery. Since the singlet
pseudoscalar particle may be identified as the pseudo-Goldstone boson of a spontaneously broken
Peccei-Quinn symmetry, it may become naturally light [325]. Generally, there is mixing of the
singlet sector with the MSSM Higgs sector, and for a sufficiently light, singlet-dominated scalar or
pseudoscalar, hg or Ag, respectively, the SM-like Higgs boson h may decay to pairs of hg or Ag.
The light scalar and/or pseudoscalar may subsequently decay to 77 or bb pairs. Such cascade decays
are more difficult to detect than in standard searches due to the potentially soft decay products.
There is also a rich phenomenology for the decays of the heavy CP-even and C'P-odd doublets, H
and A into two lighter Higgs bosons such as H — hhg, hh, hghg or A — Aghg, Agh as well as
into a light Higgs boson and a gauge boson: H — AgZ; A — hgZ, hZ. If kinematically allowed,
the heavy Higgs bosons decay into tt. If the singlet-dominated scalar or pseudoscalar are somewhat
heavier, the decays hg — WW or Ag — hgZ will be allowed.

In addition, the light singlet scenario in the NMSSM or nMSSM is typically associated with a
light singlino-dominated neutralino. The recently discovered SM-like Higgs boson can then decay
to pairs of this neutralino [326], opening an invisible decay mode that is not excluded by present
data. All of the Higgs bosons can decay into electroweakinos depending on kinematics and on the
singlino or Higgsino composition of the electroweakinos.

In models with extended singlets, at low tan 3, it is possible to trade the requirement of a
large stop mixing by a sizeable trilinear Higgs-singlet Higgs coupling Ag, rendering more freedom
on the requirements for gluon fusion production. As in the MSSM, mixing in the Higgs sector —
additionally triggered by the extra new parameter Ag — can produce variations in the Higgs-bb and
Higgs—7~ 7% couplings that can alter the Higgs to ZZ/WW and to diphoton rates. Light charginos
at low tan § can independently contribute to enhance the di-photon rate, without altering any other
of the Higgs boson decay rates, see for instance Ref. [327].

There is much activity in exploring the NMSSM phenomenology in the light of the 125 GeV
Higgs boson as well as in defining benchmark scenarios with new topologies including Higgs decay
chains, see Refs. [44,328] and references therein. An analytic understanding of the alignment con-
dition in the NMSSM is presented in Ref. [329]. The NMSSM with a Higgs boson of mass 125 GeV
can be compatible with stop masses of order of the electroweak/TeV scale, thereby reducing the
degree of fine tuning necessary to achieve electroweak symmetry breaking. Interestingly, the align-
ment conditions point toward a more natural region of parameter space for electroweak symmetry
breaking, while allowing for perturbativity of the theory up to the Planck scale and yielding a rich
and interesting Higgs boson phenomenology at the LHC.

11.7.3 Supersymmetry with extended gauge sectors

In the MSSM, the tree-level value of the lightest C' P-even Higgs boson mass originates from the
D-term dependence of the scalar potential that comes from the SUSY kinetic terms in the Kéhler
potential. The D-terms lead to tree-level quartic couplings which are governed by the squares of
the gauge couplings of the weak interactions, under which the Higgs boson has non-trivial charges.
Hence, the lightest Higgs mass is bounded to be smaller than M. In the presence of new gauge
interactions at the TeV scale, and if the Higgs fields had non-trivial charges under them, new D-
term contributions would lead to an enhancement of the tree-level Higgs boson mass value. Since
the low energy gauge interactions reduce to the known SU(3). x SU(2); x U(1)y ones, in order
for this mechanism to work, the extended gauge and Higgs sectors should be integrated out in a
non-SUSY way. This means that there must be SUSY breaking terms that are of the order of, or
larger than, the new gauge boson masses. The tree-level quartic couplings would then be enhanced
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through their dependence on the square of the gauge couplings of the extended Higgs sector. This
effect will be suppressed when the heavy gauge boson masses are larger than the SUSY breaking
scale and will acquire its full potential only for large values of this scale.

One of the simplest possibilities is to extend the weak interactions to a SU(2); x SU(2), sector,
such that the known weak interactions are obtained after the spontaneous breaking of these groups
to SU(2), [330]. This example is briefly summarized in the previous editions of this review [123].
Assuming SUSY breaking terms of the order of the new gauge boson masses, enhancements of
order 50% of the MSSM D-term contribution to the Higgs boson mass may be obtained. Such
enhancements are sufficient to obtain the measured Higgs mass value without the need for very
heavy stops or large stop mixing parameters. This gauge extension leads to new, heavy gauge and
Higgs bosons, as well as new neutralinos and charginos, that depending on the region of parameter
space can induce novel phenomenology at the LHC. Gauge extensions including new abelian gauge
groups have also been considered.

Gauge extensions of the MSSM can also lead to an enhancement of the Higgs boson mass value
by modifying the renormalisation group evolution of the Higgs quartic coupling to low energies. In
the MSSM, the evolution of the quartic coupling is governed by the top-quark Yukawa interactions
and depends on the fourth power of the top-quark Yukawa coupling. The neutralino and chargino
contributions, which depend on the fourth power of the weak gauge couplings, are small due to
the smallness of these couplings. Depending on the values of the soft SUSY breaking parameters
in the gaugino and Higgsino sectors, the SU(2), gauginos may become light, with masses of the
order of the weak scale. Since the SU(2); coupling may be significantly larger than the SU(2),
one, for small values of the Higgsino mass parameter u, the associated charginos and neutralinos
may modify the evolution of the quartic coupling in a significant way [331]. This may lead to a
significant increase of the lightest C'P-even Higgs boson mass, even for small values of tan g ~ 1
for which the D-term contributions become small. Radiative corrections should be properly taken
into account in this scenario as they might modify the tree-level result.

11.7.4 Effects of CP violation

SUSY scenarios with C' P-violation (C'PV') phases are theoretically appealing, since additional
CPV beyond that observed in the K, D, and B meson systems is required to explain the observed
cosmic matter-antimatter asymmetry. In the MSSM, C' P-violation effects in the Higgs sector appear
at the quantum level, while in singlet extensions of the MSSM C'P-violation effects can already be
effective at tree level. In general, C'P-violation effects in the Higgs sector have significant constraints
from electric dipole moments data [332].

In the MSSM, the gaugino mass parameters (M;23), the Higgsino mass parameter, pu, the
bilinear Higgs squared-mass parameter, m?2,, and the trilinear couplings of the squark and slepton
fields to the Higgs fields, Ay, may carry non-trivial phases. The two parameter combinations
arg[uA r(miy)*] and arg[uM;(m?,)*] are invariant under phase redefinitions of the MSSM fields [333,
334]. Therefore, if one of these quantities is non-zero, there would be new sources of C P-violation
affecting the Higgs sector through radiative corrections, see Ref. [335] and references therein. The
mixing of the neutral C'P-odd and C P-even Higgs boson states is no longer forbidden. Hence, m 4
is no longer a physical parameter. However, the charged Higgs boson mass mpg+ is still physical
and can be used as an input for the computation of the neutral Higgs boson spectrum of the
theory. For large values of mp+, corresponding to the decoupling limit, the properties of the
lightest neutral Higgs boson state approach those of the SM Higgs boson. In particular, the upper
bound on the lightest neutral Higgs boson mass takes the same value as in the C'P-conserving
case [334]. Nevertheless, there still can be significant mixing between the two heavier neutral mass
eigenstates. For a detailed study of the Higgs boson mass spectrum and parametric dependence of
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the associated radiative corrections, see Ref. [335] and references therein.

Major variations to the Higgs boson phenomenology occur in the presence of explicit CPV
phases. In the C'PV case, vector boson pairs couple to all three neutral Higgs boson mass eigen-
states, H; (i = 1,2,3), with couplings

9gH, VvV = COSﬂ Oli + Sinﬁ Ogi , (1153)
gHiHjZ = Ogi (COS,B Ogj — sinﬁ Olj) — Ogj (COSﬁ 021' — sinﬁ Oh) s (11.54)

where the g, vy couplings are normalised to the analogous SM coupling and the gy, i,z have been
normalised to g%M /2. The orthogonal matrix O;;, only defined in the p? — 0 limit, is relating the
weak eigenstates to the mass eigenstates. It has non-zero off-diagonal entries mixing the C'P-even
and C'P-odd components of the weak eigenstates. Moreover, CPV phases imply that all neutral
Higgs bosons can couple to both scalar and pseudoscalar fermion bilinear densities. The couplings
of the mass eigenstates H; to fermions depend on the loop-corrected fermion Yukawa couplings
(similarly to the C'P conserving (CPC) case), on tan 3 and on Oj; [336].

The production processes of neutral MSSM Higgs bosons in the C PV scenario are similar to
those in the CPC scenario. Regarding the decay properties, the lightest mass eigenstate, Hy,
predominantly decays to bb if kinematically allowed, with a smaller fraction decaying to 7+7—. If
kinematically allowed, a SM-like neutral Higgs boson, Hy or Hs can decay predominantly to Hi H;
leading to many new interesting signals both at lepton and hadron colliders; otherwise it will decay
preferentially to bb.

The discovery of a 125 GeV Higgs boson has put strong constraints on the realisation of the
C PV scenario within the MSSM. This is partly due to the fact that the observed Higgs boson rates
are close to the SM values, and a large C P-violating component would necessarily induce a large
variation in the rate of the SM-like Higgs boson decays into the weak gauge bosons W and Z. The
measured Higgs mass imposes additional constraints on the realisation of this scenario. Once all
effects are considered, the C'P-odd Higgs boson A component of the lightest Higgs boson tends to
be smaller than about 10% [337]. This restriction can be alleviated in the NMSSM or more general
two Higgs doublet models. C P-violating effects can still be significant in the heavy Higgs sector.
For instance, the Higgs bosons Hy and Hs may be admixtures of C'P-even and CP-odd scalars,
and therefore both may be able to decay into pairs of weak gauge bosons. The observation of such
decays would be a clear signal of C P-violation. In the MSSM, the proximity of the masses of Ho
and Hs makes the measurement of such effect quite challenging, but in generic two Higgs doublet
models, the mass splitting between the two heavy mass eigenstates may become larger, facilitating
the detection of C'P-violating effects at collider experiments [338].

11.7.5 Non-supersymmetric extensions of the Higgs sector

There are many ways to extend the minimal Higgs sector of the SM. In the preceding sections
the phenomenology of SUSY Higgs sectors is considered, which at tree level implies a constrained
type-II 2HDM (with restrictions on the Higgs boson masses and couplings). In the following
discussion, more generic 2HDM’s are presented (for some comprehensive reviews, see Ref. [339]).
These models are theoretically less compelling since they do not provide an explanation for the SM
Higgs naturalness problem, but can lead to different patterns of Higgs-fermion couplings, hence, to
different phenomenology. It is also possible to consider models with a SM Higgs boson and one or
more additional scalar SU(2) doublets that acquire no VEV and hence play no role in the EWSB
mechanism. Such models are dubbed Inert Higgs Doublet Models (IHD) [340]. Without a VEV
associated to it, a Higgs boson from an inert doublet has no tree-level coupling to gauge bosons and
hence cannot decay into a pair of them. Moreover, imposing a Z symmetry that prevents them
from coupling to the fermions, it follows that, if the lightest inert Higgs boson is neutral, it becomes
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a good DM candidate with interesting associated collider signals. Various studies of IHD models
in the light of a 125 GeV Higgs boson have been performed, see for instance Ref. [341], showing an
interesting interplay between collider and direct DM detection signals.

An interesting type of 2HDMs are those in which an abelian flavour symmetry broken at the
electroweak scales creates the fermion mass hierarchies and mixing angles [17]. This idea is based
on the Froggatt—Nielsen model [342], where a flavon field couples differently to the SM fermions of
different flavour charges. Such flavon acquires a vacuum expectation value, breaking the flavour
symmetry but leaving both the flavour breaking and the new physics scales undetermined. In
Refs. [343], it was proposed to relate the flavour breaking scale to the electroweak scale by identi-
fying the flavon with the modulus square of the Higgs field. A 2HDM, however, provides a more
compelling realisation of the electroweak scale flavour breaking idea. In the most ambitious con-
structions of two Higgs doublet flavour models (2HDFM), the textures of the Yukawa couplings are
a result of an abelian flavour symmetry that only allows renormalisable Yukawa couplings of the
top quark to the Higgs bosons. All other Yukawa couplings are generated by higher dimensional
operators that produce hierarchical entries of the Yukawa matrices, explaining the observed quark
masses and mixing angles. Flavour observables, LHC Higgs signal strength measurements, elec-
troweak precision measurements, unitarity and perturbativity bounds, as well as collider searches
for new scalar resonances result in precise predictions for the parameters of these 2HDFMs. In par-
ticular, correlated departures from SM Higgs boson couplings, as well as additional Higgs bosons
with masses < 700 GeV must be observed at the LHC. Other incarnations of 2HDFMs can aim at
only partially explaining the fermion mass hierarchies but are therefore less restrictive.

Other extensions of the Higgs sector can include multiple copies of SU(2); doublets [344],
additional Higgs singlets [345], triplets or more complicated combinations of Higgs multiplets. It is
also possible to enlarge the gauge symmetry beyond SU(2)7, xU(1)y along with the necessary Higgs
field structure to generate gauge boson and fermion masses. There are two main experimental
constraints on these extensions: (i) precision measurements which constrain p = m#,/(m?% cos*6w)
to be very close to 1 and (ii) flavour changing neutral current (FCNC) effects. In electroweak
models based on the SM gauge group, the tree-level value of p is determined by the Higgs multiplet
structure. By suitable choices for the hypercharges, and in some cases the mass splitting between the
charged and neutral Higgs sector or the vacuum expectation values of the Higgs fields, it is possible
to obtain a richer combination of singlets, doublets, triplets and higher multiplets compatible with
precision measurements. Concerning the constraints coming from FCNC effects, the Glashow—
Weinberg (GW) criterion [346] states that, in the presence of multiple Higgs doublets, the tree-level
FCNC’s mediated by neutral Higgs bosons will be absent if all fermions of a given electric charge
couple to no more than one Higgs doublet. An alternative way of suppressing FCNC in a two Higgs
doublet model has been considered in Ref. [347], where it is shown that it is possible to have tree
level FCNC completely fixed by the CKM matrix, as a result of an abelian symmetry.

11.7.5.1 Two-Higgs-doublet models

General two Higgs doublet models [339] can have a more diverse Higgs-fermion coupling struc-
ture than in SUSY, and can be viewed as a simple extension of the SM to realise the sponta-
neous breakdown of SU(2), x U(1)y to U(1),,. Quite generally, if the two Higgs doublets con-
tain opposite hypercharges, the scalar potential will contain mixing mass parameters of the kind
m2,®1ioco®y + h.c.. In the presence of such terms, both Higgs doublets will acquire vacuum ex-
pectation values, v1/v/2 and vy/v/2, respectively, and the gauge boson masses will keep their SM

expressions with the Higgs VEV v replaced by 1/v? + v3. Apart from the mass terms, the most
generic renormalisable and gauge invariant scalar potential for two Higgs doublets with opposite
hypercharges contains seven quartic couplings, as presented in Eq. (11.46).
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Just as in the MSSM case, after electroweak symmetry breaking and in the absence of C'P-
violation, the physical spectrum contains a pair of charged Higgs bosons H*, a CP-odd Higgs
boson A and two neutral C'P-even Higgs bosons, h and H. The angles o and 8 diagonalise the
C P-even, and the C'P-odd and charged Higgs sectors, respectively. The complete 2HDM is defined
only after considering the interactions of the Higgs fields to fermions. Yukawa couplings of the
generic form

— h§ 0} Ho W + hc. (11.55)

may be added to the renormalisable Lagrangian of the theory. Contrary to the SM, the two Higgs
doublet structure does not ensure the alignment of the fermion mass terms m;; = h?jva / V2 with
the Yukawa couplings hf;. This implies that quite generally the neutral Higgs boson will mediate
flavour changing interactions between the different mass eigenstates of the fermion fields. Such
flavour changing interactions should be suppressed in order to describe properly the Kaon, D and
B meson phenomenology. Based on the Glashow—Weinberg criterion, it is clear that the simplest
way of avoiding such transitions is to assume the existence of a symmetry that ensures the couplings
of the fermions of each given quantum number (up-type and down-type quarks, charged and neutral
leptons) to only one of the two Higgs doublets. Different models may be defined depending on which
of these fermion fields couple to a given Higgs boson, see Table 11.13. Models of type-I are those
in which all SM fermions couple to a single Higgs field. In type-II models, down-type quarks and
charged leptons couple to a common Higgs field, while the up-type quarks and neutral leptons
couple to the other. In models of type-III (lepton-specific), quarks couple to one of the Higgs
bosons, while leptons couple to the other. Finally, in models of type-IV (flipped), up-type quarks
and charged leptons couple to one of the Higgs fields while down-quarks and neutral leptons couple
to the other.

Table 11.13: Higgs boson couplings to up, down and charged lepton-type
SU(2), singlet fermions in the four discrete types of 2HDM models that
satisfy the Glashow—Weinberg criterion.

Model 2HDM I 2HDM II 2HDM III 2HDM IV

u @2 @2 @2 @2
d ) b P9 Py
e Py Dy D P9

The two Higgs doublet model phenomenology depends strongly on the size of the mixing angle
«a and therefore on the quartic couplings. For large values of m 4, sina — — cos 3, cosa — sin 3,
cos(8 — a) — 0, and the lightest C' P-even Higgs boson h behaves as the SM Higgs boson. The
same behaviour is obtained if the quartic couplings are such that M3, sin 8 = —(M3%; — m?2) cos j.
The latter condition represents a situation in which the couplings of h to fermions and weak gauge
bosons become the same as in the SM, without decoupling the rest of the non-standard scalars and
it is of particular interest due to the fact that the discovered Higgs boson has SM-like properties.
This situation will be referred to as alignment, as in the MSSM case.

In analogy to the effects of C'P violation in the SUSY 2HDM, some parameters of the Higgs
potential can be complex and one has a model that is explicitly C'P violating. The three neutral
mass eigenstates mixed with each other and the Higgs phenomenology is analogous to the one
described for the SUSY case above, with the caveat that when considering the neutral Higgs boson
couplings to the scalar and pseudoscalar fermion bilinear densities, the proper weight should be
considered for the respective 2HDM’s.
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In type-II Higgs doublet models, at large values of tan 8 and moderate values of m 4, the non-
standard Higgs bosons H, A and H* couple strongly to bottom quarks and 7 leptons. Hence the
decay modes of the non-standard Higgs bosons tend to be dominated by the b-quark and 7-lepton
modes, including top quarks or neutrinos in the case of the charged Higgs boson. However, for
large and negative values of A4, the charged Higgs boson mass may be sufficiently heavy to allow
on-shell decays H* — W= + (H, A), via a trilinear coupling

W
JHEWFH,A = sin(B — a)(pg+ —pHA), (11.56)

where py+ and py 4 are the charged and neutral scalar Higgs boson momenta pointing into the
vertex. On the other hand, for large and positive values of A5, the above charged Higgs boson decay
into a W* and the CP-odd Higgs boson may be allowed, but the heavy Higgs boson H may be
sufficiently heavy to decay into a C'P-odd Higgs boson and an on-shell Z, H — Z + A, via

JHZA =~ % sin(8 — a)(pg — pa)- (11.57)

The decay H* — W* + H, on the other hand may be allowed only if \y < —\s. The cou-
plings controlling all the above decay modes are proportional to sin(5 — «) and therefore they are
unsuppressed in the alignment limit. Moreover, these could still be the dominant decay modes at
moderate values of tan 3, offering a way to evade the current bounds obtained assuming a dominant
decay into b-quarks or 7-leptons.

The quartic couplings are restricted by the condition of stability of the effective potential as well
as by the restriction of obtaining the proper value of the lightest C'P-even Higgs boson mass. Close
to the alignment limit, the lightest C'P-even Higgs boson mass becomes approximately independent
of m4 and is given by

m2 ~ v%(\ cos? B+ Agsin? B + 2X30% cos? Bsin® § 4 4)g cos® Bsin B + 4A7sin® Beos B), (11.58)

where 5\3 = A3+ Aq+ As.
The stability conditions imply the positiveness of all masses, as well as the avoidance of run-away
solutions to large negative values of the fields in the scalar potential. These conditions imply

ML, (1159)
where the first four conditions are necessary and sufficient conditions in the case of A\g = Ay = 0,
while the last one is a necessary condition in the case all couplings are non-zero. Therefore, to
obtain the conditions that allow the decays H* — W*H, A and H — ZA, A3 should take large
positive values in order to compensate for the effects of A4 and A5. For more detailed discussions
about 2HDM phenomenology, see for example Refs. [44,339].

11.7.5.2 Higgs triplets

Electroweak triplet scalars are the simplest non-doublet extension of the SM that can participate
in the spontaneous breakdown of SU(2); x U(1), to U(1),,. Two types of model have been
developed in enough detail to make a meaningful comparison to LHC data: the Higgs triplet model
(HTM) [348] and the Georgi-Machacek model (GM) [349].

The Higgs triplet model extends the SM by the addition of a complex SU(2), triplet scalar field
A with hypercharge Y = 2, and a general gauge-invariant renormalisable potential V (&, A) for A
and the SM Higgs doublet @. The components of the triplet field can be parameterised as

A—i AT V2AT+
V2 \vat+d+iE —AT )

AL >0, A2 >0, A3+ — | A5 > =V A2, A3 > —vVAidg, 2|+ A7 <

(11.60)
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where AT is a singly-charged field, AT is a doubly-charged field, § is a neutral C' P-even scalar,
£ is a neutral C'P-odd scalar, and v, is the triplet VEV. The general scalar potential mixes the
doublet and triplet components. After electroweak symmetry breaking there are seven physical
mass eigenstates, denoted H**+, H* A, H, and h.

A distinguishing feature of the HTM is that it violates the custodial symmetry of the SM; thus
the p parameter deviates from 1 even at tree level. Letting x denote the ratio of triplet and doublet
VEVs, the tree level expression is

1+ 212
P T aa?
The measured value of the p parameter then limits the triplet VEV to be quite small, z < 0.03, or
va < 8 GeV. This constraint severely limits the role of the triplet scalar in the EWSB mechanism.

The small VEV of the Higgs triplet in the HTM is a virtue from the point of view of generating
neutrino masses without the necessity for introducing right-handed neutrino fields. The gauge
invariant dimension four interaction

(11.61)

hy, €5 C Viog At (11.62)

Vij ~1

where ¢; are the lepton doublets, C' is the charge conjugation matrix, and h,,; is a complex sym-
metric coupling matrix, generates a Majorana mass matrix for the neutrinos:

My, = V2hy,v4 . (11.63)

This can be combined with the usual neutrino seesaw to produce what is known as the type-II
seesaw [350].

The HTM suggests the exciting possibility of measuring parameters of the neutrino mass matrix
at the LHC. If the doubly-charged Higgs boson is light enough and/or its couplings to WW ™ are
sufficiently suppressed, then its primary decay is into same-sign lepton pairs: H™T — E;‘é;; from
Eq. (11.62) and Eq. (11.63), it is apparent that these decays are in general lepton-flavor violating
with branchings proportional to elements of the neutrino mass matrix [351].

Precision electroweak data constrain the mass spectrum as well as the triplet VEV of the
HTM [352]. These constraints favour a spectrum where H*T is the lightest of the exotic bosons,
and where the mass difference between H™ and H' is a few hundred GeV. The favoured triplet
VEV is a few GeV, which also favours H™" decays into W+W ™ over same-sign dileptons.

The GM model addresses the p parameter constraint directly by building in custodial symmetry.
Writing the complex scalar doublet of the SM as a (2,2) under SU(2), x SU(2)y, it is obvious
that the next simplest construction respecting custodial symmetry is a scalar transforming like
a (3,3) [353]. These nine real degrees of freedom correspond to a complex electroweak triplet
combined with a real triplet, with the scalar potential required to be invariant under SU(2)p.
Under the custodial SU(2); | p, they transform as 1 ® 3 @ 5, with a C'P-even neutral scalar as the
custodial singlet (thus matching the SM Higgs boson), a C'P-odd neutral scalar in the custodial
triplet, and another C'P-even neutral scalar in the custodial 5-plet.

The scalar components can be decomposed as

X35 & oxa
E=-x5 & x2, (11.64)
Xi & xs

where & is a real scalar and the others are complex scalars. Linear combinations of these scalars
account for the neutral custodial singlet, a neutral and singly-charged field making up the custodial
triplet, and neutral, singly-charged, and doubly-charged fields making up the custodial 5-plet.
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When combined with the usual SM doublet field @, the electroweak scale v is now related to
the doublet and triplet VEVs by

v? = vd + 8k . (11.65)

Note that the GM triplets by themselves are sufficient to explain electroweak symmetry breaking
and the existence of a 125 GeV neutral boson along with a custodial triplet of Goldstone bosons;
the complex doublet field in the GM model is required to generate fermion masses via the usual
dimension four Yukawa couplings. This raises the question of whether one can rule out the possi-
bility that the 125 GeV boson is the neutral member of a custodial 5-plet rather than a custodial
singlet, without invoking decays to fermions. A conclusive answer is given by observing that the
ratio of the branching fractions to W versus Z bosons is completely determined by the custodial
symmetry properties of the boson. For a custodial 5-plet, the ratio of the signal strength to WW
over that to ZZ is predicted to be 1/4 that of a SM Higgs boson [353], and thus already ruled out
by the experimental results presented in Section 11.6.

Another interesting general feature of Higgs triplet models is that, after mixing, the SM-like
neutral boson can have stronger couplings to WW and ZZ than predicted by the SM [354]; this is
in contrast to mixing with additional doublets and singlet, which can only reduce the WW and ZZ
couplings versus the SM. This emphasises that LHC Higgs data cannot extract model independent
coupling strengths for the Higgs boson [244].

Because of the built-in custodial symmetry, the triplet VEV in the GM model can be large
compared to the doublet VEV. The custodial singlet neutral boson from the triplets mixes with the
neutral boson from the doublet. Two interesting special cases are (i) the triplet VEV is small and
the 125 GeV boson is SM-like except for small deviations, and (ii) the 125 GeV boson is mostly the
custodial singlet neutral boson from the electroweak triplets. The phenomenology of the doubly-
charged and singly-charged bosons is similar to that of the HTM. The constraints on the GM model
from precision electroweak data, LEP data, and current LHC data are summarised in Ref. [44].

11.7.6 Composite Higgs models

Within the SM, EWSB is posited but has no dynamical origin. Furthermore, the Higgs boson
appears to be unnaturally light. A scenario that remedies these two catches is to consider the Higgs
boson as a bound state of new dynamics becoming strong around the weak scale. The Higgs boson
can be made significantly lighter than the other resonances of the strong sector if it appears as a
pseudo-Nambu—Goldstone boson, see Refs. [11] for reviews.

11.7.6.1 Little Higgs models

The idea behind the Little Higgs boson models [355] is to identify the Higgs doublet as a (pseudo)
Nambu—-Goldstone boson while keeping some sizeable non-derivative interactions, in particular a
largish Higgs quartic interaction. By analogy with QCD where the pions 75 appear as Nambu—
Goldstone bosons associated to the breaking of the chiral symmetry SU(2); x SU(2)g/SU(2),
switching on some interactions that break explicitly the global symmetry will generate masses
for the would-be massless Nambu-Goldstone bosons of the order of gAg/y/(47), where g is the
coupling of the symmetry breaking interaction and Ag g = 47 fg /g is the dynamical scale of the
global symmetry breaking G/H. In the case of the Higgs boson, the top Yukawa interaction or the
gauge interactions themselves will certainly break explicitly (part of) the global symmetry since
they act non-linearly on the Higgs boson. Therefore, obtaining a Higgs boson mass around 125 GeV
would demand a dynamical scale Ag,y of the order of 1TeV, which is known to lead to too large
oblique corrections. Raising the strong dynamical scale by at least one order of magnitude requires
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an additional selection rule to ensure that a Higgs boson mass is generated at the 2-loop level only

2 g 2 2 g%g% 2

The way to enforce this selection rule is through a “collective breaking” of the global symmetry:
L=Lgn+g1Lr+ g2Lo. (11.67)

Each interaction £q or Lo individually preserves a subset of the global symmetry such that the
Higgs boson remains an exact Nambu—Goldstone boson whenever either g; or go is vanishing. A
mass term for the Higgs boson can be generated only by diagrams involving simultaneously both
interactions. At one-loop, such diagrams are not quadratically divergent, so the Higgs boson mass
is not UV sensitive. Explicitly, the cancellation of the SM quadratic divergences is achieved by a
set of new particles around the Fermi scale: gauge bosons, vector-like quarks, and extra massive
scalars, which are related, by the original global symmetry, to the SM particles with the same spin.
Contrary to SUSY, the cancellation of the quadratic divergences is achieved by same-spin particles.
These new particles, with definite couplings to SM particles as dictated by the global symmetries
of the theory, are perfect goals for the LHC.

The simplest incarnation of the collective breaking idea, the so-called littlest Higgs boson model,
is based on a non-linear o-model describing the spontaneous breaking SU(5) down to SO(5). A
subgroup SU(2); x U(1); x SU(2), x U(1), is weakly gauged. This model contains a weak doublet,
that is identified with the Higgs doublet, and a complex weak triplet whose mass is not protected
by collective breaking. Other popular little Higgs models are based on different coset spaces:
minimal moose (SU(3)?/SU(3)), the simplest little Higgs (SU(3)?/SU(2)?), the bestest little Higgs
(SO(6)*/SO(6)). For comprehensive reviews, see Ref. [356].

Generically, oblique corrections in Little Higgs models are reduced either by increasing the
coupling of one of the gauge groups (in the case of product group models) or by increasing the
masses of the W and Z partners, leading ultimately to a fine-tuning of the order of a few percents
(see for instance Ref. [357] and references therein). The compatibility of Little Higgs models
with experimental data is significantly improved when the global symmetry involves a custodial
symmetry as well as a T-parity [358] under which, in analogy with R-parity in SUSY models, the
SM particles are even and their partners are odd. Such Little Higgs models would therefore appear
in colliders as jet(s) with missing transverse energy [359] and the ATLAS and CMS searches for
squarks and gluinos (see “Supersymmetry, Part II” in this review) can be recast to obtain limits
on the masses of the heavy vector-like quarks. The T-even top partner, with an expected mass
below 1 TeV to cancel the top loop quadratic divergence without too much fine-tuning, would decay
dominantly into a ¢t + Z pair or into a b+ W pair or even into ¢t + H. The latest CMS and ATLAS
direct searches [360] for vector-like top partners put a lower bound around 1.1-1.3 TeV (for various
branching fraction combinations), excluding the most natural region of the parameter space of these
models, i.e., imposing a fine-tuning below the percent level.

The motivation for Little Higgs models is to solve the little hierarchy problem, i.e., to push the
need for new physics (responsible for the stability of the weak scale) up to around 10 TeV. Per se,
Little Higgs models are effective theories valid up to their cutoff scale Ag/y. Their UV completions
could either be weakly or strongly coupled.

11.7.6.2 Models of partial compositeness

Even in composite models, the Higgs boson cannot appear as a regular resonance of the strong
sector without endangering the viability of the setup when confronted to data. The way out is that
the Higgs boson appears as a pseudo Nambu—Goldstone boson: the new strongly coupled sector
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is supposed to be invariant under a global symmetry G spontaneously broken to a subgroup H at
the scale f (the typical mass scale of the resonances of the strong sector is m, ~ g,f with g, the
characteristic coupling of the strong sector). To avoid conflict with EW precision measurements,
the strong interactions themselves should better not break the EW symmetry. Hence the SM gauge
symmetry itself should be contained in H. See Table 11.14 for a few examples of coset spaces.

Table 11.14: Global symmetry breaking patterns and the corresponding
Goldstone boson contents of the SM, the minimal composite Higgs model,
the next to minimal composite Higgs model, and the minimal composite
two Higgs doublet model. Note that the SU(3) model does not have a
custodial invariance. a denotes a C'P-odd scalar while h and H are C'P-
even scalars.

Model Symmetry Pattern Goldstones
SM SO(4)/SO(3) Wi, Zr,
- SU(3)/SU(2)xU(1) W, Zr, H
MCHM SO(5)/SO(4) Wr,Zr, H
NMCHM SO(6)/SO(5) Wr,Zr,H,a
MC2HM  SO(6)/SO(4)xSO(2) Wi, Zy,h,H,H* a

The SM (light) fermions and gauge bosons cannot be part of the strong sector itself since LEP
data have already put stringent bounds on the compositeness scale of these particles far above
the TeV scale. The gauge bosons couple to the strong sector by a weak gauging of a SU(2)xU(1)
subgroup of the global symmetry G. Inspiration for the construction of such models comes from the
AdS/CFT correspondence: the components of a gauge field along an extra warped space dimension
can be interpreted as the Goldstone bosons resulting from the breaking of global symmetry of
the strong sector. The couplings of the SM fermions to the strong sector could a priori take two
different forms:

(i) a bilinear coupling of two SM fermions to a composite scalar operator, O, of the form £ =
¥ qrurO + h.c., in simple analogy with the SM Yukawa interactions. This is the way fermion
masses were introduced in technicolor theories and it generically comes with severe flavour
problems and calls for extended model-building gymnastics [12] to circumvent them;

(ii) a linear mass mixing with fermionic vector-like operators: £ = \r 4z, Qr + ArUrur. Q and U
are two fermionic composite operators of mass Mg and M.

Being part of the composite sector, the composite fermionic operators can have a direct coupling of
generic order Y to the Higgs boson. In analogy with the photon-p mixing in QCD, once the linear
mixings are diagonalised, the physical states are a linear combination of elementary and composite
fields. Effective Yukawa couplings are generated and read for instance for the up-type quark

y =Y, sinfr sinfp (11.68)

where sinf; = \;/,/ MaU + A2, i = L, R, measure the amount of compositeness of the SM left-
and right-handed up-type quark. If the strong sector is flavour-anarchic, i.e., if the couplings of
the Higgs boson to the composite fermions does not exhibit any particular flavour structure, the
relation Eq. (11.68) implies that the light fermions are mostly elementary states (sinf; < 1),
while the third generation quarks need to have a sizable degree of compositeness. The partial
compositeness paradigm offers an appealing dynamical explanation of the hierarchies in the fermion

1st June, 2020 8:27am



82 11. Status of Higgs Boson Physics

masses. In fact, assuming the strong sector to be almost conformal above the confinement scale, the
low-energy values of the mass-mixing parameters Ay, r are determined by the (constant) anomalous
dimension of the composite operator they mix with. If the UV scale at which the linear mixings are
generated is large, then O(1) differences in the anomalous dimensions can generate naturally large
hierarchies in the fermion masses via renormalisation group running [361]. While the introduction of
partial compositeness greatly ameliorated the flavor problem of the original composite Higgs models,
nevertheless, it did not solve the issue completely, at least in the case where the strong sector is
assumed to be flavour-anarchic [362]. While the partial compositeness set-up naturally emerges
in models built in space-times with extra dimensions, no fully realistic microscopic realisation of
partial compositeness has been proposed in the literature.

Another nice aspect of the partial compositeness structure is the dynamical generation of the
Higgs potential that is not arbitrary like in the SM. The Higgs boson being a pseudo-Nambu-
Goldstone boson, its mass does not receive any contribution from the strong sector itself but it
is generated at the one-loop level via the couplings of the SM particles to the strong sector since
these interactions are breaking the global symmetries under which the Higgs doublet transforms
non-linearly. Obtaining v < f, as required phenomenologically, requires some degree of tuning,
which scales like ¢ = v2/f?. A mild tuning of the order of 10% (¢ ~ 0.1) is typically enough to
comply with electroweak precision constraints. This is an important point: in partial compositeness
models, the entire Higgs potential is generated at one loop, therefore the separation between v and
f can only be obtained at a price of a tuning. This marks a difference with respect to the Little
Higgs models which realise a parametric hierarchy between the quartic and mass terms through
the collective symmetry breaking mechanism. In fact in Little Higgs models, the quartic coupling
is a tree-level effect, leading to a potential

2
V(H) ~ 196571;42 mZH? + gd\H*, (11.69)
where ggy generically denotes the SM couplings. The minimisation condition reads v?/f? ~
92 /(1672), therefore v is formally loop suppressed with respect to f. This is the major achievement
of the Little Higgs constructions, which however comes at the price of the presence of sub-TeV vec-
tors carrying EW quantum numbers and therefore giving rise generically to large oblique corrections
to the propagators of the W and the Z gauge bosons.
After minimisation, the dynamically generated potential leads to an estimate of the Higgs boson
mass as
m¥ A go y2m°v?. (11.70)

It follows that the limit f — oo, i.e., & — 0, is a true decoupling limit: all the resonances of the
strong sector become heavy but the Higgs boson whose mass is protected by the symmetries of
the coset G/H. When compared to the experimentally measured Higgs boson mass, this estimate
puts an upper bound on the strength of the strong interactions: g, < 2. In this limit of not so
large coupling, the Higgs potential receives additional contributions. In particular, the fermionic
resonances in the top sector which follow from the global symmetry structure of the new physics
sector can help raising the Higgs boson mass. Using some dispersion relation techniques, the mass
of the Higgs is connected to the resonance masses. In the minimal SO(5)/SO(4) model, it was
shown [363] that a 125GeV mass can be obtained if at least one of the fermionic resonances is
lighter than ~ 1.4 f. As in SUSY scenarios, the top sector is playing a crucial role in the dynamics
of EWSB and can provide the first direct signs of new physics. The direct searches for these top
partners, in particular the ones with exotic electric charges 5/3, are already exploring the natural
parameter spaces of these models [364].
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The main physics properties of a pseudo Nambu—Goldstone Higgs boson can be captured in
a model-independent way by a small number of higher-dimensional operators. Indeed, the strong
dynamics at the origin of the composite Higgs boson singles out a few operators among the complete
list discussed earlier in Section 11.6: these are the operators that involve extra powers of the Higgs
doublets and they are therefore generically suppressed by a factor 1/f? as opposed to the operators
that involve extra derivatives or gauge bosons that are suppressed by a factor 1/ (gg f?). The
relevant effective Lagrangian describing a strongly interacting light Higgs boson is:

Lotn = 2% (% (éT@))Q + 207’{2 (@Tﬁ“@f _ oA (@%)3 n (Zf: Cf}gf &b P fr + h.c.) .

(11.71)

Typically, these new interactions induce deviations in the Higgs boson couplings that scale like
O(v?/f?). Hence the measurements of the Higgs boson couplings can be translated into some
constraints on the compositeness scale, 47 f, of the Higgs boson. The peculiarity of these composite
models is that, due to the Goldstone nature of the Higgs boson, the direct couplings to photons
and gluons are further suppressed and generically the coupling modifiers scale like

v? 2 02 2
kwzf~1+0 (ch> , kzy~ O <fz> . Kyg~O (fZ X gt2> , (11.72)
o

where g, denotes the typical coupling strength among the states of the strongly coupled sector
and y; is the top Yukawa coupling, the largest interaction that breaks the Goldstone symmetry.
The Kz, coupling modifiers are not generated by the strong coupling operators of Eq. (11.71)
but by some subleading form-factor operator generated by loops of heavy resonances of the strong
sector. The coupling modifiers also receive additional contributions from the other resonances of
the strong sector, in particular the fermionic resonances of the top sector that are required to
be light to generate a 125 GeV Higgs boson mass. Some indirect information on the resonance
spectrum could thus be inferred by a precise measurement of the Higgs boson coupling deviations.
However, it was realised, see in particular Ref. [266], that the task is actually complicated by the
fact that, in the minimal models, these top partners give a contribution to both x; (resulting from
a modification of the top Yukawa coupling) and k., and k4 (resulting from new heavy particles
running into the loops) and the structure of interactions is such that the net effect vanishes for
inclusive quantities like o(gg9 — H) or I'(H — ~7) as a consequence of the Higgs low energy
theorem [23,24,264]. So, one would need to rely on differential distribution, like the Higgs boson
pr distribution discussed in Section 11.2.4.1, to see the top partner effects in Higgs data [365]. The
off-shell channel gg — H* — 4/ [243] and the double Higgs boson production gg — HH [366] can
also help to resolve the gluon loop and separate the top and top-partner contributions.

11.7.6.3 Minimal composite Higgs models

The minimal composite Higgs models (MCHM) are concrete examples of the partial composite-
ness paradigm. The Higgs doublet is described by the coset space SO(5)/SO(4) where a subgroup
SU(2)rx U(1)y is weakly gauged and under which the four Goldstone bosons transform as a dou-
blet of hypercharge 1. There is some freedom on how the global symmetry is acting on the SM
fermions: in MCHM4 the quarks and leptons are embedded into spinorial representations of SO(5),
while in MHCM5 they are part of fundamental representations (it might also be interesting phe-
nomenologically to consider larger representations like MCHM14 [367] with the SM fermions inside
a representation of dimension 14). It is also possible to consider that fermions of different chirality
and flavour are in different representations of SO(5), leading to a more varied phenomenology [368].
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The non-linearly realised symmetry acting on the Goldstone bosons leads to general predictions of
the coupling of the Higgs boson to the EW gauge bosons. For instance, it can be shown that the
quadratic terms in the W and Z bosons read

1
m¥, (H) (WHW“ + M%Zﬂ) , (11.73)

with my (H) = % sin Z£. Expanding around the EW vacuum, the expression of the weak scale is
v = fsin((H)/f). And the values of the modified Higgs boson couplings to the W and Z become:

Qm%, 2m?
= A1 —v2/f2? =V (1 —20%/f?). 11.74
gavv v v2/f?, gmmvv 2 ( v°/ f7) ( )

Note that the Higgs boson couplings to gauge bosons is always suppressed compared to the SM
prediction. This is a general result [369] that holds as long as the coset space is compact.

The Higgs boson couplings to the fermions depend on the representation which the SM fermions
are embedded into. The most commonly used embeddings consider all fermion doublets and singlets
in the same representations. While, in MCHM4 and MCHMS5, the modifications of the couplings
depend only on the Higgs boson compositeness scale, in MCHM]14 the leading corrections depend
also on the mass spectrum of the resonances [367]. This is due to the fact that more than one
SO(5) invariant gives rise to SM fermion masses. The (kv k¢) experimental fit of the Higgs boson
couplings can be used to derive a lower bound on the Higgs boson compositeness scale 47 f = 9 TeV,
which is less stringent than the indirect bound obtained from EW precision data, 47 f 2 15 TeV [370]
but more robust and less subject on assumptions [371].

11.7.6.4 Twin Higgs models

In all composite models presented above, the particles responsible for canceling the quadratic
divergences in the Higgs boson mass are charged under the SM gauge symmetries. In particular, the
top partner carries color charge, implying a reasonably large minimal production cross section at the
LHC. An alternative scenario, which is experimentally quite challenging and might explain the null
result in various new physics searches, is the case nowadays referred to as “neutral naturalness” [13,
14], where the particles canceling the 1-loop quadratic divergences are neutral under the SM. The
canonical example for such theories is the Twin Higgs model of Ref. [13]. This is an example of a
pseudo-Goldstone boson model with an approximate global SU(4) symmetry broken to SU(3). The
Twin Higgs model is obtained by gauging the SU(2)4x SU(2)p subgroup of SU(4), where SU(2) 4
is identified with the SM SU(2)z, while SU(2)p is the twin SU(2) group. Gauging this subgroup
breaks the SU(4) symmetry explicitly, but quadratically divergent corrections do not involve the
Higgs boson when the gauge couplings of the two SU(2) subgroups are equal, g4 = gp. The SU(4)—
SU(3) breaking will also result in the breaking of the twin SU(2)p group and, as a result, three
of the seven Goldstone bosons will be eaten, leaving 4 Goldstone bosons corresponding to the SM
Higgs doublet. In fact, imposing the Z; symmetry on the full model will ensure the cancellation
of all 1-loop quadratic divergences to the Higgs boson mass. Logarithmically divergent terms can,
however, arise for example from gauge loops, leading to a Higgs boson mass of order g2 f /4, which
is of the order of the physical Higgs boson mass for f ~ 1TeV. The quadratic divergences from
the top sector can be eliminated if the Zs protecting the Higgs boson mass remains unbroken by
the couplings that result in the top Yukawa coupling. This can be achieved by introducing top
partners charged under a twin SU(3)¢. In this case, the quadratic divergences are cancelled by top
partners that are neutral under the SM gauge symmetries.

Twin Higgs models are low-energy effective theories valid up to a cutoff scale of order A ~
4 f ~ 5-10TeV, beyond which a UV completion has to be specified. The simplest such possibility
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is to also make the Higgs boson composite, and to UV complete the twin Higgs model via gauge
and top partners at masses of the order of a few TeV. A concrete implementation is the holographic
twin Higgs model [372], which also incorporates a custodial symmetry to protect the T-parameter
from large corrections. It is based on a warped extra dimensional theory with a bulk SO(8) gauge
group, which incorporates the SU(4) global symmetry discussed above enlarged to contain the
SU(2),xSU(2)g custodial symmetry. In addition the bulk contains either a full SU(7) group or
an SU(3) x SU(3) x U(1) x U(1) x Z subgroup of it to incorporate the QCD, its twin, and the
hypercharge local symmetries. The breaking on the UV brane is to the SM symmetries and their
twin symmetries, while on the IR brane SO(8) — SO(7), giving rise to the 7 Goldstone bosons,
three of which will be again eaten by the twin W, Z. The main difference compared to ordinary
composite Higgs models is that, in composite twin Higgs models, the cancellation of the one-loop
quadratic divergences is achieved by the twin partners. They have a mass of order 700 GeV—-1 TeV
and they are uncharged under the SM gauge group. This allows the IR scale of the warped extra
dimension to be raised to the multi-TeV range without reintroducing the hierarchy problem. The
role of the composite partners is to UV complete the theory, rather than to cancel the one-loop
quadratic divergences. For more details about the composite twin Higgs models, see Refs. [373].

11.7.7 Searches for signatures of extended Higgs sectors

The measurements described in Sections 11.3 to 11.6 have established the existence of one state
of the electroweak symmetry breaking sector, compatible with a SM Higgs boson, but not that it
is the only one. As was discussed above, several classes of models beyond the SM require extended
Higgs sectors. The searches are typically designed to be as model-independent as possible® and can
be categorised in the classes summarised as follows:

(i) the search for an additional C' P-even state mostly in the high mass domain decaying to vector
bosons, which would correspond either to the heavy C' P-even state in a generic 2HDM where
the light state would be the discovered Higgs boson at 125 GeV or to a generic additional
singlet;

(ii) the search for a state in the high mass domain decaying to pairs of fermions, which would
correspond to the CP-odd A or the heavy CP-even state H in a generic 2HDM;

(iii) the search for charged Higgs bosons, which also appear in generic 2HDMs;

(iv) the search for a C'P-odd state a in the low mass region which appears in the NMSSM in a
variety of final states, e.g., with one or two a bosons decaying to pairs of photons, muons,
taus, and b-quarks;

(v) the search for doubly charged Higgs bosons which are expected in extensions of the Higgs
sector with triplets.

Below is a concise description of the most recent searches performed at the LHC and elsewhere.
A summary of these searches in terms of final states is given in Table 11.15 where the corresponding
references are given for more details.

11.7.7.1 Searches for an additional C P-even state
(a) Ezxclusion limits from LEP

The searches for the SM Higgs boson at LEP provided an absolute lower limit of 114 GeV on its
mass. These searches are also relevant for non-SM Higgs bosons. These searches were interpreted
as 95% CL upper bounds on the ratio of the coupling gpzz to its SM prediction as a function
of the Higgs boson mass [122,436]. These results have an impact on MSSM benchmarks such

8Still, most non-SUSY models are likely to include further states and dynamics above the weak scale to stabilise
the scalar sector and this new and unknown physics may influence the searches described in this section in a way
difficult to estimate.
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Table 11.15: Summary of references to the searches for additional states
from extended Higgs sectors. (BBr) denotes the BaBar experiment and
(TeV), the Tevatron experiments. Results using the full Run 2 dataset are
indicated by (*). V denotes either the W or the Z boson. Only Run?2
searches references are indicated except when searches have been carried
out using Run 1 data only. References for Run 1 searches are available in

Ref. [123].

ATLAS CMS Other experiments
CP-even H
H — vy [374] [375] —
H — v (low mass) [374] [376] —
H— Zy [176] [377] —
H—ZZ— 4 [378] [379] —
H— ZZ — vy [378] [380] —
H — Z7Z — llqq [381] 382 —
H— 77 — vvqq [381] — —
H—WW — vl [383]  *[384 —
H—WW — lvgq [385] 384 —
H—=VV = qqqq (JJ) (386, 387] — —
H — V'V combination [388] — —
H — hh — bbrT, bbyy, 4b, "
YAWW* bbWW* WW*WW*, bbZ Z* [389,390] [391-393] -
C'P-odd A (and/or CP-even H)
H,A— 1t *[394]  * [395] [39[25?2;?7(15}?8\73
A — 7777 (low mass) — [399] —
H,A— utp~ [400] [401] —
H — pr,er LEV [402] —
bjptp~ (low pt ™ mass) *1403) [404] —
H, At * [387,405] [406]
H,A— bb [407) [408]  [409,410] (TeV)
A — hV — bbqq’, bblv, bbll, LT, vvbb *[411] [392,412)
H — ZA — bblti~ — [413)] —
Charged HT
HY — %y *[414,415]  * [416] —
H* — cs [417] [418] —
H* —tb * [419) [420] —
H* > W*Z [421]  * [422] —
H* - W*A — % [423] —
H* — cb — % [424] —
C'P-odd NMSSM a
a— ptu” [425]  * [426] —
h — aa — 4p, 47, 2u2T, 47, [429] (TeV)
aa — e e 427 3 =
bbpupe, bbrT [431] (LEP)
Yis3s — ay — —  [432,433] (BBr)
Doubly charged H*+ *[434]  * [435] —

as the low-mpg scenario, which is also nearly ruled out by current direct constraints and charged
Higgs boson limits from LHC. These results also impact scenarios of light C'P-even Higgs boson
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of the NMSSM which are constrained to project predominantly onto the EW singlet component.
Additional interest for these scenarios is due to the slight excess observed at LEP [122] at a Higgs
boson mass hypothesis of approximately 98 GeV.

(b) Searches at the LHC

At the LHC, the searches for the SM Higgs boson before the 2012 discovery covered a wide
range of mass hypotheses up to approximately 1TeV. After the discovery, the SM Higgs boson
searches have been reappraised to search for a heavy CP-even state, extending progressively the
search mass range beyond 1TeV. This state could be the heavy C'P-even Higgs boson of a 2HDM,
or a generic additional singlet. In both cases, the natural width of the additional H state can be
very different from that of the SM Higgs boson. To preserve unitarity of the longitudinal vector
boson scattering and the longitudinal vector boson scattering into fermion pairs, the couplings of
the additional C'P-even Higgs boson to gauge bosons and fermions should not be too large and
should constrain the natural width to be smaller than that of a unique Higgs boson at high mass
with couplings to fermions and gauge bosons as predicted by the SM (and provided that trilinear
and quartic couplings are not too large and that no new state affects the heavy state total width).
It is therefore reasonable to consider total widths for the high mass C'P-even state smaller than
the equivalent SM width. Two specific cases have been considered: (i) the SM width using the
complex pole scheme (CPS), and (ii) the narrow width approximation. For the sake of generality,
these searches are now done as a function of the Higgs boson mass and total width.

Searches for the Higgs boson in the channels H — vy, H — Z~v, H — WW®) leptonic and
semi-leptonic, and in the H — ZZ®) searches in the 4¢, ¢lqq and ¢/vv channels have also been
done, but some of them are simple reinterpretations of the SM Higgs boson search in the CPS
scheme. References for these searches are summarised in Table 11.15.

(¢) Searches for an additional resonance decaying to a pair of Higgs bosons

In addition to the rare and expected Higgs boson pair production mode, high mass CP-even
Higgs bosons can be searched for in the resonant double Higgs boson mode. Searches for such
processes, where the Higgs boson is used as a tool for searches for BSM phenomena, have been
carried out in a variety of distinct modes depending on the subsequent decays of each Higgs bosons.
ATLAS and CMS have searched for the H — hh — bbrt, bbyy, H — hh — 4b, H — hh —
YYWW?*, H — hh — bbWW* H — hh - WW*WW* and H — hh — bbZZ* final states. For
mass hypotheses of an additional Higgs boson below 500 GeV, the two dominant search channels
are the bbyy and the bbr7 channels. For masses above 500 GeV, the most powerful search is with
the 4b final state. As illustrated in Figure 11.19, these searches provide useful limits in the low
tan 8 and high mass domain. The list of references for these searches is given in Table 11.15.

(d) Searches for an additional state with the presence of the Higgs boson

In the post-discovery era, analyses searching for additional Higgs bosons need to take into ac-
count the presence of the 125 GeV Higgs boson. For searches with sufficiently high mass resolution
to disentangle the additional states which are not degenerate in mass, the strength of the observed
state and limits on the signal strength of a potential additional state can be set independently, as
discussed in the next section. However, in some cases where channels do not have a sufficiently
fine mass resolution to resolve states nearly degenerate in mass, specific analyses need to be de-
signed. There are two examples of such analyses: (i) the search for an additional state in the
H — WW® — fufv channel in ATLAS, and (ii) the search for nearly degenerate states in the
H — ~~ channel with the CMS detector.

In the H — WW® — ¢uly channel, the search for an additional state is done using a boosted
decision tree combining several discriminating kinematic characteristics to separate both the signal
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from the background and a high mass signal H from the lower mass state h [437]. A simultaneous
fit of the two states h and H is then made to test the presence of an additional state. In this case,
the usual null hypothesis of background includes the SM signal.

The CMS search for nearly degenerate mass states decaying to a pair of photons [438] is more
generic and could for instance apply to C'P-odd Higgs bosons as well. It consists of a fit to the
diphoton mass spectrum using two nearly degenerate mass templates.

(e) Type I 2HDM and fermiophobia

The measurements of coupling properties of the 125 GeV Higgs boson directly establish its
couplings to fermions. However, the presence of an additional fermiophobic state, as predicted by
Type I 2HDMs, is not excluded. Prior to the discovery, ATLAS and CMS have performed searches
for a fermiophobic Higgs boson, i.e., produced through couplings with vector bosons only (VBF and
V H) and decaying in two photons. CMS has further combined these results with searches in the
WHW ™~ and ZZ channels, assuming fermiophobic production and decay. This way, CMS excluded
a fermiophobic Higgs boson in the range 110 GeV < mpy < 188 GeV at the 95% CL. References for
these Run 1 measurements can be found in Ref. [123]

11.7.7.2 Searches for additional neutral states (p = h, H, A) decaying to fermions
(a) Exclusion limits from LEP

In ete™ collisions, around the centre-of-mass energies reached by LEP, the main production
mechanisms of the neutral MSSM Higgs bosons were the Higgs-strahlung processes eTe™ — hZ,
HZ and the pair production processes eTe™ — hA, HA, while the vector boson fusion processes
played a marginal role. Higgs boson decays to bb and 717~ were used in these searches.

The searches and limits from the four LEP experiments are described in Refs. [439]. The
combined LEP data did not contain any excess of events which would imply the production of a
Higgs boson. Combined limits were derived [436]. For my > My, the limit on my, is nearly that
of the SM searches, as sin?(8 — a) ~ 1. For high values of tan 8 and low m4 (ma < mj*®), the
ete™ — hA searches become the most important, and the lightest Higgs boson h is non SM-like.
In this region, the 95% CL mass bounds are m; > 92.8GeV and m4 > 93.4GeV. In the mj'**
scenario [440], values of tan § from 0.7 to 2.0 are excluded taking m; = 174.3 GeV, while a much
larger tan 8 region is excluded for other benchmark scenarios such as the no-mixing one.

A flavour-independent limit for Higgs bosons in the Higgs-strahlung process at LEP has also
been set at 112 GeV [441].

Neutral Higgs bosons may also be produced by Yukawa processes ete™ — ff$, where the
Higgs particle ¢ = h, H, A, is radiated off a massive fermion (f = b or Ti). These processes
can be dominant at low masses, and whenever the ete™ — hZ and hA processes are suppressed.
The corresponding ratios of the ffh and ffA couplings to the SM coupling are — sin e/ cos 8 and
tan 3, respectively. The LEP data have been used to search for bbbb, bbrt7~, and 7+7~ 77~ final
states [442]. Regions of low mass and high enhancement factors are excluded by these searches.

The searches for the Higgs boson at LEP also included the case where it does not predominantly
decay to a pair of b quarks. All four collaborations conducted dedicated searches for the Higgs
boson with reduced model dependence, assuming it is produced via the Higgs-strahlung process,
and not addressing its flavour of decay, a lower limit on the Higgs boson mass of 112.9 GeV is set
by combining the data of all four experiments [441].

Using an effective Lagrangian approach and combining results sensitive to the hy~vy, hZ~ and
hZZ couplings, an interpretation of several searches for the Higgs boson was made and set a lower
limit of 106.7 GeV on the mass of a Higgs boson that can couple anomalously to photons [441].

(b) Searches at the Tevatron and the LHC
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The best sensitivity is in the regime with low to moderate m4 and with large tan 8 which
enhances the couplings of the Higgs bosons to down-type fermions. The corresponding limits
on the Higgs boson production cross section times the branching ratio of the Higgs boson into
down-type fermions can be interpreted in MSSM benchmark scenarios [443]. If ¢ = A, H for
my > myp'®*, and ¢ = A, h for my < mj'®*, the most promising channels at the Tevatron are the
inclusive pp — ¢ — 717~ process, with contributions from both gg — ¢ and bb¢ production, and
bb, » — 7T~ or ¢ — bb, with brT or three tagged b-jets in the final state, respectively. Although
the Higgs boson production via gluon fusion has a higher cross section in general than via associated
production, it cannot be used to study the ¢ — bb decay mode since the signal is overwhelmed by
the QCD background.

CDF and DO have searched for neutral Higgs bosons produced in association with bottom
quarks and which decay into bb [409,410], or into 777~ [396,397]. The most recent searches in the
bbp channel with ¢ — bb analyse approximately 2.6fb~! (CDF) and 5.2fb~! (D0) of data, seeking
events with at least three b-tagged jets. The cross section is defined such that at least one b quark
not from ¢ decay is required to have pr > 20GeV and |n| < 5. The invariant mass of the two
leading jets as well as b-tagging variables are used to discriminate the signal from the backgrounds.
The QCD background rates and shapes are inferred from data control samples, in particular, the
sample with two b-tagged jets and a third, untagged jet. Separate-signal hypotheses are tested and
limits are placed on o(pp — bbp) x BR(¢ — bb). A local excess of approximately 2.5¢ significance
has been observed in the mass range of 130-160 GeV, but D0’s search is more sensitive and sets
stronger limits. The DO result had a O(20) local upward fluctuation in the 110 to 125 GeV mass
range. These results have been superseded by the LHC searches and the excess seen by D0 has not
been confirmed elsewhere.

A substantially larger sensitivity in the search for the ¢ — 777~ is obtained with the ATLAS
and CMS analyses. The higher centre-of-mass energy reached at the Run2 brings a substantial,
though not excessively large, increase in sensitivity due to the intermediate masses probed. Both
ATLAS and CMS have reported the result of their searches in this important channel with the
full 2016 dataset. The searches are performed in categories of the decays of the two tau leptons:
€Thad, MThad, €M, and up, where m,,q denotes a tau lepton which decays to one or more hadrons
plus a tau neutrino, e denotes 7 — evv, and u denotes 7 — pvrvr. The dominant background comes
from Z — 777~ decays, although tt, W+jets and Z-+jets events contribute as well. Separating
events into categories based on the number of b-tagged jets improves the sensitivity in the MSSM.
The bb annihilation process and radiation of a Higgs boson from a b quark gives rise to events in
which the Higgs boson is accompanied by a bb pair in the final state. Requiring the presence of one
or more b-jets reduces the background from Z+jets. Data control samples are used to constrain
background rates. The rates for jets to be identified as a hadronically decaying tau lepton are
measured in dijet samples, and W +jets samples provide a measurement of the rate of events that,
with a fake hadronic tau, can pass the signal selection requirements. Lepton fake rates are measured
using samples of isolated lepton candidates and same-sign lepton candidates. Constraints from the
ATLAS searches are shown in Fig. 11.19 (left) in the hMSSM approximation defined in Ref. [314].
The neutral Higgs boson searches consider the contributions of both the C'P-odd and C P-even
neutral Higgs bosons with enhanced couplings to bottom quarks, similarly to was done for the
Tevatron results. In Fig. 11.19, decays of the charged Higgs boson into 7v and decays of the heavy
Higgs boson into a pair of SM-like Higgs bosons or gauge bosons, or decays of A into hZ are also
being constrained. In addition, decays of the neutral Higgs bosons into muon pairs are also being
explored. In the mjp-mod+ scenario the region of tan 8 lower than 5 does not allow for a Higgs
boson mass my, close to 125 GeV. For the hMSSM scenario, instead, the SM-like Higgs boson mass
is fixed as an input and hence the requirement that it is close to 125 GeV is always fulfilled, although
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this may imply other limitations as discussed in Section 11.7.1.1.
A search for ¢ — pp~ has also been performed by ATLAS [400] and CMS [401].

September 2019

« 60 IR T T] 0 HA—we
c 1 V5= 13TeV, 36.1 fb”! H/A — 777~ expected exclusion (95% C.L.)
] 40 — i:l“’“‘ (2018) 055 1 ATLAS3ab~' & CMS3ab~! == ATLAS 36.1 ! [JHEP 01(2018)055]
v
30 ,/ | V=13 Tev,36.1 10" +lo - - CMS35.9 b [JHEP 09(2018)007]
; JHEP 09 (2018) 139 ro +20
O H-b bl — — T
20 _ = 13TV, 361 17 h(125) rates M;#(125 +3) GeV | " 14 Tev ]
JHEP 11 (2018) 085 o ATLAS 36.1 fb ' @ CMS 35.9 fb* i V4
@ Hb — bbb 7.7 ATLAS 3ab™' @ CMS 3 ab™! ! ]
Vs=13TeV,27.8 1" 40 3 T L ,' 4
arXiv:1907.02749 [hep-ex] L ’ 1
10 /___ [— Y ;o ! 1
1 : ] ’ 4
- V5 =13TeV, 36.1 fb° 3 r /i
- Eur. Phys. J. C (2018) 78: 293 30 % — ¢ L ’ ]
- — A— d ’ ’ N
ATLAS %Q_GAT VZS’S‘W‘ oY g o) ’ E
5 Preliminal ] e o o0 = F i ' ]
4 re W JHEP 03 (2018) 174 : ;/ i 1, ’ B
s D H- WW— hiv ] 300 g B
hMSSM, 95% CL limits {5 - 13TeV, 361 20 g 5/',' g ]
3 T Eur. Phys. J. C 78 (2018) 24 / 7 . ’ B
— Observed | mmm H-nh— 4, % /4 S ]
5 | —~ bb yy/, I e ]
V5 =13TeV, 27.5-36.1 0™ 10/ 2/ 3 =< i
arXiv:1906.02025 [hep-ex] A : P with YRI18 syst. uncert. |
<<= h couplings [k, Ky, K] I, % S S S S g Tyt e s
(- 13TeV, 361 - 79810 ? W y///“ /// ]\,17125 scenario
1 L n PR | arXiv:1909.02845 [hep-ex] VLA / 1 / A AAN f ;//( i !
200 300 400 500 600 700 500 1000 1500 2000 2500 3000

m, [GeV] My [GeV]

Figure 11.19: The 95% CL exclusion contours in the (M4a,tan ) parameter space for: (left) a
summary of ATLAS Run?2 searches in the hMSSM and (right) the projected sensitivity for the
combination of ATLAS and CMS searches in the A, H — 777~ channel at HL-LHC and the
interpretation of the constraints from the measurements of the Higgs boson couplings in the Mh125
benchmark (the projected ATLAS sensitivity in the A, H — 777~ channel used for this projection

was not optimised for high masses, when re-optimised similar sensitivities are obtained between
ATLAS and CMS).

Finally searches for a resonance decaying to a top quark pair were done by ATLAS [405,444] and
CMS [406,445]. These searches were interpreted as searches for scalar resonances by ATLAS [405],
however, an important component of these searches is an accurate treatment of the interference
effects between the signal and the continuum background. These effects can yield a dip and peak
structure instead of a simple peak [311]. ATLAS has performed a search for a high mass state
decaying to a pair of top quarks taking into account the deformation in mass shape of the signal
in the presence of the continuum background [446].

The LHC has the potential to explore a broad range of SUSY parameter space through the search
for non-SM-like Higgs bosons. As illustrated in Fig. 11.19, the parameter space corresponding to
large tan 8 values and large masses of the A boson are covered mostly by the searches in the
A,H — 777~ channel. A projection of the combined sensitivity of ATLAS and CMS at the HL-
LHC has been performed in Ref. [104], showing that, compared to the current sensitivity, the full
HL-LHC luminosity can expand the exclusion domain by nearly 1TeV. In the low tan § limit, the
parameter space spanning large A boson masses is best excluded indirectly from the observed Higgs
boson measurements. This is illustrated in the Mh125 scenario by the nearly horizontal exclusion
which is due to the compatibility of the Higgs boson mass measurement with its prediction from
radiative corrections (mostly from the stop sector). Nevertheless, Fig. 11.19 (right) shows a broad
region with intermediate tan 8 and large values of m 4 that is not accessed by current searches, and
in which the most promising channel is the very difficult search for ¢t decays with its aforementioned
intricacies. In this region of parameter space, it is possible that only the SM-like Higgs boson can be
within the LHC’s reach. If no other state of the EWSB sector than the 125 GeV state is discovered,
it may be challenging to determine only from the Higgs sector whether there is a SUSY extension
of the SM in nature.
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11.7.7.3 Searches for a C'P-odd state decaying to hZ

Similarly to the search for a C'P-even high mass Higgs boson decaying to a pair of Higgs bosons,
the search for a C'P-odd states decaying to hZ was carried out at the LHC by ATLAS and CMS
in various channels:

(i) (Z — e0)(h — bb),

(ii) (Z — vv)(h — bb),

(iii) (Z — 00)(h — 77),
(iv) and (Z — 00)(h — T7).

The searches where the A boson decays to a pair of b quarks have been performed both in the
regime where both b-jets are resolved and in the boosted regime where the two b-jets are merged
in a single larger radius jet. These searches have been used to constrain the parameter space of
2HDMs. In the MSSM, these searches place limits on small values of tan 8 for masses of A between
220 GeV and 360 GeV.

11.7.7.4 Searches for low mass states

Searches for pseudo-scalar Higgs boson at intermediate to low masses, below the Z mass (in
the 25 GeV to 80 GeV mass range) have been performed by CMS both in the 777~ [447] and the
put ™ [448] decay channels. A light pseudo-scalar in this mass range is excluded by current direct
constraints in the MSSM but not in general 2HDMs [449]. These searches are done in the decay
channels where the pseudo-scalar Higgs boson is produced in association with a pair of b-quarks
and decays into a pair of taus or muons.

CMS has also reported an anomaly observed in the search for u*pu~ resonances produced with
one jet tagged as containing a b-hadron and a forward jet in the Run 1 data. A mild excess appeared
in the di-muon mass distribution at approximately 28 GeV. Another very mild excess was then also
found in the 2016 Run2 data [404]. ATLAS then performed a similar analysis with the full Run 2
dataset corresponding to an integrated luminosity of approximately 139fb~! and no significant
excess was found [403].

Searches for low mass Higgs bosons were also performed in the diphoton channel by both
ATLAS and CMS [450,451] at Run1l. CMS has updated the results of this search with the full
2016 dataset [452]. A modest excess has been observed by CMS at a mass of 95.3 GeV with a local
significance of 2.80 (the corresponding global significance is 1.30). A slight excess was also seen
by CMS in the 8 TeV data at a slightly higher mass of 97.6 GeV with a local significance of 2.0c
(1.470 global). No significant excess has been observed in this region by ATLAS neither in the
Run1 nor Run2 [374] data. It should, however, be noted that the ATLAS search does not reach
the level of sensitivity to exclude at the 95% CL the excess seen in CMS. This mildly significant
excess also coincides in mass with the excess observed at LEP and discussed in Section 11.7.7.1. It
has therefore raised interest and speculations on its possible nature, see for instance Ref. [453] and
references therein.

11.7.7.5 Searches for charged Higgs bosons H*

At ete™ colliders, charged Higgs bosons can be pair produced in the s-channel via v or Z
boson exchange. This process is dominant in the LEP centre-of-mass energies range, i.e., up to
209 GeV. At higher centre-of-mass energies, other processes can play an important role such as the
production in top quark decays via t — b+ HT if mpy+ < my; — my or via the one-loop process
ete™ — WTHT [454,455], which allows the production of a charged Higgs boson with my+ >
V/5/2, even when H™ H~ production is kinematically forbidden. Other single charged Higgs boson
production mechanisms include thH~/tbH* production [108], 77vH~ /7~ vH* production [456],
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and a variety of processes in which H¥ is produced in association with a one or two other gauge
and/or Higgs bosons [457].

At hadron colliders, charged Higgs bosons can be produced in several different modes depending
on the value of its mass with respect to the top-quark mass. For light values of the charged
Higgs boson mass, defined by Higgs boson masses smaller than the mass of the top quark (with
experimental analyses typically considering masses up to mgy+ < 160 GeV), the top-quark decay
t — Hb is allowed and the charged Higgs boson is light enough so that top-quark off-shell effects can
be neglected. The cross section for the production of a light charged Higgs boson is simply given by
the product of the top-pair production cross section and the branching ratio of a top quark into a
charged Higgs boson. The top-pair production cross section is known up to NNLO in perturbative
QCD [458], and relevant QCD and SUSY-QCD including NLO corrections to the branching ratio
for t — HTb have been computed in the literature, see Refs. [459-461] and references therein.
At present, the theoretical accuracy for the production of a light charged Higgs boson is at the
few percent level. For the intermediate mass range, values of mg+ near my, the finite top-width
effects as well as the interplay between top-quark resonant and non-resonant diagrams cannot be
neglected. Hence, the full process pp — H=W¥bb (with massive b-quarks) must be considered to
perform a reliable perturbative calculation of the charged Higgs boson production cross section [461].
For heavy charged Higgs boson scenarios, with charged Higgs boson masses larger than the top-
quark mass (typically above 180 GeV), the dominant charged Higgs boson production channel is
the associated production with a top quark/antiquark and a (possibly low transverse momentum)
bottom antiquark/quark. Theoretical calculation at NLO have been computed both at the inclusive
and fully-differential level in the five-flavour scheme and in the four-flavour scheme, see Ref. [44]
and references therein. Charged Higgs bosons can also be produced via associated production with
W bosons through bb annihilation and gg-fusion annihilation [462].

For charged Higgs boson production cross section predictions for the Tevatron and the LHC,
see Refs. [42,43,310].

(a) Ezxclusion limits from LEP

Charged Higgs bosons have been searched for at LEP, where the combined data of the four
experiments, ALEPH, DELPHI, L3, and OPAL, were sensitive to masses of up to about 90 GeV [436]
in two decay channels, 7v and ¢s. The combined LEP data exclude, at 95% CL, charged Higgs
bosons with mass below 80 GeV (Type II scenario) or 72.5 GeV (Type I scenario) [463].

(b) Exclusion limits from Tevatron

Compared to the mass domain covered by LEP searches, the Tevatron covered a complementary
range of charged Higgs boson masses. CDF and DO have also searched for charged Higgs bosons
in top quark decays with subsequent decays to Tv or to ¢s [464]. For the HT — ¢35 channel, the
limits on BR(t — H"b) from CDF and D0 are ~ 20% in the mass range 90 GeV < m+ < 160 GeV
and assuming a branching fraction of 100% in this specific final state. H* — 7%v, channel, D0’s
limits on BR(t — H"b) are also ~ 20% in the same mass range and assuming a branching fraction
of 100% in this final state. These limits are valid in general 2HDMs, and they have also been
interpreted in terms of the MSSM [464].

(¢) Exclusion limits from LHC

Similarly to the Tevatron, at the LHC, light charged Higgs bosons can be searched for in the
decays of top quarks. The main initial production mode for light charged Higgs bosons (mpg+ <
m¢ — my) is top pair production. The subsequent decay modes of the charged Higgs boson for
these searches are 7v and ¢s. More recently, ATLAS and CMS have also searched for higher
mass charged Higgs bosons (mpg+ > my +myp) in HT — tb. The main production modes are the
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associated production of a charged Higgs boson in association with a top and a bottom quark or
in association with a top quark only.
The decay H™ — 771, is searched typically in three final state topologies:

(i) lepton-jets: with t£ — bW H™* — bb(qq')(Tiep’), i-e., the W boson decays hadronically and the
tau decays into an electron or a muon, with two neutrinos;

(ii) 7 +lepton: with t# — bW H™T — bb(Iv)(Thaqv), i.e., the W boson decays leptonically (with
¢ =e, ) and the tau decays hadronically;

(iii) 7+jets: tt — bW H™' — bb(q7)(ThaaV), i.e., both the W boson and the 7 decay hadronically.

CMS has also searched for the charged Higgs boson in the decay products of top quark pairs:
tt — HTWTbb and tt — HTH~bb as well. Three types of final states with large missing transverse
energy and jets originating from b-quark hadronisation have been analysed: the fully-hadronic
channel with a hadronically decaying tau in association with jets, the dilepton channel with a
hadronically decaying tau in association with an electron or muon and the dilepton channel with
an electron-muon pair. The results of the searches at the LHC are illustrated in Figure 11.19.

Both ATLAS and CMS have also searched for high mass charged Higgs bosons decaying to a
top and bottom quarks. The main production mode for this search is the associated production
with one top quark (5-flavour scheme) or a top quark and and bottom quark (4-flavour scheme) in
the final state. The s-channel production mode where the charged Higgs boson is produced alone in
the final state at tree level is also considered. This search is particularly intricate and it is sensitive
to the modelling of the top pair production background produced in association with additional
partons and in particular b-quarks. No excess was found and the results are expressed in terms of
exclusion limits of cross section times branching fractions.

ATLAS and CMS have also searched for charged Higgs bosons in top quark decays assuming
BR(H" — ¢35) = 100% [417,418], and sets limits of ~ 20% on BR(t — H'b) in the 90 GeV
< myg+ < 160 GeV mass range.

In 2HDMSs, the decay of the charged Higgs boson to a W and a Z boson is allowed only at
loop level and is therefore suppressed. However the H* — W*Z decay channel is allowed in Higgs
triplet models. ATLAS [421] has searched for such decays, requiring that the charged Higgs boson
is produced through the fusion of vector bosons. No excess with respect to the SM backgrounds has
been observed in this channel, and the results are interpreted in the Georgi-Machacek model [349]
discussed in Section 11.7.5.2.

At the LHC, various other channels still remain to be explored, in particular searches involving
additional neutral scalars in particular in the WH, WA channels (A is the pseudo-scalar MSSM
Higgs boson), and in the Wa channel (a is the light C'P-odd scalars of the NMSSM).

11.7.7.6 Interpretation of the measurements of the coupling properties of the Higgs boson

The 125 GeV Higgs boson being part of any hypothetically extended EWSB sector, it can be
used through the compatibility of its measured couplings and mass with those predicted in specific
models to provide constraints on these specific models parameters.

As discussed in Section 11.7.1.1, the mass of the Higgs boson limits drastically the MSSM
parameter space and can be used to set limits on specific MSSM benchmarks. This is the case for
the Mh125 scenario as illustrated in Figure 11.18 and in Figure 11.19, corresponding approximately
to a lower limit on tan 8 in this model [104].

The measurements of the Higgs boson couplings, discussed in Section 11.6, can be interpreted
in the framework of a constrained model where the couplings of the Higgs boson to vector bosons,
up-type quarks, down-type quarks and leptons, are varied. In 2HDMs, these couplings are functions
of the mixing angle o between the observed Higgs boson and the heavy CP-even neutral scalar,
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and of the ratio of the vacuum expectation values of the two doublets, tan 3. In the case of the
MSSM, the two parameters are the A boson mass and tan  (the sole two parameters needed to
describe the MSSM Higgs sector at tree level). The coupling measurements have been interpreted
both by ATLAS [213] and CMS [214] in specific MSSM benchmarks and in 2HDMs. The exclusion
contour in the hMSSM for the ATLAS combination [213] is illustrated in Figure 11.19.

11.7.7.7 Searches for a light C P-odd Higgs boson

A light pseudo-scalar boson a is present in any two Higgs doublet model enhanced with an
additional singlet field. A prominent example is the NMSSM. The theoretical motivations for
singlet extensions of the MSSM are discussed in Section 11.7.2. There is also a variety of other
models with light additional spin-0 bosons such as two Higgs doublet models with a scalar, Little
Higgs models or light scalar mediator to a dark sector.

In the framework of the NMSSM, the searches now focus on the low a mass region for several
reasons:

(i) in the NMSSM, the light pseudo-scalar a boson can, as a pseudo-Goldstone boson, be a natural
candidate for an axion;

(ii) scenarios where m, > 2my; and a C'P-even state h decaying to a pair of a (my, > 2m,) are
excluded by direct searches at LEP in the four b’s channel [429,436, 465];

(iii) in the pre-discovery era, LEP limits on a C'P-even Higgs boson resulted in fine tuning MSSM
constraints [466] which could be evaded through non standard decays of the Higgs boson to
aa;

(iv) in the NMSSM, a C'P-odd a boson with a mass in the range 9.2-12GeV can also account
for the difference observed between the measured anomalous muon magnetic moment and its
prediction [467].

The benchmark scenarios have also changed in the light of the Higgs boson discovery. The
125 GeV state could be the lightest or the next-to-lightest of the three C'P-even states of the
NMSSM. Light pseudo-scalar scenarios are still very interesting in particular for the potential
axion candidate. There are three main types of direct searches for the light a boson:

(i) for masses below the 1" resonance, the search is for radiative decays 7" — ay at B-factories;
(ii) the inclusive search in high energy pp collisions at the LHC;
(iii) the search for decays of the observed C'P-even Higgs h boson into a pair of a bosons.

Radiative decays 1" — a-y have been searched for in various colliders, the most recent results are
searches for radiative decays of the 1°(1s) to ay with a subsequent decay of the a boson to a pair
of taus at CLEO [468], and the radiative decays of the 7°(1s, 2s, 3s) to ay with subsequent decays
to a pair of muons or taus by BaBar [432,433].

Direct inclusive searches for the light pseudo scalar a boson were performed in the a — pp
channel at the Tevatron by DO [429] and by ATLAS [425], CMS [426], and LHCb [151] at the LHC.

Finally, searches for the decays of the Higgs boson to a pair of a bosons where performed with
subsequent decays to four photons, in the four muons final state, in the two muons and two taus
final state, and in the four taus final state.

No significant excess in the searches for a light C P-odd a boson was found and limits on the
production times branching fractions of the a boson have been set.

References for all these searches are summarised in Table 11.15.

11.7.7.8 Searches for doubly charged Higgs bosons H**
As discussed in Section 11.7.5, the generation of small neutrino masses via the standard EWSB
mechanism described in Section 11.2 requires unnaturally small Yukawa couplings, provided that
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neutrinos are Dirac-type fermions. A Majorana mass term with a see-saw mechanism for neutrinos,
would allow for naturally small masses and would also yield a framework for the appealing scenario
of leptogenesis. However, within the SM, Majorana mass terms correspond to (non-renomalizable)
dimension-5 operators. Such effective interactions can be generated via renormalisable interactions
with an electroweak triplet of complex scalar fields (corresponding to a type-II see-saw mechanism).
Other models such as the Zee-Babu model, with the introduction of two SU(2), singlets, also
generate Majorana mass terms. The signature of such models would be the presence of doubly
charged Higgs bosons H**.

The main production mechanisms of H** bosons at hadron colliders are the pair production in
the s-channel through the exchange of a Z boson or a photon and the associated production with a
charged Higgs boson through the exchange of a W boson. Various searches for doubly charged Higgs
bosons have been performed by ATLAS and CMS at Run1 [469] and Run2 [434,435]. Typically,
these searches aim at low values of the Higgs triplet vacuum expectation for which the doubly
charged Higgs boson will decay mostly to leptons (for high values, the decay to W bosons will
become predominant). These searches assume that the coupling to W bosons is negligible and that
the main production mode is through the Drell-Yan process.

11.7.7.9 Searches for non-standard production processes of the Higgs boson

The discovery of the Higgs boson has also allowed for searches of BSM processes involving
standard decays of the Higgs boson. One example directly pertaining to the search for additional
states of the EWSB sector is the search for Higgs bosons in the cascade decay of a heavy CP-
even Higgs boson decaying to charged Higgs boson and a W boson, and the charged Higgs boson
subsequently decaying to H and another W boson. This search has been performed by ATLAS in
bb decays of the 125 GeV Higgs boson [470].

11.7.7.10 Outlook on searches for additional states

The LHC program of searches for additional states covers a large variety of decay and production
channels. Since the Higgs boson discovery, many new channels have been explored at the LHC,
e.g., the searches for additional states decaying into hh or Vh or ZA. The search for charged Higgs
bosons has been extended to include the WZ, W A and the very difficult tb decay channel.

11.8 Summary and outlook

Summary— The discovery of the Higgs boson is a major milestone in the history of particle
physics as well as an extraordinary achievement of the LHC machine and the ATLAS and CMS
experiments. Seven years after the discovery, substantial progress in the field of Higgs boson physics
has been accomplished and a significant number of measurements probing the nature of this unique
particle have been made. They are revealing an increasingly precise profile of the Higgs boson.

The LHC has now concluded its Run 2, delivering a dataset of 13 TeV pp collisions corresponding
to an integrated luminosity of approximately 140 fb~! of data collected by ATLAS and CMS. With
the substantial increase in production rates at the higher center-of-mass energy and the larger
datasets, new landmark results in Higgs physics have been achieved.

Three new results of fundamental importance have been achieved with partial Run 2 datasets
by ATLAS and CMS independently: (i) the clear and unambiguous observation of the Higgs boson
decay to taus; (ii) the clear and unambiguous observation of the Higgs boson decay to a pair of b
quarks; (iii) the clear and unambiguous observation of the production of the Higgs boson through
the ttH process. These results provide direct evidence for the Yukawa coupling of the Higgs boson
to fermions of the third generation: taus, bottom quarks and top quarks, at rates compatible with
those expected in the SM. These, and all other experimental measurements, are consistent with
the EWSB mechanism of the SM.
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New theoretical calculations and developments in Monte-Carlo simulation pertaining to Higgs
physics are still occurring at a rapid pace. For example, the theoretical prediction for the dominant
gluon fusion production mode now includes the latest N3LO result, which is twice as precise as
previous N2LO calculations. With these improvements in the state-of-the-art theory predictions
and the increase in luminosity and center-of-mass energy, Higgs physics has definitively entered a
precision era. Its impact can already be seen on the latest Run 2 combined measurements of the
Higgs boson couplings (see Section 11.6).

Since the discovery of the Higgs boson, new ideas have emerged to probe its rare decays and
production modes, as well as to indirectly measure the Higgs boson width through the study of its
off-shell couplings, or via on-shell interference effects. The Higgs boson has now become part of
the standard toolkit in searches for new physics.

Many extensions of the SM at higher energies call for an enlargement of the EWSB sector.
Hence, direct searches for additional scalar states can provide valuable insights on the dynamics
of the EWSB mechanism. The ATLAS and CMS experiments have searched for additional Higgs
bosons in the Run 2 data, and have imposed constraints in broad ranges of mass and couplings for
various scenarios with an extended Higgs sector.

The landscape of Higgs physics has been extended extraordinarily since its discovery. The
current dataset is approximately only five percent of the total dataset foreseen for the High Lumi-
nosity phase of the LHC project. The current precisions on the measurements of the couplings of
the Higgs boson to gauge bosons and third generation fermions are typically of the order of 10-20%.
The uncertainty on the Higgs boson coupling to the muon is approximately 100%, and the upper
limits on the branching fraction to new invisible or undetected particles are approximately 20%.
The sensitivity to the Higgs boson self-coupling has not reached the SM value yet and there is
no information on how the Higgs field acquired its VEV in the early times of the Universe. This
situation allows for new challenges to ultimately increase further the reach in precision and it also
widens the possibilities of unveiling the true nature and the dynamics of the electroweak symmetry
breaking.

Outlook— The unitarisation of the vector boson scattering (VBS) amplitudes, dominated at
high energies by their longitudinal polarisation, has been the basis of the no lose theorem at the
LHC, and was a determining consideration in the building of the accelerator and detectors. It
motivated the existence of a Higgs boson or the observability of manifestations of strong dynamics
at the TeV scale. Now that a Higgs boson has been found and its couplings to gauge bosons are
consistent with the SM predictions, perturbative unitarity is preserved to a large extent with the
sole exchange of the Higgs boson, and without the need for any additional states. VBS is, however,
still an important channel to further investigate in order to better understand the nature of the
Higgs sector and the possible completion of the SM at the TeV scale. In association with the double
Higgs boson production channel by vector boson fusion, VBS could, for instance, confirm that the
Higgs boson is part of a weak doublet and also establish whether it is an elementary object or a
composite state that could emerge as a pseudo-Nambu—Goldstone boson from a new underlying
broken symmetry.

The fermion-Higgs boson couplings are not governed by local gauge symmetry. Thus, in addi-
tion to a new particle, the LHC has also discovered a new force, different in nature from the other
fundamental interactions since it is non-universal and distinguishes between the three families of
quarks and leptons. The existence of the Higgs boson embodies the problem of an unnatural can-
cellation among the quantum corrections to its mass if new physics is present at scales significantly
higher than the EW scale. The non-observation of additional states which could stabilise the Higgs
boson mass is a challenge for natural scenarios like SUSY or models with a new strong interaction
in which the Higgs boson is not a fundamental particle. This increasingly pressing paradox starts
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questioning the principle of naturalness.

The search for the Higgs boson has occupied the particle physics community for the last 50 years.
Its discovery has shaped and sharpened the physics programs of the LHC and of prospective future
accelerators [471]. With the HL-LHC, the precision will improve by a factor 5-10 on all observables
with respect to current data. Table 11.12 displays the expected sensitivities in the characterization
of the Higgs boson at HL-LHC: in this table, the parameters k; specify by how much the coupling of
the Higgs boson to a given particle ¢ deviates from the SM expectation. The only channels which are
expected to be limited by data statistics are the rare decays to muons and Z~. In all other cases, the
experimental systematic uncertainties are similar to the statistical uncertainties, but the dominant
source of uncertainty arises from theory, and this remains the case even after assuming that, by
the end of the HL-LHC run, the theory uncertainties can be reduced by a factor two compared
to the current uncertainties, a hypothesis that appears realistic but still requires dedicated and
concerted work [104]. For both hadron and lepton colliders, some theoretical progress is crucial to
fully exploit and capitalise on the experimental data. In particular, the expected HL-LHC data
together with rapid ongoing progress in theoretical calculations are defining a new era of precision
Higgs boson measurements.
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