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11.1 Introduction

Understanding how the masses of the known elementary particles are generated has been one of
the fundamental endeavours in particle physics for several decades. The chiral nature of the weak
interactions forbids an intrinsic mass terms for the quarks and leptons at high energy, and their
masses can only appear as emergent quantities after the spontaneous symmetry of the electroweak

R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022) and 2023 update

1st December, 2023 11:04am
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symmetry. 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
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 sketch of the Electroweak Symmetry Breaking (EWSB) mechanism.
The much larger dataset collected during the LHC Run 2, from 2015 to 2018, with a higher centre-
of-mass energy of 13 TeV, demonstrated the compatibility of the measured resonance with the Higgs
boson of the Standard Model (SM) [3] and strongly challenged other contenders. The LHC started
its Run 3 in 2022 and this data taking phase is expected to comprise of four years of operations
until 2026. By then the LHC is expected to deliver proton-proton collision data corresponding to
an integrated luminosity of approximately 250fb~! per experiment.

In the SM, the electroweak interactions are described by a gauge field theory invariant under
the SU(2); x U(1), 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 as well as those of the quarks and charged leptons.
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 in a way consistent with all the gauge symmetries of the
SM.

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
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 lepton). In all
observed production and decay modes measured so far, the rates and differential measurements are
found to be consistent, within experimental and theoretical uncertainties, with the SM predictions.
In high mass 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.
And, from the search for Higgs boson decays to muons, there are tentalising experimental evidences
for Yukawa interactions of the Higgs boson to the second generation of fermions. Nevertheless,
several Higgs boson decay channels are very challenging experimentally at the LHC. The couplings
of the Higgs boson to the first generation of fermions, at the level expected in the Standard Model,
remain so far out of reach at the LHC.

Within the current precision, a more complex Higgs sector with additional states, although
significantly constrained, 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 particle observed
before it. Therefore, Higgs physics remains a vivid and intense field of research on the experimental
and theoretical fronts.

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.
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However, as the SM Higgs boson is a scalar particle, it has sensitivity to possible new physics
scales. Quite generally, the Higgs boson mass is affected by the presence of heavy particles and
it receives large 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], and it
has been the prime argument for expecting new physics right at the TeV scale. To remedy to his
unsatisfactory feature, theoretically motivated paradigms have been explored for several decades,
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 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]. And it was recently appreciated [15,16] that the cosmological evolution
of the Universe could drive the Higgs boson mass to a value much smaller than the cutoff of the
theory, alleviating the hierarchy problem without the need for TeV scale new physics, even though
there might still be interesting and spectacular signatures [15,17]. This new approach spurs a
change in perspective invoking our Universe as part of a multiverse that should be treated as a
quantum statistical system [18].

The Higgs boson is special and, in the eleven years since its discovery, it became a powerful
tool to explore the manifestations of the SM and to probe the physics landscape beyond it.

This review is organised as follows. Section 11.2 is a theoretical introduction to the SM Higgs
boson, its properties, production mechanisms and decay rates. The experimental measurements are
described in Section 11.3. In Section 11.3.6, the combination of the main Higgs boson production
and decay channels is presented. In Section 11.4, 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 Section 11.5, 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
couplings are reviewed. Measurements of differential cross sections are also outlined. Section 11.6
presents, in detail, some interesting models with an extended Higgs sector, addressing the hierarchy
problem or not, and considers their experimental signatures. Section 11.7 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 a mass for the W
and Z gauge bosons rendering the weak interactions short ranged. The SM scalar potential reads:

V(D) = m?® D + \(DP)? (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 — \}i <¢£¢;O> , (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
potential invariant under SU(2); x U(1)y.. If the quadratic term is negative, the neutral component
of the scalar doublet acquires a non-zero (real) vacuum expectation value (VEV)

(@) = \2 (S) ; (11.3)
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with ¢° = H + (¢%) and (¢°) = v, inducing the spontaneous breaking of the SM gauge symmetry
SU@3)x 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); xU(1)y SM gauge group, three are spontaneously broken, i.e., they do not leave the ground
state invariant. This breaking implies 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), local symmetry through the covariant derivative
appearing in the kinetic term of the Higgs Lagrangian,

Citiggs = (D) (D'®) — V(). (11.4)

where D, ® = (0, +igo®W /2 +ig'Y B, /2)®, g and ¢’ are the SU(2)1, and U(1)y gauge couplings,
respectively, and c% 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),, 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,
g o (g% + 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 Quantum ChromoDynamics (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 a mass through renormalisable and gauge invariant interactions

between the Higgs field and the fermions: the Yukawa interactions,

miy, = (11.5)

‘CYukawa = _B/dij QLZQ de - EuiquiéuRj - hll‘j ZL1¢ eRj + h‘C'7 (116)

which respect the symmetries of the SM but generate fermion masses once EWSB occurs. In the
Lagrangian above, ® = ioa®* and qr, (I1) and ug, dr (eg) are the quark (lepton) SU(2); doublets
and singlets, respectively, while in each term, h fi;» [ = u,d,l 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 [19]). Once the Higgs field acquires a VEV, and after rotation to the fermion mass
eigenstate basis that also diagonalises the Higgs-fermion interactions, Bfij — hy,6;5 (the diagonal
Yukawa coupling hy, is often denoted as ¥y, ), all fermions acquire a mass given by my, = hy,v/ V2.
The indices i, j = 1,2, 3 refer to the three families in the up-quark, down-quark or charged lepton
sectors. Remarkably, if the Yukawa interactions Eq. (11.6) are indeed fully responsible for the
fermion masses, the Higgs interactions do not mediate flavour changing neutral currents at tree-
level. It should be further noted that the EWSB mechanism provides no additional insight on
possible underlying reasons for the large variety of mass values of the fermions, often referred to as

1st December, 2023



5 11. Status of Higgs Boson Physics

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 [20]. The quartic coupling X is a free parameter in the SM, and hence,
there is no a priori prediction for the Higgs mass. Moreover the sign of the quadratic coupling,
m? = —\v?, in the Higgs field potential V(@) 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 GeV [20], 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:

3 HHH HHHH HHVV
L=—gypffH+"? s 34 o H* + 6y V, V' (gvaH + g2H2> (11.7)
with
m 2m2 2m? 3m?2 3Im2
9HfF = L gmvvy = Y gunvy = =X, gupn = . GHHHH = —%, (11.8)
If v v 02 02

where V.= W¥ or Z and 6y = 1,6z = 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 [21,22] 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 [23]
and it is interfering destructively 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), gauge invariant, but it also has an approximate global symmetry. In the limit
¢ — 0 and hy — 0, a global SU(2);, symmetry emerges. This symmetry is preserved for non-
vanishing Yukawa couplings provided hy = hq. Once the Higgs field acquires a VEV, both the
SU(2);, and SU(2)p symmetry groups are broken but the diagonal subgroup SU(2);,  remains
unbroken and it is this subgroup that defines the custodial symmetry of the SM [24].

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

2 2 2
myy g _ 9 . _ myy
— = cos” # i.e. = ——=1. 11.9
my g%+ g W P m% cos? Oy (11.9)
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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 = —11Gpm?% sin® Oy log(m?% /m%)/(24+/27?), and vanish in the limit ¢’ — 0. Since m; # my,
there are also relevant radiative corrections generated by massive fermions. They are proportional
to m? +m3 — 2(mim3) log(mi/m3?)/(m? —m?) and would indeed vanish for m; = m; [25].

11.2.3 Stability of the Higgs potential

The discovery of the Higgs boson with m g /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 myg would have implied that the self coupling A would become non-perturbative at
some scale A that could be well below the Planck scale [26].

However, for the value of Higgs boson mass experimentally measured, the EW vacuum of
the Higgs potential is most likely metastable [27]. The high-energy evolution of A shows that it
becomes negative at energies 4 = 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 Mpjgnck, even though new physics at
Mpianer, could influence the stability of the EW vacuum and possibly modify this conclusion [28].
The consequences of the instability of the EW vacuum on high-scale inflation have been discussed in
Ref. [29]. 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 [30] or they could
produce a stochastic background of gravitational waves with characteristic structures [31], 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. [32]). Within the SM, the running of the Higgs self
coupling slows down at high energies with a cancellation of its g-function at energies just one to
two orders of magnitude below the Planck scale [33]. 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 [34] (see, however, Ref. [35] for potential issues with this
Higgs-boson-as-an-inflaton idea).

11.2.4 Higgs boson production and decay mechanisms

Comprehensive reviews of the SM Higgs boson 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. [36-40]. The main results are summarised here.

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 tf pair (ttH) or with a single top quark (tHgq). Figure11.1 depicts representative
diagrams for these dominant Higgs boson production processes.

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

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
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Figure 11.1: Main leading order Feynman diagrams contributing to the single Higgs boson pro-
duction in (a) gluon fusion, (b) Vector-boson fusion, (¢) 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/bottom quarks, (f-g) production in association with a single top quark, and double Higgs
production through (h) a top- and bottom-quark loop, (i) the self coupling of the Higgs boson.

in Fig. 11.2 (left) [43]. 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. [37-40]. 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
shower simulations, as well as uncertainties due to hadronisation and parton-shower events.

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, 13.6 and 14 TeV.

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 [45]. 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; [46,47]. 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

1st December, 2023



8 11. Status of Higgs Boson Physics

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs boson production
channels in the SM, and, when publicly available, the major MC tools used in the simulations.
Furthermore, all the Higgs-boson production modes have been interfaced with parton-shower event
generators at NLO QCD like Poweg-Box, MG5_aMCONLO or Sherpa (the entries “—” indicate cases
when the results are implemented in codes that are not yet public). For ggF and VH NNLO
matched simulations now also exist. Differential NNLO QCD results exist for t¢H [41] (though the
exact 2-loop virtual corrections are still missing) and have been implemented in MATRIX [42].

geF VBF VH ttH
Inclusive: Inclusive: Inclusive: Inclusive:
N3LO QCD + NLO EW N3LO QCD N3LO QCD NNLO QCD
(iHixs) proVBFH (n3loxs) —
N3LO QCD NNLO QCD
ggHiggs (VH@NNLO)
Differential: Differential: Differential: Differential:

NNLO+N3LL QCD NNLO QCD NNLO QCD NLO QCD+EW

(Radish+NNLOJET) — — (MG5_aMC@NL0)

N3LO+N3LL' QCD NLO QCD + EW NLO QCD + EW

(TROLL) (HAWK) (HAWK)
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Figure 11.2: (Left) The SM Higgs boson production cross sections as a function of the center
of mass energy, /s, for pp collisions [43]. The VBF process is indicated here as gqgH. (Right)
The branching ratios for the main decays of the SM Higgs boson near my = 125 GeV [39,40]. The
theoretical uncertainties are indicated as bands.

effective Lagrangian containing a local HG,,G**" operator [21,22]. In this approximation, the
cross section is known at next-to-next-to-next-to-leading order in o expansion (N3LO QCD) [48].
The validity of the effective theory with infinite m, is greatly enhanced by rescaling the result by the
exact LO result: o = (050 /oLO__ ) X 0,00 [40]. The large top-quark mass approximation, after
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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. [37-40,43], the ones for the Tevatron energy
are the ones used in Ref. [44]. The predictions for the ggF channel at the
LHC include the latest N3LO QCD + NLO EW results. The uncertainties
are estimated assuming no correlation between ag and PDF uncertainties.
The uncertainties on the total cross sections are dominated by the ones on
the gluon fusion process.

(,\1{5\/) Production cross section (in pb) for my = 125 GeV
e
ggF VBF WH ZH ttH total
+17% +8% +8% +8% +10% +15%
196 0.9517% 0.06575% 0.1375% 0.07975% 0.004+19% 1.23+15%
+5.5% +2.2% +2.2% +3.1% +5.6% +5%
T 16.9730% 1047220 058122 03413 1% 0 09+ 56% 19.110%
+5.4% +2.1% +2.1% +3.4% +5.9% +5%
8 2147755 1.6075 16, 0.7075 56 0.4275 560 01377770, 24.27.8
+5.6% +2.1% +2.0% +4.1% +6.8% +5%
13 48.6%00% 3.78721% 1.37+2.0% .88 41% 0.50708% 55,1707
+5.6% 4 1+2.1% +1.8% +4.0% +6.9% +5%
13.6  52.2026% 414218 1.46118% 0.95+10% . 57+09% 59 9+5%
+5.6% +2.1% +1.8% +4.1% +6.9% +5%
14 54.7H20% 408721 1 51118% 0 g9t 11% 0 61+09% 62,1107

this rescaling of the cross section, yields a next-to-next-to-leading order (NNLO) QCD result that
has been established to be at the percent level accuracy [49]. Further progress was made to include
full top mass dependence at NNLO QCD [50]. And the bottom and light quark contributions to
the Higgs production have been reassessed in Refs. [51-53].

The LO contribution and NLO QCD corrections [54] amount to about 80% of the total N3LO
QCD cross section. The NNLO QCD corrections [55] further enhance the cross section by approx-
imately 30% of the LO plus NLO result (at puf = p, = mpg/2). Electroweak radiative corrections
have been computed at NLO and increase the LO cross section by about 5% for mpy ~ 125 GeV [56].
Mixed QCD-EW corrections are now being investigated with encouraging results on the compu-
tation of the exact 3-loop amplitude [57] complementing the results obtained in either limit of
heavy [58] or massless [59] gauge bosons. The mixed QCD-EW corrections still have to be evalu-
ated at large pp.

At N3LO QCD, 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 (i = p, = mg/2) [40,48,60,61]. 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 [40]

oaC = 48.6 T3 (50 (theory) + 1.6 (3.2%) (PDF + o) pb. (11.10)

This cross-section was first computed in terms of an expansion around the production threshold
of the Higgs boson. This approximation was overcome in Ref. [61]. The PDF uncertainty of order
1-2% quoted above has been questioned as the first global analysis of PDFs at approximate N3LO
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QCD was presented, suggesting an unexpected decrease of the cross-section central value by more
than 5% [62].

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. The Higgs boson rapidity distribution has been computed at the N3LO QCD
order in Ref. [63]. And fully differential N3LO QCD predictions for Higgs production in gluon
fusion have been obtained by combining N3LO QCD predictions for Higgs rapidity distribution
with NNLO QCD predictions for H+jet [64]. A more exclusive account of Higgs boson production
is also required because experimental analyses often impose cuts on the final states in order to
improve the signal-to-background ratio. Using soft-collinear effective theory, large fiducial power
corrections induced by fiducial cuts have been resummed at N3LO+N3LL' QCD accuracy, i.e. at
next-to-next-to-next-leading-log, incorporating the complete O(a?) singular structure for gr — 0
allowing one to consistently match to N3LO QCD [65]. This is the most accurate result that can be
directly compared with fiducial measurements. Different fiducial cuts are explored to suppress these
fiducial effects. In addition, progress has been 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) [66], reaching NNLL accuracy matched to
N3LO QCD. These accurate predictions for the jet-veto cross section are required, e.g., to suppress
the t¢ background in the H — WW channel [67].

ii. Vector boson fusion production mechanism

The SM Higgs boson production mode with the second-largest cross section at the LHC is vector
boson 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 pro-
duction 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 propa-
gator. The scattered quarks give rise to two hard jets in the forward and backward regions of the
detector with a large rapidity gap [68]. Because of the color-singlet nature of the weak-gauge boson
exchange, gluon radiation from the central-rapidity regions is strongly suppressed. These charac-
teristic 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.

The cross-section is known at N3LO QCD at the inclusive level [69] and at NNLO enforcing
the VBEF cuts [70] with a residual uncertainty of the order of few permill. However, this result
is obtained in the DIS/factorized approximation [71] where the fusing gauge bosons are emitted
from the two quark legs independently. While, the exact NNLO QCD VBF calculation will remain
out-of-reach in the near future, the leading non-factorisable contributions with two forward jets
have been estimated [72] and the impact of non-factorizable effects have been studied in Ref. [73].
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. Overall, the residual uncertainty is of the
order of a few percent but is quite sensitive to the tagging jet cuts and jet radius modelling [74].
Extensive studies on VBF at fixed order and with parton shower matched computations can be
found in Ref. [75]. In addition, EW corrections have been included and the VBF process is known
at NLO QCD+EW order for some time [76,77].
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iii. WH and ZH associated production mechanism

The next most relevant Higgs boson production mechanisms 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 QCD 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 [76,80]. At NNLO QCD, 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. NLO QCD virtual corrections to the partonic cross section for gg — ZH, in the high-
energy and large top mass limits are available in Refs. [83]. In addition, WH and ZH production
receive non Drell-Yan-like corrections in the ¢¢’ and ¢q initiated channels, respectively, at the
NNLO level in QCD, where the Higgs boson is radiated off top-quark loops [84]. 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 [85]. NNLO QCD corrections to pp — W H-+jet are important for
signal modelling. NLO corrections to cross section inclusive in the number of jets show excellent
convergence while NNLO QCD corrections to exclusive single jet cross section are much more
significant [86].

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
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. [87]. 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. [88]. Calculations at the same
level, including also the ZH process have been performed [89]. The W H production mode has
also been matched to a parton shower at NNLO QCD accuracy [90]. Full NNLO QCD results for
both the production and decay are available [91] and show a large impact of radiation from the
final-state bottoms. The W H 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 [92].
Bottom mass effects have been computed at NNLO [93,94] and tend to increase the rates by 6-7%.

The inclusive cross section for associated Higgs boson production with a massive gauge boson
is recently known up to N3LO QCD too [95].

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. [96]. Later, the
NLO QCD [97] and NLO EW corrections [98] were evaluated yielding a moderate increase in the
total cross section of at most 20%, but significantly reducing the scale dependence of the inclusive
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 [99]. The resummation
of soft gluon contributions close to the partonic kinematical threshold are considered in Refs. [100]
to reach a result at NLO+NNLL QCD order. Full off-shell calculations with decaying top quarks
are computed at NLO QCD [101] and NLO QCD + EW [102] order, respectively. The fixed-order
NLO QCD calculation has been interfaced with the standard parton shower Monte-Carlo generators
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in Refs. [103], allowing an accurate description of the t¢H signal, from the energy scale of the hard
scattering to the hadronisation energy scale. These programs provide the most flexible tools to date
for the computation of differential distributions, including experimental selection cuts and vetoes
on the final-state particles and their decay products. The exploitation of this t¢H channel requires,
however, a proper description of the background, in particular ¢tbb, which exhibits a huge k-factor!
enhancement from shower effects, see Ref. [40] for a detailed discussion. While the H — bb decay
mode was first considered, the focus has been broadened and other modes have been studied too,
in particular the multilepton channel and other backgrounds such as W and ttZ have become
relevant and intensively analyzed.

The total theoretical uncertainties, estimated by combining the ones from factorisation and
renormalisation scales, strong gauge coupling, and parton distributions, amount to 10-15% of
the corresponding inclusive cross section. To match the experimental precision envisioned at the
end of HL-LHC, NNLO QCD predictions are required. Using the ¢r subtraction formalism for
ttH production, Ref. [104] presented the first quantitative results at NNLO. The calculation is
accurate at NLO in QCD and agrees with the results obtained using the conventional subtraction
methods. The NNLO corrections are computed for the flavour off-diagonal partonic channels but
their contribution turn out to be at the permill level. The results for the diagonal channels have
been obtained in Ref. [41]. The two-loop amplitudes are not yet known, but they have been reliably
evaluated by using a soft Higgs boson approximation. At the 13 TeV centre-of-mass energy, the
NNLO corrections increase the NLO result for the total cross section by about 4% and lead to a
significant reduction of perturbative uncertainties. Also recently, the fragmentation and splitting
functions for the production of a Higgs boson have been computed at order y?a, and they can
be used to compute differential cross sections with arbitrary top-quark and Higgs-boson masses
directly from the results in the massless limit [105].

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 QCD in a five-flavour scheme [106] and amounts to about 90 fb
at /s = 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). Recently, the tHj (and ¢Z7j) process has been computed at NLO QCD+EW
accuracy [107]. The NLO EW correction is found to be within the NLO QCD theory uncertainties
if the 4 vs 5 flavour scheme uncertainty is taken into account. The EW corrections reduce the total
cross section by 3-4%.

The Higgs boson production in association with a pair of bottom quarks (bbH) has been com-
puted at the N3LO QCD order in the 5-flavour scheme [108], while the production with one/two
b-jets, defined by specific kinematic cuts, is known respectively at NLO QCD in the 4-flavour
scheme and at NNLO QCD in the 5-flavour scheme [109-111]. The coupling of the Higgs boson to
a b-quark is suppressed in the SM by the bottom-quark mass over the Higgs VEV, my, /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 = 14 TeV, the bbH cross section can be as large as 550 fb, still two or-
ders of magnitude below the ggF production cross section. Furthermore, the overwhelming ZH and

Lthe k-factor is defined as the ratio of a physical quantity with and without radiative corrections included.
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VBF backgrounds (at the inclusive but also differential levels) make it challenging to extract gen-
uine bottom Yukawa signal in a traditional cut-based analysis [112] but innovative machine-learning
techniques are a promising avenue to obtain information complementary to the ones extracted from
gg — h — bb, in particular for what concerns the phase of the bottom Yukawa coupling [113]. In a
two Higgs doublet model or a SUSY model, which will be discussed in Section 11.6, this coupling
is proportional to the ratio of neutral Higgs boson vacuum expectation values, tan 8, 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 QCD
and its cross section is approximately 85fb at /s = 13 TeV [40].

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 (slightly more than 31fb at 13 TeV) and
it accounts for more than 90% of the total inclusive cross-section, the sub-leading production
mechanisms are VBF HHjj (around 1.7fb at 13 TeV), HHW (0.50fb), HHZ (0.36 fb) and ttH H
(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 QCD [114], further enhancing it by 20%
and reducing the scale uncertainty by a factor 2-3 from NLO to NNLO QCD [115], with a milder
increase of order 3% at N3LO [116] to finally reach at 13 TeV

099 — HH)NES o = 3131 T055% b, (11.11)
Recently, the complete NLO corrections with all top quark mass effects also became available
numerically [117], 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 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 and the combination of various decay modes [118]. The double Higgs channel is definitively
a prime target on the Higgs physics agenda and the forthcoming analyses will greatly benefit from
the solidification of the fixed order predictions and the detailed uncertainty budget estimate that
is underway [119].

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 [21,120], ete™ — ZH, and the WW fusion process [121], eTe™ — D W*W* —
veVeH. The cross-section for the Higgs-strahlung process scales as the inverse of the collision
centre-of-mass squared energy, 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 [122]. 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 [123] becomes important for /s > 500 GeV. For a more detailed discussion of Higgs
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boson production properties at lepton colliders, see for example Refs. [124]. Interesting progress
has been made recently [125] to accurately account for beamstrahlung and initial state radiation
using the factorisation approach primarily developed for hadron colliders and this method is being
implemented in Monte Carlo event generators. Further information about Higgs physics at an ete™
collider can be found in Ref. [126].

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 — 77—, H — c¢c and H — ZZ*. With much smaller rates follow
the Higgs boson decays into H — vy, H — vZ and H — pu"p~. 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 compiled by the LHC Higgs Working
Group [43] will be discussed and the reader is referred to Refs. [37-40,127] for detail.

The evaluation of the radiative corrections to the fermionic decays of the SM Higgs boson are
implemented in HDECAY [128] 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% [129]. Both the electroweak corrections to H — bb, c¢ as well as
H — 77~ are known at NLO [130] providing predictions with an overall accuracy of about 1-2%
for my ~ 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 [47,131] and the uncertainty from the scale dependence is about 3%. For the
H — ~7, the full NLO QCD corrections are available [47,132] and the three-loop QCD corrections
have also been evaluated [133]. The NLO electroweak corrections to H — gg and H — vy
have been computed in Ref. [134]. All these corrections are implemented in HDECAY [128]. For
mpy ~ 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 — yeTe™ decay via virtual photon conversion
has been computed in Ref. [135]. 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 [136]. 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.

The decays H - WW/ZZ — 4f can be simulated with the Prophecy4f Monte-Carlo genera-
tor [137] 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,
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. [39,138].

The total width of a 125 GeV SM Higgs boson is I'y = 4.07 x 1073 GeV, with a relative uncer-
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Table 11.3: The branching ratios and the relative uncertainty for a SM
Higgs boson with my = 125 GeV [39,40].

Decay channel = Branching ratio  Rel. uncertainty

H — vy 2.27 x 1073 2.1%
H—~7ZZ 2.62 x 1072 +1.5%
H— WTWw- 2.14 x 107! +1.5%
H—7trr™ 6.27 x1072 +1.6%
H — bb 5.82 x 107! 2%
H - cc 2.89 x 1072 oo
H — Z~ 1.53 x 1073 +5.8%
H — ptp~ 2.18 x 1074 +1.7%

tainty of fg: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 [37-40] 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 [44,139] for the SM Higgs boson. This
observation is being followed by a detailed exploration of properties of the Higgs boson at the
different runs of the LHC at /s = 7, 8,13 and 13.6 TeV.

The dataset at /s =13 TeV collected during the Run-2 phase of the LHC operation is the largest
analysed dataset so far and corresponds to an integrated luminosity of about 160 fb~! delivered to
the ATLAS and CMS experiments, see Table 11.4 [140]. 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 aquisition inefficiency and the other half from data
quality requirements.

In this section, most of the references for the Run-1 measurements that have been updated
with the data delivered in Run 2 are given in the previous version of this review [141] and are not
repeated herein.

11.3.1 The principal decay channels of the Higgs boson

For a given mpy, 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. It is defined typically as the expected significance for
the observation of a given process or in terms of expected upper limit at 95% Confidence Level
(CL). At the LHC, for a Higgs boson with a mass close to 125 GeV, five decay channels play an
important role. In the H — vy and H — ZZ* — 4¢ channels, all final state particles can be
very precisely measured and the reconstructed mg resolution is excellent (typically 1-2%). The
H — WEWF®) — ¢+y,0'~ 5y channel has a relatively large branching fraction. However, the
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Table 11.4: The LHC pp collision centre-of-mass energies and approxi-
mate collision samples delivered to ATLAS & CMS experiments.

Year /s (TeV) [ L.dt (fb~1)  Period
2010 7.0 0.04 Run1
2011 7.0 6 Run1
2012 8.0 23 Run1
2015 13.0 4 Run 2
2016 13.0 39 Run 2
2017 13.0 51 Run 2
2018 13.0 61 Run 2
2022 13.6 39 Run 3
2023 13.6 32 Run 3

presence of neutrinos, which are not reconstructed in the final state, means that the m g 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~ (with the tau subsequently decaying
to electrons or muons and two neutrinos 7 — fvv or to hadrons and one neutrino 7 — hadronsv)
channels suffer from large backgrounds and lead to an intermediate mass resolution of about 10%
and 15% respectively.

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 11.5.1.5.

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) [142]. While such a category is enriched in Higgs bosons produced via
VBF, the contamination from the ggF or VH production mechanisms can be significant. Hence, a
measurement of the signal rate in the VBF category is not equivalent to 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 of the
specific categories.

11.3.2 The Higgs boson decay to vector bosons
11.3.2.1 H — vy

In the diphoton channel, the measurement of a narrow peak over a smoothly falling background
in the invariant mass distribution of two high pr photons is performed. The background in this
channel is conspicuous and stems from prompt vy processes for the irreducible backgrounds, and
the y+jet and dijet processes for the reducible backgrounds where one jet fragments typically
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 high pr muons or electrons, or missing energy (ER) 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
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category, and events with two jets compatible with the hadronic decay of a W or a Z are considered
in the V H category. . While the leptonic V H category is relatively pure, the VBF category has
significant contamination from the gluon fusion process. Finally more complex topologies aiming
at selecting events from the ttH productiuon mode in the semi-leptonic and fully hadronic top
decays are also considered and discussed in more detail in Section 11.3.5.1 Events are also further
categorised according to their expected m., resolution and signal-to-background ratio. Categories
with good mpyg 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 photons,
in particular using Z — ete™, Z — ptpu vy and the response of muons in the calorimeter (for
ATLAS) from Z — pu*pu~ 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 functional forms of the backgrounds are determined by a
fit to the m., distribution in each category (typically exponential, Bernstein polynomials, Laurent
series or power laws). All categories are fitted simultaneously to determine the signal yield at a
given Higgs boson mass hypothesis.

The results are expressed in terms of signal strength, which can be defined as y = (0 - BR)ops/
(o - BR)gm, the observed product of the Higgs boson production cross section (o) and its branching
ratio (BR) normalised to the corresponding SM values. A more detailed definition is given in
Section 11.3.6 and Eq. 11.14. The signal strength overall for this channel and for specific production
processes are summarised in Fig. 11.3. All results are in agreement with the SM expectation within
the overall measurement precisions of approximately 9% for both experiments.

11.3.2.2 H = ZZ* = (T 0+~

In the H — ZZ* — {T¢=¢'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 distinguish the Higgs boson signal from the dominant non-resonant ZZ* background, both
ATLAS and CMS use multivariate techniques as well as 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 ]./\/lsig2/./\/lbkg2| for the signal (99 — H — 4¢,qq — VH(— 4¢) and qq —
qqH (— 4¢)) and background (¢qg — ZZ — 4{) hypotheses.

To improve the sensitivity to more exclusive production processes such as VBF, VH, and ttH,
the experiments divide 4¢ events into mutually exclusive categories. KEvents 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 momentum. 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 4u, 4e and
2e2y, sub-channels, they are analysed separately and statistically combined to produce the final
results.

The results for this channel, overall and in specific production processes are summarised in
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Fig. 11.3. All results are in agreement with the SM expectation within the overall measurement
precisions of approximately 9% and 12% for the ATLAS and CMS experiments respectively.

11.3.23 H—-WtW~ = {Tvl~v

In this challenging channel, experiments search for an excess of events with two leptons (elec-
trons or muons) 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 intricacies. Specific selections
vary between experiments and between Run-1 and Run-2 analyses. Events are divided into several
categories depending on the lepton flavour combination (e*e™, p*u~and e* 1) and the number of
accompanying jets (Njet = 0,1,> 2). The Nj, > 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
(typically m;; > 500 GeV).

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 O-jet category). The ¢t , tW and W + jets (with the jet misidentified as a
lepton) events contaminate all categories. Non-resonant W27, ZZ and W processes also contribute
to the background at a sub-leading level.

A requirement of large missing transverse energy (EHS) is used to reduce the Drell-Yan and
multi-jet backgrounds. In the eTe™ and u™pu~ categories, events with my, consistent with the Z
mass are vetoed. The tt background is suppressed by a veto against identified b-jets 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 (myge) and the azimuthal angle difference between the leptons (A¢y) are used to discrimi-
nate between the signal and non-resonant WW events [143]. The transverse mass, constructed
from the dilepton pr (p%), E¥*5 and the azimuthal angle between ER® and p%, is defined as

mrp = \/ 2 BRI (1 — cos Ag Ejrgissgg) 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 normalization.

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 pp isolated leptons with missing
transverse energy and low hadronic activity. The major backgrounds stem from triboson and
diboson production where each boson decays leptonically.

Measurements by ATLAS and CMS, in terms of signal strengths, for the five largest Higgs
boson production modes are displayed in Fig. 11.3. All measurements are in agreement with the
SM expectation within the overall measurement precisions of approximately 12% and 9% for ATLAS
and CMS respectively.

11.3.3 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 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. [144] and the reconstruction-
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performance references therein). An excellent mass resolution is obtained for both experiments in
the diphoton channel for central diphoton pairs (typically for events where both photons are not
converted). However, the best precision in this measurement at Run 2 is obtained using the four
lepton channel and in particular in the sub-channel of four muons (followed, in precision, by the
two-electrons and two muons channel where the mass resolution is driven by the reconstruction of
the lower mass di-lepton pair with typically lower transverse momentum leptons).

Both ATLAS and CMS have produced several Higgs boson mass measurements, including
the individual and combined Run-1 measurements [144] and several Run-2 measurements by AT-
LAS [145,146] and CMS [147,148] for both the 4¢ and the diphoton channels. The measurements
performed by ATLAS include the full Run-2 dataset whereas in the case of CMS, the mass mea-
surements were done with a fraction of the Run-2 data corresponding to the data collected in 2016.
An overall combination of all available measurements has not yet been performed. The Run-1
combination including both ATLAS and CMS measurements yielded [144]:

my = 125.09 £ 0.21 (stat.) & 0.11(syst.) GeV.

The current most precise di-photon channel result is obtained by ATLAS using the full Run-2
dataset and a combination with the Run-1 measurements in the H — v yielding a measurement
of [149]:

mpg = 125.22 + 0.11 (stat.) £ 0.09(syst.) GeV.

The systematic uncertainty of 90 MeV is worth noting, as it results from a very challenging cal-
ibration and estimates of the amount of material upstream of the calorimeter to extrapolate the
calorimeter energy response calibration from electrons in Z boson decays to photons. This result is
promising for prospects in precision measurements in this channel. In Ref. [149], ATLAS has also
estimated the expected effect of the interference between the signal and the gluon fusion continuum
di-photon background to be of 24 MeV. This ATLAS measurement is significantly more precise than
the full Run-2 measurement in the 4¢ channel, however the latter is dominated by the statistical
uncertainty of 170 MeV with a systematic uncertainty of 30 MeV [150]. The ATLAS diphoton chan-
nel measurement reached the same senstivity as the early Run-2 and Run-1 combined measurement
of CMS, which uses both channels but with a much smaller amount of Run-2 data, corresponding
only to the 2016 LHC run, which yielded [148]:

mpg = 125.38 £ 0.11 (stat.) £ 0.08(syst.) GeV.

ATLAS has also combined its results in the diphoton and the four-lepton channels yielding the
current most precise measurement with a precision of 0.09% [151]:

mpg = 125.11 £+ 0.09 (stat.) £ 0.06(syst.) GeV.

The most precise single channel result has very recently been obtained by CMS in the 4¢ channel
with the full Run 2 dataset [152]:

myg = 125.08 £ 0.12 GeV.
The analysis of the entire Run-2 dataset and the LHC combination of the two experiments will
be of great interest and important for the combination of all Higgs boson measurements across

experiments.

1st December, 2023



20 11. Status of Higgs Boson Physics

11.3.4 Higgs decays to third generation fermions (bb and 777)

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 the 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
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 — 777, 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 measurement of a Higgs boson signal in these
channels challenging.

One of the most prominent goals of the LHC Run-2 physics program was the direct observation
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.

11.3.4.1 H — 77~

In the H — 777~ search, 7 leptons decaying to electrons (7), muons (7,) and hadrons (Thaq)
are considered. The 7777 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 (= 10% — 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™, Wjets, tt 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 7777 +1 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.
ATLAS and CMS combine various kinematic properties of each event categories with multivariate
techniques to build the final discriminant.

Searches for H — 77~ 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.
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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.

The first clear evidence of direct decays of the higgs boson to taus was achieved by ATLAS and
CMS in combination [153], with the observation of an excess with a significance of 5.50 and the
combined signal strength is p = 1.11f8:§%, consistent with the SM expectation. The early Run-2
data fully corroborated these results to establish an unambiguous observation in each experiment
independently. ATLAS [154] and CMS [155, 156] analysed an early Run-2 dataset to provide
independent observations, with significances of 4.40 and 4.9¢0 respectively.

Both ATLAS [157] and CMS [158, 159] have then completed the analyses of the full Run-2
dataset in various production channels. These results are summarised in Fig. 11.3. These results
perform simultaneously measurements of the VBF production, the gluon fusion mode where the
Higgs boson has a sizeable boost, and the associated production with a vector boson as well as
the associated production with a pair of top quarks. It is interesting to note that the with the
current measurements the gluon fusion channels have a sensitivity which is very close to the VBF
production.

11.3.42 H — bb

To measure the decays 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
which are helpful for triggering the events and to reject QCD backgrounds. The W bosons are
reconstructed via their leptonic decay W — ¢y where £ = e, s or 7. The Z bosons are reconstructed
via their decay into ete™, u™pu~or vir. 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 WZ 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 relatively 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 contributed the majority of the Higgs boson search
sensitivity below mpg = 130 GeV. To separate signal from background, CDF and DO used mul-
tivariate analysis (MVA) techniques that combined several discriminating variables into a single
final discriminant. Each channel was divided into exclusive sub-channels according to various lep-
ton, jet multiplicity, 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
showed [44,160] 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 mgy = 125 GeV, the observed signal strength was p = 1.59f8:?g.

At the LHC, in order to reduce the dominant V+jets background, following Ref. [92], 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 pp(V') have smaller backgrounds and better m;; resolution. Experiments use
MVA classifiers based on kinematic, topological and quality of b-jet tagging and trained on differ-
ent values of mpy to separate Higgs boson signal in each category from backgrounds. The main
discriminating variables in this analysis are the transverse momentum of the vector boson and the
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di-b-jet invariant mass.

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 was 4.30 for ATLAS [161]
and 4.90 for CMS [162]. Both ATLAS and CMS observed significant excesses corresponding to
4.90 and 4.80 respectively with Run-2 data only. When combined with results obtained in Run1,
the observed (expected) significance of the excesses were 5.40 (5.50) and 5.60 (5.50) respectively.
These results provided direct and unambiguous observation for the H — bb decay through the V H
production mode.

Since these important observations, both experiments have completed the analysis of the full
Run-2 dataset using two reconstruction techniques. The first is based on the reconstruction of the
Higgs boson with two jets is referred to as resolved. The second is based on the reconstruction of
the Higgs boson as a large radius jet and is referred to as boosted. These measurements expand the
range of measurements of the Higgs boson decays to b-quarks in association with a vector boson at
higher transverse momentum, above 400 GeV. These results are summarised in Fig. 11.3. It should
be noted that the sensitivity of these analyses are already limited by systematic uncertainties.

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 [163] 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 LHCb acceptance of 2 < 1 < 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
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 relatively broad enhancement in the m,; distribution
over the smoothly falling contribution from the SM background processes. Both ATLAS [164] and
CMS [165] have produced results in this channel with Run-1 data, but with limited sensitivity.
Both experiments performed a similar analysis with Run-2 data [166,167].

Two of the main difficulties for the VBF production mode are the large QCD background and
the difficulty in triggering fully hadronic events. Both difficulties are addressed, by the proposal
made in Ref. [168], 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 [169] and its result combined with the standard VBF
channel. The sensitivity in this channel is smaller than in the fully hadronic mode. Through the
combination of these channels ATLAS has reached a first evidence at 3 standard deviations of the
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Higgs boson decaying to a pair of b quarks in the VBF production mode. The results are reported
below
ATLAS pp ) = 0.99 5030 (stat) T4 (11.12)
CMS sy = 1.01 + 0.36 (stat) 7049

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. With the increase in centre-of-mass energy to 13 TeV, and taking advantage of
the harder transverse momentum spectrum of the gg — 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. Considerable efforts have been made using state-of-
the-art deep learning techniques to improve the performance of the identification of a Higgs boson
decaying to b quarks and reconstructed as a large radius jet at high transverse momentum. In order
to gain sensitivity in this channel and reconstruct the Higgs boson within one jet of radius 0.8 or 1.0
a lower cut at 450 GeV of transverse momentum is required. This analysis was performed by both
ATLAS [170] and CMS [171] with the entire Run-2 data dataset. As in the case of V' H production
mode, this analysis is sensitive also to the inclusive Z — bb production, which is an important
step in the validation of the analysis chain. The Z — bb decay is observed with a significance in
excess of five standard deviations, in agreement with the expected rate from the Standard Model. .
This estimate has a non negligible uncertainty from the precise estimate of the fiducial signal cross
section in the specific acceptance of this analysis. CMS observes an excesses at myg = 125 GeV of
1.20 [171] with a sensitivity of 0.9¢. It should be noted that the estimates of the signal expectation
in this remote region of phase space at high transverse momentum for the production are highly
non-trivial and subject to fairly large theoretical and statistical uncertainties:

ATLAS 2 = —0.1+3.5 (1.0 £ 3.4expected), CMS b =2.171%. (11.13)

inclusive inclusive

In addition to the inclusive production, in [171] CMS has also performed a search sensitive to the
VBF production in the boosted Higgs regime, yielding a sensitivity of 0.9¢. In this channel a broad
excess has been observed which results in an observed excess with a significance of 3.0c0. These
results are particularly interesting as these measurements will bring a strong complement to the
main channels in the high transverse momentum regime.

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 process
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 11.3.5.

11.3.5 Higgs boson production in association with top quarks
11.3.5.1 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 —
gluon fusion — is dominated by a top quark loop. Direct evidence of this coupling at the LHC and
the future eTe™ colliders will be mainly available through the t£H final state and will permit a clean
measurement of the top quark-Higgs boson Yukawa coupling. The ¢tH production cross section at
the LHC is small in comparison with the ggF or even V H production modes. The production cross
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section for a 125 GeV Higgs boson in pp collisions at /s = 8 TeV of about 130 fb made it challenging
to measure the ttH process with the LHC Run-1 dataset. However, at Run 2, the increase in cross
section at /s = 13 TeV is substantial, reaching approximately 500 fb.

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 is the search for ttH production in the H — ~~ 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.

In the third analysis the WTW~ , 777~ and ZZ* final states are searched for inclusively in
multilepton event topologies (but not including the resonant H — 4¢ channel that is covered in the
specific analysis described in Section 11.3.2). The corresponding t¢H 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.

The fourth channel 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.

Prior to its start, it was unclear if this process would at all be observable at the LHC. A
first milestone was reached with the completion of the Run-1 analyses by ATLAS and CMS with
a complete set of results in these channels and their combination [172,173]. These results are
reported in Table 11.5. However the sensitivity remained very limited. The breakthrough in the
search for this process of fundamental importance came with the Run-2 data at a higher centre-of-
mass energy of 13 TeV and the increase of a factor of nearly four of the production cross section of
the ttH associated production process.

Using only a partial Run-2 dataset, ATLAS and CMS were able to independently make an
unambiguous observation of this process. For these results ATLAS and CMS had different strate-
gies. ATLAS relied mostly in the t¢(H — 7v) channel where a narrow peak over a continuous
background is searched for. It is interesting to note that the rapid evolution of the sensitivity in
the diphoton channel owes not only to the large increase in cross section, but also to the fact that
high mass diphoton events in an environment with additonal leptons, jets and b-tagged jets the
search for a pair of photon at high mass has a low background. In contrast with the inclusive search
for H — 77, the analyses in this channel reached a signal-to-background ratio in excess of unity.
This channel, which is characterised by a narrow peak over a continuous background, also has the
advantage of being less prone to systematic uncertainties than channels where the assessment of
backgrounds cannot be made through the use of sidebands. ATLAS used up to 79.8 fb~! of Run-2
data to reach an expected sensitivity of 4.9c0 and an observed significance of 5.8¢ with the Run-2
partial dataset alone, and 6.30 (with 5.10 expected) in combination with the Run-1 results [174].
CMS instead relied on a smaller dataset of 35.9fb~! and relied on all channels. The most sensitive
in this case was the tt H (bb) whose sensitivity was limited by systematic uncertainties. 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 [175].

This direct observation of the Yukawa coupling of the Higgs boson to top quarks was particularly
important in comparison to the indirect evidence through the gluon fusion production process
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dominated by the top quark loop

Since the observation of this important process, with few exceptions, all channels have been
updated with the full Run-2 dataset, by both experiments.

For the principal decays of the Higgs boson in the diphoton and four lepton channels, the
measurements are done in the framework of ’Simplified Template Cross Section’ discussed in Sec-
tion 11.5.1.5). The diphoton channels were updated by both the ATLAS and CMS experiments
in Refs. [176,177]. The four lepton decays of the Higgs boson in the associated production with
a pair of top quarks is a search for a narrow peak in the busy ttH environment. It was also per-
formed by ATLAS [176] and CMS [177] with the full Run-2 datasets. These results are reported
in Table 11.5. This channel has currently very low statistic but also very high purity, reaching
signal-to-background ratios in excess of 10.

To address the WW, ZZ and 77 decay modes, an approach based on multiple channels with
electrons, muons and taus decaying hadronically, the so-called “multi-lepton”, is adopted by both
experiments. This analysis excludes the H — 4¢ channel. CMS has analysed the Full Run-2
dataset [178] and ATLAS only part of it [179]. In a preliminary release of this analysis using
a larger, but not full Run-2 dataset corresponding to an integrated luminosity of approximately
80fb~!, the ATLAS experiment found that the normalisation of the tfW background was larger
than expected from SM calculations by factors ranging from 1.3 to 1.7 and modelling issues were
observed in analysis regions where the t¢WW process is dominant [179]. The search for Higgs boson
decays to tau leptons in association with a pair of top quarks was carried out by ATLAS with the full
Run-2 dataset and discussed in 11.3.4.1 [180]. Using the full dataset in this channel CMS obtained
an observation of the Higgs boson production in association with top quarks with an observed
significance of 4.7 standard deviations (5.20 expected). The results are reported in Table 11.5. The
rate of the ttWW background in this analysis is also high by a factor of approximately 1.4.

Both ATLAS and CMS have performed the analysis of Higgs bosons decaying to b-quarks in
the t¢tH production mode with the full Run-2 dataset. In ATLAS, this analysis was performed in
the semi-leptonic and di-leptonic channels [181], including a resolved mode where the Higgs boson
is reconstructed as two standard jets and a boosted mode where the Higgs boson is reconstructed
as a single large radius jet. CMS also performed this analysis with the full Run-2 dataset, including
in addition the fully hadronic mode where both W bosons from top decays subsequently decay
hadronically [182]. The results reported in Table 11.5. It should be noted that in this channel a
deficit in observed Higgs boson decays is observed. This deficit is rather significant and in tension
with the observation of the other ttH modes as well as the observation of the Higgs boson in the
bb channels.

The discrepancies observed in both the multilepton and the H — bb channels will require further
studies.

A combination of all available channels has been performed by ATLAS [183] and CMS [184]
and is reported in Fig. 11.3. It should be noted that the latest tLH (— bb) channel from CMS with
the full Run 2 data has not yet been included in the combination. A fit of individual decay modes
in the ttH production is also given therein.

11.3.5.2 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 — ~y 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
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Table 11.5: 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.

ttH ATLAS Run1 CMS Run1 ATLAS Run2 CMS Run?2

H =y L3RI 120 NE 138 IR IO 2.21507

H — 40 — — 124 0.00 £5:55
H—WW/rr/ZZ 14 £0.6 +1.0 33+14 1.56 939 050 0.92 t0-20

H — bb 1.4 £1.0 £0.6 1.6 71 035 £0.20 £0.30 0.3340.16 +£0.21
Combination 1.7 £0.5 +£0.8 2.6 159 0.97 £0.14 T545  0.94 £0.20 T5:%

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 [185].

ATLAS and CMS have produced specific searches for the tH production mode with the Run-
1 and Run-2 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 Run-2 data, CMS has searched for multi-leptonic decay signatures from the H — WW™,
H — 777~ and H — ZZ* modes [186]. This analysis restricts values of x;, the top-Higgs coupling
normalised to its SM value, to [—1.25,1.60] at 95% CL. CMS has also performed an analysis of the
2015 dataset to search for the H — bb mode [187], yielding much less stringent constraints.

The diphoton channel has also been used to search specifically for this production mode by
ATLAS using Run-1 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 x; was obtained by CMS using the
recent analysis of the full dataset [178] in the multilepton (H — WW, H — ZZ, H — 77) discussed
in 11.3.5.1, negative values of k; are disfavoured and the only non excluded negative values of k;
at 95% CL. range between -0.9 and -0.7.

11.3.6 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 to target different production modes and kinematic regimes, and 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 11.5 to further measure the coupling properties of the
Higgs boson.

At the LHC, the total cross section cannot be measured independently of the decay branching
fractions. As a consequence, the total width of the Higgs boson cannot be directly measured.
However, a combined measurement of the large number of categories described above with different
sensitivities to various production and decay modes, permits a wide variety of measurements of the
production, decay and coupling properties. These measurements, however, rely on assumptions.

Combining Higgs observation channels requires that measurements in all channels are done
under the same Higgs boson mass hypothesis. This is always the case within experiments but is
not necessarily the case across experiments. At Run 1, prior to combining the measurements of rates
in ATLAS and CMS, a common and thus combined Higgs boson mass measurement was made. Only
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thereafter were the ATLAS and CMS measurements combined [153]. 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. For a review of
the Run-1 combined results see former PDG reviews in [188] and references therein.

It is important to note that, between the Run-1 and the Run-2 results, the signal theoretical
systematic uncertainties have improved significantly.

At Run2, ATLAS [183] and CMS [184] have already produced combined measurements of the
coupling properties and production cross section ratios of the Higgs boson.

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. [189]). This framework will also be used in Section 11.5 to discuss the
measurements of the coupling properties of the Higgs boson.

11.3.6.1 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 [153], there were
approximately 600 categories. The combination was a simultaneous fit to the data across all these
categories, using a reduced number of parameters of interest and the Higgs boson mass fixed to
its measured value at Run1 [144]. The much larger number of categories present in the ATLAS
and CMS combination [153] 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.

In their Run-2 individual combinations, ATLAS and CMS have not considered the Z~ channel.
Both ATLAS and CMS experiment have included the pp channel based on a partial Run-2 dataset
corresponding to an integrated luminosity of 36 fb—! only.

The key to understanding 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:

nS = > pi of™M x Ay x €6p x iy BRIV | x L£°) (11.14)
i?f

The production index is defined as i € {ggF, VBF, ZH, W H, ttH,tH, ...} (including specific modes
and regions of phase space) and the decay index is defined as f € {vy, WW, ZZ,bb, r7, pu, Zv},
while O'Z-SM and BR?M are the corresponding production cross sections and decay branching fractions,
estimated as described in Section 11.2, assuming that the Higgs boson is that of the SM. A,’ff and
z—:ff 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 fixed?.

The parameters of interest in the master formula are the signal strength parameters u; 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 11.4, however, for the precision needed here, the
fact that the Higgs boson has been observed in decay channels with high mass resolution as a

?In the combination performed by ATLAS and CMS, the systematic uncertainties on these parameters are taken
into account by allowing these parameters to vary within their constraints in the fit.
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resonance is sufficient to validate this hypothesis. It is also manifest in the above equation that
the ten parameters for the production modes (p;) and decay modes (uy) cannot be determined
simultaneously. This illustrates that total cross sections or branching fractions cannot be measured
without further assumptions in this fit.
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Figure 11.3: Combined measurements by ATLAS [183] and CMS [184] of the products o - BR,
normalised to the SM predictions, for the five main production and five main decay modes.

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 5ff, 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
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 11.5. For relatively small perturbations of
the couplings of the Higgs boson from the SM values, this hypothesis is valid.

However, the products j; X 1y 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. Measurements
by ATLAS and CMS of ¢ - BR, normalised to the SM predictions, for the five largest Higgs boson
production modes and five major Higgs decay modes are displayed in Fig. 11.3.

Other fits involving ratios of cross sections, which are less sensitive to theory uncertainties, are
performed and reported in Ref. [189].

The most constrained fit in the combination allows for only one single parameter to vary,
ie., V(i, f),ui = py = 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
the SM Higgs boson couplings provided that these deviations do not cancel overall. The full Run-1
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combination determines the global signal strength to be
uw=1.09+0.11 = 1.09 +0.07 (stat.) 4 0.04 (expt.) +0.03 (th.bkg.) +0.07 (th.sig.), (11.15)

where the statistical, experimental uncertainties as well as the theoretical uncertainties on the
background and on the signal are reported separately. The ATLAS Run-2 combination of the
global signal strength yields [183]:

f=1.0540.06 =1.05 +0.03 (stat.) = 0.03 (exp.) & 0.02 (th.bkg.) +0.04 (th.sig.), (11.16)

while the CMS Run-2 combination yields [184] p = 1.002 + 0.057.

These overall signal strengths are fully compatible with the SM expectation, p = 1, with a
precision of 6%. 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 Run-1 ATLAS and CMS combination precision.

11.3.6.2 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
i indices, p; = 1. All branching fractions py can then be measured in a simple 7 parameter fit.
Results of these measurements are reported in Fig. 11.3.

11.3.6.3 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 puy = 1. These assumptions lead to a 6 parameter combination.

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. At the LHC, all production modes have been unambiguously observed. The intricate
V H production mode has been unambiguously observed by ATLAS and CMS independently (as
discussed in Section 11.3.4) through the V(H — bb) channel. The results of these measurements
are reported in Fig. 11.3.

With the Run-2 data, all the main 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.

11.3.7 Probing the Higgs boson coupling to the second generation
11.3.7.1 First evidence for H — pu*u~

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 major challenge in this channel is the extremely
small, permil level, signal-to-background ratio. The dominant and irreducible background arises
from the Z/4* — u*p~ 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 (~ 2-4% for ATLAS and ~ 1-3% for
CMS depending on the selected categories; a better resolution is expected for CMS due its higher
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magnetic field strength 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.

ATLAS and CMS analyses target the main production modes such as gluon fusion, associated
production with a vector boson (including in the vector boson leptonic decay modes), vector bo-
son fusion and associated production with a top-quark pair. The analyses use multivariate and
deep machine learning methods to discriminate signal from background in these Higgs production
categories. The signal in both experiments is extracted from a fit to the di-muon invariant mass
spectrum and the background is modeled using a suite of analytical functions, except in the case
of the most sensitive channel (VBF) in the CMS analysis where the distribution of a discriminant
Deep Neural Network output is used.

With the Run-2 dataset, ATLAS measured [190] a signal strengths of © = 1.2 + 0.6 with an
observed (expected) significance of 2.0(1.7)o. The 95% CL limit on pp — H — p™p~ was set at
2.2 times the SM prediction while the expected limit on a H — p* ™ signal assuming the absence
(presence) of a SM signal was 1.1 (2.0). CMS reported [191] the first evidence for H — putpu~ at
30 level with a signal strength of p = 1.19 4 0.40 (stat.) & 0.15 (syst.) and an expected analysis
sensitivity of 2.50. These measurements provide the first direct evidence for the decay H — putpu~
and thus of the Yukawa coupling of the Higgs boson to second generation fermions.

11.3.7.2  Constraints on Higgs boson coupling to charm quarks

The possibility of probing the Yukawa coupling to the charm has been discussed early in
Ref. [192] where indirect bounds are estimated from a combined fit to the Higgs data and the
importance of using charm tagging is emphasised. A SM decay rate in standard production was
long thought to be out of reach at the LHC. However recent results, in particular from CMS have
shown that a different perspective might be emerging [193].

The channels which are currently foreseen to be most sensitive are similar to those aiming at the
b-quark Yukawa coupling, and pertain to the V H production mode. As was discussed in [188], the
typical sensitivity of these analysis using the LHC Run-2 data on the production times branching
fraction was approximately a factor of 30 times the expected rate in the Standard Model.

The key aspect to bring sensitivity to the charm coupling is the ability of flavour tagging
algorithms to discriminate charm quark initiated jets from both b quark and light quark jets.
Significant progress was recently made in development of parton flavour taggers using state-of-
the-art machine learning techniques [194] and additional information to these algorithms. Novel
algorithms have also been used to identify pairs of charm quarks resulting from the decay of a
Higgs boson, in particular in a regime where the Higgs boson is reconstructed as a large radius jets
with a distinctive substructure. These new techniques have resulted in impressive improvements
which have led to the first observation of Z boson decays to charm quarks at a hadron collider
with a significance of 5.7 standard deviations [193] and an expected sensitivity to the exclusion of
a Higgs boson signal decaying to a pair of charm quarks of 7.6 times the Standard Model rate.
The observed limit for CMS is at 14 times the SM rate. This led CMS to set limits on the absolute
value of k., the Yukawa coupling of the Higgs boson to charm quarks with respect to its value in
the Standard Model. The expected 95% CL interval is |k.| < 3.4. The observed 95% CL interval
is the following:

1.1 < |ke| < 5.5 (11.17)

This is the most stringent constraint today. The ATLAS analysis [195], in contrast, is still relying
on traditional techniques and sets an observed (expected) limit at 26 (31) times the SM rate, using
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the VH production mode where the vector boson decays to leptons.

CMS complemented this search in the VH production mode with an inclusive search for the
Higgs boson produced at high transverse momentum (in excess of 450 GeV) and decaying to a pair
of charm quarks [196]. The observed (expected) limit at 95% CL is 47 (39) times the SM rate,
which is also an impressive result as it is almost comparable to the previous results obtained in the
more sensitive VH channel.

With this striking improvement in sensitivity, CMS reappraised their prospect for the search
of Higgs boson decays to charm quarks at the HL-LHC and showed that a CMS could reach a
relative precision on the the production rate of approximately 80%. In combination with ATLAS
and potential improvements in the analysis, this is bringing the Yukawa coupling of the Higgs boson
closer to being at reach at the HL-LHC.

11.3.8 Searches for rare decays of the Higgs boson
11.3.8.1 Combined evidence for H — Z~ and the first evidence for the Dalitz H — {70~ decay

The search for H — Z~ is performed in the final states where the Z boson decays into opposite
sign and same flavour leptons (¢7¢7), ¢ here refers to e or u. 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™ +putu~) = 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~!. Events are divided into mutually exclusive categories on the basis either
of the expected mz., resolution or exclusive production mode categories.

With the full Run-2 dataset, ATLAS observes an excess with a significance of 2.20 while an
excess with a significance of 1.20 is expected. CMS observes an excess with a significance of 2.60
while 1.20 is expected. ATLAS and CMS have jointly published a combination of these results,
yielding a first evidence for the Higgs boson decay to a Z boson and a photon at the LHC with
an observed significance of 3.40 and an expected sensitivity of 1.60 [197]. This combined result is
compatible with the SM hypothesis at 1.9¢.

Both ATLAS and CMS experiments have extended the search for the so-called Dalitz Higgs
boson decays H — v*y — £T¢~~ in the low mass 7* range of approximately 20-30 GeV. This
decay mode has a substantially larger branching fraction compared to the Zv decay, as I'(H —
Yy — ete™y) ~ 3.5% x I'(H — vy) and I'(H — ~v*y — pTpu~v) ~ 1.7% x I'(H — ~y), while
I'H — Zv) = 2.3% x I'(H — ~7v) (which does not account for the subsequent decay of the Z
boson to electrons or muons). With the Run-1 dataset, CMS observes an upper limit of 6.7 times
the SM branching ratio [198]. With a partial Run-2 dataset, in the v*y CMS obtained a much
more stringent limits on the cross section times the corresponding branching fractions of 1.4 (6.1)
times the SM cross section [199]. CMS also performed a combination of this mode with H — Z~,
obtaining a combined observed (expected) limit of 3.9 (2.0) times the SM branching fractions.

Using the full Run-2 dataset corresponding to 139 fb~!, ATLAS obtained the first evidence for
Higgs boson decays to a low-mass dilepton pair and a photon with a significance of 3.2 (2.1) standard
deviations (expected) [200]. The invariant mass requirement on the di-lepton is my < 30 GeV. The
corresponding signal strength is 4 = 1.5 £ 0.5, compatible with the SM expectation.

11.3.8.2 Higgs coupling to first generation, search for H — eTe™
Probing the Yukawa couplings to the first generation fermions is extremely challenging at the
LHC given the overwhelming backgrounds and very small signal rates.
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A search similar to the H — ptpu~ is performed in the non-VBF categories by CMS in the
di-electron channel [201]. In this search, the contribution from the peaking background from
Higgs boson decays to diphotons mis-identified as di-electrons (when converted photons are faking
electrons) needs to be carefully 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 couplings. Assuming a SM Higgs boson production cross section,
the observed limit on the H — ete™ branching fraction at the 95% CL is 3.0 x 10~%, more than
five orders of magnitude larger than the expected SM prediction. ATLAS has also performed a
search for the H — ete™ decay mode with the Run-2 dataset, placing a limit of 3.6 x 10~ on the
branching fraction [202].

It is important to note that processes not depending on the electron Yukawa coupling such as
the H — eTe™ 7 (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
constraint on the electron Yukawa couplings far from straightforward.

11.3.8.3 Inwisible 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. [203] 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.

It should be noted that in the Standard Model the branching fraction of a Higgs boson into
invisible decays through the H — ZZ* — vovv process has a branching fraction of 0.12%.

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 boson 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 [204]. 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 [141]).
Table 11.6 summarises 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.

ATLAS and CMS have performed the search for invisible decays of the Higgs boson at Run 2
with the full dataset in all the aforementionned channels [205-207]. The results are summarised in
Table 11.6.

These constraints can then be further used to probe Higgs portal models to DM [203], where an
additional weakly interacting particle y with mass lower than my /2 is introduced as DM candidate
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Table 11.6: 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 (Runl) ATLAS (Run?2) CMS (Runl) CMS (Run?2)
ggF (monojet); H — inv. - 33 (38) % 67 (71) % 9 (32)%
VBF; H — inv. 58 (31) % 14.5 (10.3) % 57 (40) % 18 (10) %
ZH; Z — (0~ ; H — inv. 75 (62)% 18 5 (18.5) % (91)
VH; Z,W — jj: H — inv. 78 (86)% 3 (58) % 1 (18)%
ZH; Z — bb; H — inv. — 182 (189)%
#H; H — v, - 38 (30)% - 26 (30)%
Run 1 & 2 Combination 10.7 (7.1)% 15 (8)%

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 [203]. The results for the
ATLAS llimits are shown in Fig. 11.4.

& | LA | L | L
Ng : ATLAS _: BH Sinv < 0.093
= F~ = Alllimits at 90% CL
g 10% F \\\ = 7Tev, 47"
] C \\ Vs= 8TeV, 20.3fb" 7 Higgs Portal WIMP:
i s N ' Vs=13TeV, 139f" o - Scalar
2 10%' F — .
bg B AN - — Majorana
:: ...... :“\:-\, :: Vectorger
_45 N J
10 C 3 £ I e Vectoryy mogel, o - 0.2
L .- .471-'—‘ ...... _
» - ] Other experiments:
1074° L 4 — - XenoniT-Mig
I . o o-nucleus scattering | .
B coherent elastic neutrino-nu = DS50'M|QNO
il q — - DS50-MigaQF
1078 & d - -~ Pandax4T
r | L Ll _— ——— LUX-ZEPLIN
107" 1 10 102 10°
Mywe [GeV]

Figure 11.4: 90% CL upper limits on the spin-independent WIMP-nucleon scattering cross sec-
tion as a function of the DM particle mass for direct detection experiments experiments and the
interpretation of the H — invisible combination result in models where the Higgs boson is a portal
between the SM matter and the Dark Sector. For the vector UV-model, mo are two representa-
tive values of the predicted Dark Higgs particle with mixing angle «. The regions above the limit
contours are excluded in the range shown in the plot. From Ref. [205].
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11.3.8.4 Exclusive Higgs boson decays

A possibility to access the charm Yukawa coupling has been discussed in Ref. [208]. It relies
on the decays of the Higgs boson to a final state with quarkonia. Searches have been performed in
several channels including H — 17y, J/¥~, ¢, py these processes can provide indirect constraints
on the Higgs boson Yukawa coupling to b, charm, strange and light quarks. The limits obtained so
far in these channels [209,210] are reported in the Higgs particle listings [188]. Limits on branching
fractions range between 1073-107%.

CMS has also performed a search of the decays of the Higgs boson in the J/¥J/¥ and 1T final
states to cover the cases where the photon in the J/¥~y decay is virtual and transforms into a J/¥
meson, These decays provide an additional channel potentially sensitive to BSM phenomena [211].

More recently a search for Higgs boson decays to mesons and a photon in the channels H — w~y
and H — K*v have been carried out by the ATLAS experiment [212]. The limits on these processes
are of 1.5 x 1074 and 8.5 x 107° on the wy and the K*~v respectively.

Another class of searches for exclusive decays of the Higgs boson is H — Z(@Q where @ is a
quarkomium state. This decay results from the interference of two contributions, one where the
Higgs boson couples to a quark-anti-quark pair which forms a quarkonium and radiates a Z boson at
leading order, and another one from the off-shell decay H — ZZ* or H — Z~* and the conversion
of the off-shell Z or photon into a quarkonium. A search was carried out by ATLAS in the Z.J/¥
and Z/n. channel in the Z — ¢/~ and a light hadronically decaying resonance signature [213] and
by CMS in the ZJ/¥ and ZJ/T channels in fully leptonic final states [214].

11.3.8.5 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 decay modes could
easily have sizeable branching fractions. One very interesting possibility is the Lepton Flavour
Violating (LFV) decays of the Higgs boson, in particular in the 74 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 11.6). Indirect constraints on the LFV Yukawa couplings |Y;,| can
be obtained from channels such as the 7 — 3u or 7 — py, 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 7, Te and pe channels were carried out with the Run-1 and
early Run-2 datasets in several channels according to the subsequent decay of the 7 [215-220]. The
limits on LFV decays of the Higgs boson are reviewed in this volume of the particle listings [188]
and reached 0.15% in the 7u channel and 0.22% in the Te channel.

ATLAS [221] has performed the analysis with the full Run-2 dataset, yielding limits of 0.20%
and 0.18% on the er and 7 channels respectively. CMS [222] has performed analyses with the
full Run-2 dataset of the ey channel reaching a limit of 4.4 x 1075 at 95% CL.

The CMS search in the ey channel was done not only at the specific Higgs boson mass, but in a
wider mass domain between 110 GeV and 160 GeV. A mild excess with a global significance of 2.8
standard deviations is observed for a mass hypothesis of approximately 146 GeV.

11.3.8.6 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 in the Standard
Model 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) = 1071 and two
orders of magnitude less for the Hu final state. These decay channels of the top quark are, therefore,
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very interesting to probe possible FCNC interactions in the Yukawa couplings to the quark sector,
see Section 11.6.

ATLAS has searched for FCNC top decays specifically in channels involving a Higgs boson that
subsequently decays into a pair of b quarks, two photons, a tau pair or two W bosons [223]. It
has also reinterpreted a search for the ttH production in the multilepton final state (discussed
in Section 11.3.5.1) [173]. 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 11.3.5.1, 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 [224], 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 + MgygtHu + h.c. (11.18)

can be derived. The 95% CL observed (expected) upper limits from ATLAS on the |Ag| 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 [225], 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 [226], yiedling a 95% CL upper limit on BR(t — Hu) < 0.079% with
an expected sensitivity of 0.011% and on BR(t — He¢) < 0.094% with an expected sensitivity of
0.086%.

11.3.8.7 Exotic 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 (for
a review, see for instance Ref. [227]). 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 [228]. 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. [228] 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-Hp events [229]. Other scenarios
have been studied [230] 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
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and 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 [231,232], 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 [233]. Finally, CMS has performed a search for pair production of light bosons [234].
Such a scenario can occur in SUSY models with additional hidden (or dark) valleys.

11.3.9 Higgs boson pair production and self-coupling

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 11.6.7.

In the SM, the main non-resonant production mode of two Higgs bosons proceeds through a
loop, mainly of top quarks, see Fig. 11.1 (h). Another production mode is via the trilinear coupling
of the Higgs boson, see Fig. 11.1(7), 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.

11.3.9.1 Searches for Higgs boson pair production

The searches for Higgs boson pair production both resonant and non-resonant are important
probes for a variety of BSM theories, and they can be done in a large number of Higgs boson
decay channels. At Run1, ATLAS and CMS have searched for both resonant and non resonant
Higgs boson pair production in the following channels: (i) HH — bbyy; (ii) HH — bbr ™7 ~; (iii)
HH — bbbb; (iv) HH — bb4l; (v) HH — WW*y~; (vi) in final states containing multiple lep-
tons (electrons or muons) covering the WW*WW* WW*ZZ* ZZ*ZZ*, ZZ*ttr~, WW*rtr—,
ZZ*bb, 77777~ channels; and (vi) yy7 7~ channels.

At Run?2, similarly to the t¢H production process, the di-Higgs production profits from a
significant 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 [235] and CMS [184,236]. The detailed
description of the various analyses used can be found in the references therein. All the results and
their combinations are summarised in Table 11.7 and in Fig. 11.5 (left). The channels (i)-(iii) are
the most sensitive to the HH production. These three channels have been updated with the full
Run-2 dataset except the HH — bbr ™~ channel by CMS and the HH — bbbb channel by ATLAS
which have both been analysed using a partial Run-2 dataset.

In several of these analysis channels the VBF production mode is searched for separately pro-
viding sensitivity to the coupling involving two vector bosons and two Higgs bosons HHVV which
is an expected coupling in the Standard Model.

The current single channel most stringent limits obtained on the HHVV coupling modifier
denoted kgy are obtained from the analysis performed by CMS [237] in the bbbb:

—0.1 < Koy < 2.2 (observed), —0.4 < Koy < 2.5 (expected)

and for the overall most stringent constraints are obtained through the combination of channels in
ATLAS, yielding [235]:

—0.1 < Roy < 2.0 (observed), 0.0 < Koy < 2.1 (expected)
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Table 11.7: Summary of the final states investigated in the search for
Higgs boson pair production by ATLAS and CMS, the results reported in
bold are based on the full Run-2 dataset. For ATLAS, the result indicated
by (*) uses mostly the bbWW W~ channel. Results are 95% CL upper limits
on the observed (expected) signal strengths.

Channel ATLAS CMS
bbyy 4.2 (5.7) 8.4 (5.5)
bbbb 5.4 (8.1) 7.2 (4.2)
bbr T~ 4.7 (3.9) 3.3 (5.2)
bbal - 32 (40)
WHTW-W*TW= 160 (120) -
WHW =y 230 (170) 97 (52)
vV 305 (305)* 14 (18)
Multi-lepton — 19 (21)

Combination 2.4 (2.9) 3.4 (2.5)

11.3.9.2 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 [118]. 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. 11.1 (i), 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. 11.1(h)). The extraction of the trilinear component of the di-
Higgs production measurements is very similar to the extraction of the off-shell component of the
Higgs coupling to vector bosons discussed in Section 11.4.2.

The measurement of the trilinear coupling requires separating the contributions of the diagram
of Fig. 11.1 (i) from the box diagram of Fig. 11.1 (h), and therefore a precise knowledge of the top-
Yukawa coupling is needed. Each diagram alone would produce a rather distinct m gy 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. 11.1.

1st December, 2023



38 11. Status of Higgs Boson Physics

This further discrimination is instrumental in resolving the degeneracy in the total cross section
mentioned above. Bounds on the trilinear coupling are obtained from limits on the H H production
as a function of the trilinear coupling factor k) as illustrated in Fig. 11.5. As the sensitivity in this
channel grows it will be interesting to more closely look at the combined and individual likelihoods
as a function of the trilinear coupling to quantify the exclusion of the secondary minimum induced
by the degeneracy between the value of k) yielding the same overall HH rate as the Standard
Model (i.e. k) = 1). The results obtained by ATLAS [235] and CMS [184] are the following:

(ATLAS) — 0.6 < k) < 6.6 (observed), —2.1 < k) < 7.8 (expected),

11.19
(CMS) — 1.2 < k) < 6.5 (observed), ( )

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). For the CMS result the expected excluded range is not
specified in [184], however its illustration in the exclusion figure therin shows that it is compatible
with the observation. The so-called x formalism is discussed in more detail in Section 11.5.1.1.
These results are also illustrated in Fig. 11.5.
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Figure 11.5: (Left) Upper limits obtained by CMS on the total pp — HH production cross
section. (Top right) Upper limits 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). (Bottom right) Likelihood contours for the ATLAS di-Higgs and single-Higgs combined
results as a function of k) and k.

Single Higgs production can indirectly also be used to further constrain the trilinear coupling of
the Higgs boson, both using inclusive total or differential cross sections. A combination of di-Higgs
and single-Higgs boson production results has been performed by the ATLAS collaboration yielding
the following limits [235]:

—0.4 < k) < 6.3 (observed),
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It is interesting to note that currently the direct (—0.6 < k) < 6.6) and ndirect constraints
(—4.0 < k) < 10.3) on the Higgs boson trilinear self-coupling are of comparable strength. However,
the double Higgs boson measurements are dominated by statistical uncertainties and are expected
to improve more rapidly than the precision on single Higgs boson measurements. It should also
be stressed that the constraints on the trilinear self-coupling obtained via the NLO fit of single
Higgs boson data are 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 [238], but the
expected sensitivity obtained in such global fits are not as strong as when only the Higgs boson
self-coupling is allowed to deviate from its SM value [119]. It should also be noted that in this fit
the parameters K, Ky, K+ and ky are fit simultaneously.

The analyses performed at Run2 bring substantial improvements from those of Run1, and
they were first 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 [118]. The result in terms
of bounds on the trilinear coupling indicated that the significance of the observation of the HH
process reaches 40. It is also apparent that the degeneracy of secondary minimum at intermediate
values of k) is resolved by the use of the kinematic discriminants. This secondary minimum was
expected to be excluded at 99.4% CL and at HL-LHC, the foreseen precision on x) was estimated
to reach approximately 50%. These studies were based on early LHC Run-2 analyses. Then in
the framework of the Snowmass2021 studies [239] and more recently using the latest HH searches
results, these projections have been updated. Both experiments have reappraised their studies at
HL-LHC [240], to reach individually a sensitivity of approximately 3.50, a significant improvement
compared to the sensitivities estimated between 2.50 and 3¢ in [118]. These studies indicate that
a sensitivity of 5o in combination of the two experiments should be reached at HL-LHC.

Higher precisions can be reached at pp colliders (and e*e™ 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% [118]. At a very large hadron collider at a centre-of-mass
energy of 100TeV, a 5% sensitivity is expected to be reached, provided that the theoretical and
parametric uncertainties are kept at the 1% level [241].

One of the main open questions in particle physics is related to the precise history of the
EWSB mechanism. This in turn can be of relevance to provide a mechanism for generating the
matter -antimatter asymmetry of the universe at the electroweak scale, the so called electroweak
baryogenesis (EWBG) (see Refs. [242,243] for some reviews). In the SM EWBG is ruled out, but
new physics models, in particular those additional scalar particles coupled/mixed with the Higgs
boson, can provide a successful alternative. Given that di-Higgs production will become an excellent
probe of trilinear Higgs coupling modifications, it will provide a unique window into the history of
EWSB and will become a powerful test of EWBG models.

11.3.10 Beyond the main Higgs boson production modes

Most of the production modes illustrated in Fig.11.1 have been investigated at the LHC so far.
These processes are often referred to as the 'main production modes’. Beyond these production
modes, two additional SM processes involving the Higgs boson have been investigated and are worth
noting.

The first is the four top production mode which is closely related to the t£H mode. This process
has recently been unambiguously observed at the LHC by both ATLAS [244] and CMS [245]. This
production mode has a non trivial contribution from the exchange of a Higgs boson. A first limit
on the Yukawa coupling of the Higgs boson has thus been derived using this four top process,
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|ke| < 1.8(1.6), under the assumption that the Yukawa coupling of the Higgs boson to top quarks
in CP even [244].

Another process beyond the main production modes is the associated W H production through
Vector Boson Fusion (VBF) yielding a topology of events with two jets in the forward region with
a large rapidity gap, a W boson and a Higgs boson. This process is particularly interesting as it is
sensitive to the relative sign of the coupling of the Higgs boson to the W and Z boson through the
interference of the processes where the Higgs boson couples either to the W or the Z bosons in the
vector boson fusion process. ATLAS has carried out analyses targeting at the decay of the Higgs
boson to bb and W+ W~ for this process, resulting in the exclusion of the opposite sign hypothesis
by 8 standard deviations and an upper limit corresponding to 11.2 times the cross section expected
in the Standard Model [246].

11.3.11 First results on the main production and decay channels at 13.6 TeV

After a long shutdown between 2019 and 2022, devoted to the upgrades of the experiments and
the machine to prepare for the High Luminosity phase , in the Spring 2022 the LHC delivered pp col-
lisions data at an enhanced centre-of-mass energy of 13.6 TeV. During this high-energy run, ATLAS
and CMS have collected datasets corresponding to integrated luminosities of approximately 60 fb~!
each. The first preliminary measurements of Higgs boson production at this increased centre-of-
mass energy using the two high-resolution channels H — vy and H — ZZ* — (T0~{'T¢'~ have
been carried out by ATLAS [247], see Fig. 11.6. The measurements are in good agreement within
the precision with the theoretical prediction which display the expected increase of approximately
7% in inclusive cross section from the increase in centre-of-mass energy.
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Figure 11.6: Higgs boson production cross sections as a function of the pp centre-of-mass energy.
The SM predictions are shown by the shaded band.

11.4 Main quantum numbers and width of the Higgs boson
11.4.1 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 Section 11.3
and their compatibility with the SM Higgs boson predictions, give a qualitative but, nonetheless,
compelling indication of its nature. 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 hypoth-
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esis independently, in particular since the measurements of coupling properties of the Higgs boson
assume that it is a C'P-even state.

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 [248], 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 — aja; — 47). 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.

The spin 1 hypothesis has therefore been investigated quantitatively with the LHC Run-1
dataset and has been excluded at more than 95% CL through the analysis of the Higgs boson
decays to WW* and ZZ* channels. These results are reported in previous versions of this review
and will not be covered herein. [188].

11.4.1.1 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.

11.4.1.2 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 [249]. These models can be expressed in terms of an effective Lagrangian [250] or in
terms of helicity amplitudes [251]. The two approaches are equivalent.

i. Spin-0 models

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 C P-even couplings or C'P-odd couplings, is
the following [252]:

1 _
,C(I)/V’Z D) {COS(Q)HSM |:29HZZzMZ” +gHWWW;rW ‘LL:|

1 . 7 UV
~ 1A [cos(a)/fHZZZWZW +sin(o)kazz Zuw 2" }
1 -
Y [cos(a)/fHWWW;,W_“” + sin(a)/fAWWWlfVW_W} } H, (11.20)
where V# = ZM WtH are the vector boson fields, VE#” are the reduced field tensors, V' =
1/2etP?V,, are the dual tensor fields, and A defines an effective theory energy scale. The factors
KSM, KHZZ, KHWW , KAzZ, kaww denote the coupling constants corresponding to the coupling of
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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 a # 0, 7.

This formalism can be used to probe both C'P-mixing for a spin-0 state, as discussed in Sec-
tion 11.4.1.5 or specific alternative hypotheses, as discussed below, such as a pure C'P-odd state
(J¥ = 07) corresponding to o = 7/2, ksm = kpyvy = 0 and kayy = 1. A BSM CP-even state
JP = 0% corresponds to o = 0, kayy = 0, kyyy = 1 and kgy arbitrary. These hypotheses are
compared to the SM Higgs boson hypothesis corresponding to @ = 0 and kgyy = kayy = 0 and
ksym = 1. This formalism has been adopted by the ATLAS experiment.

Figure 11.7: Definition of the production and decay angles defined for the H — ZZ®*) — 4/ final
state.

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:

VV 2 | LVV,2 %% 2
T A e B R ) 2 % % VV px(1) px(2 VV px(1) F5(2
S ATV arve | M e i) 2w 4 afV D fr@ee
{ Q

(11.21)

“w

where ¢; is the polarization vector of the boson V;, f;,(f) =g q"

—e7/q" is a scalar tensor constructed

from the vector boson V; polarization and four momentum, f;,(f) = %EWW (M7 is the correspond-

ing pseudo-scalar tensor. A; and Ag are new physics scales, a2 3 are coupling strength modifiers
and \/12/12,3)\ = 0 or 1. This parametrisation can be used both for gluons, photons and electroweak
vector bosons, as well as the Z~ coupling. In the case of the W and Z bosons, the custodial symme-
try would require that """ = a#Z and, at tree-level, the only non-zero contributions would come
from the a1 term. It is fully equivalent to the interaction Lagrangian approach described above.
This formalism has been adopted by the CMS experiment.

Finally, C'P-odd interactions can also be expressed in the framework of the Standard Model
Effective Field Theory (SMEFT) in various possible bases (as discussed in Section 11.5.2). This
formalism is more in line with analyses of a broader ensemble of observable probing the Standard
Model. In this case the effective Lagrangian is defined as a function of the $T® gauge invariant and
the gauge field tensors before the electroweak symmetry breaking Wl{y and By, with three operators,
@T@VNVJVWIW, @TgﬁVNV/fVBW, and @TQPBWBW, and their corresponding Wilson coefficients ¢y,
Cv gy and ¢y respectively.
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It is important to note that, as is apparant in Eq. (11.20), C' P-odd couplings of the Higgs boson
to vector boson are not allowed at tree level and are therefore suppressed at higher order by the
scale A. Instead, C' P-odd couplings of the Higgs boson to fermions are allowed at tree level, these
can be parametrised in a somewhat simpler fashion with the following Lagrangian which accounts
only for an additional pseudo-scalar term:

Ly o \A/g (rpHG 5 + if g HY pysy ) (11.22)
This formulation is equivalent to a definition a C'P-mixing angle ¢ = tan Z—;
It is interesting to note that C' P-odd Higgs couplings to fermions could have a significant impact
on the very clean and precisely measured low energy observables as the electron EDM [253]. Owing
to its large Yukawa couplings, the C'P-odd top Yukawa is strongly constrained by the stringent
electron EDM limits to better than &; < 0.001 [253]. This makes it very challenging at the LHC to
surpass. However, one should keep in mind that EDM experiments provide an indirect constraint
on the SM Yukawa couplings, in particular in this case they constrain the product . x i, and one
needs to make assumptions on the value of k., a quantity that remains out of reach experimentally.
The limits on the tau Yukawa coupling from the electron EDM constraints are much less stringent
and at the level of &, < 0.3 [253]. This makes the possibility of measuring C'P mixing of the fermion
Higgs Yukawa couplings particularly interesting in the tau channels since these can be accessed from
the Higgs decays directly using tau polarisation sensitive variable and will be discussed herein. For
more details on the searches for C'P-odd couplings of the Higgs boson to vector bosons please see
previous versions of this review [188].

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
TV+/ of vector bosons V or fermions f, can be written as follows [252]:

1
6ok S e Demae, 123
14 f

where the strength of the interaction is determined by the couplings &y and {y. The simplest
scenarios, referred to as universal couplings (UC), correspond to & = &f. 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 v 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 pq)g < 125 GeV [250].

11.4.1.3 The VH production at D0

The mass of the VH system is a powerful discriminant to distinguish a J¥ = 0%, with a
threshold behaviour in do/dM? ~ (3,33, 3% from a 0%, 0~ and 2F state, respectively [254]. The
V H mass observable not only discriminates signal hypotheses, but also has an increased separation
between the 0~ and 2% 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 [255] and
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2% at the 99.9% CL [256], assuming a signal produced with their best fit signal strength (which was
= 1.23).

11.4.1.4 Probing the spin in the vy channel at the LHC

In the H — 7 channel, the analysis is performed inclusively using the production angle cos ¢4
and the transverse momentum of the diphoton pair [250]. 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 [257]. 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 0f,¢ distribution peaking at values close to 1. The ATLAS limits are derived from a fit
of the signal in bins of cosf5g and diphoton transverse momentum. The data is compatible with
the SM 0T hypothesis and contributes strongly to the exclusion of several spin-2 scenarios. The
conclusions are the same from CMS results [251].

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

The careful study of the kinematic properties of angular distributions in events observed in the
H — ZZ® — 40 and H — WW® — (ulv channel, as well as the analysis of production observ-
ables sensitive to anomalous HV'V interactions in the VBF or VH production have been used to set
limits wither on C' P-mixing parameters, amplitude terms ot Wilson coefficients in the framework
of SMEFT. These analysis assume that the observed particle is a spin-0 state, several results were
obtained by the ATLAS [258] and CMS [251] collaborations, all show a good agreement with the
Standard Model C' P-even hypothesis. Recent specific examples are given here.

In the H — WW®) — fulv 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 correlation pattern
that implies that the charged leptons e or u 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 Ay or their invariant mass my, in addition to the threshold behaviour
of the decay. It can be used to discriminate between various spin and parity hypotheses.

The H — ZZ®) — 4/ coupling analysis, as described in Section 11.3, also uses a discriminant
based on the 0T 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 have first been identified in Ref. [249,259,260] the masses of the two Z bosons
(due to the threshold dependence of the mass of the off-shell Z boson [249,261]), two production
angles 0* and &1, and three decay angles, &, #; and 65. 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.

— @, 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. 11.7 [260].

These analyses are sensitive to various J hypotheses and in particular discriminate the 0%
hypothesis from the 07. In all scenarios investigated, and for both ATLAS and CMS, the data is
compatible with the 0% hypothesis. ATLAS and CMS exclude a pure pseudo-scalar nature of the
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observed boson at CLg levels of 98% and 99.8% [251].

An individual ZZ* channel measurement has also been carried out with a partial Run-2 dataset
by ATLAS [258]. CMS has performed a C'P-mixing analysis of a partial Run-2 dataset of 36 pb~!
combined with the full Run-1 data using the ZZ* channel [262]. In this analysis the CMS exper-
iment sets constraints on the parameters defined in the parametrisation (11.21) of the scattering
amplitude.

With the full Run-2 dataset, analyses have started exploiting in combination both the produc-
tion and decay modes of the Higgs boson as exemplified by the analysis carried out by ATLAS
using the H — ZZ* — 4{ analysis taking advantage of the production and decay angles of the
process and VBF production sensitive observables [263]. Very similar analyses have been carried
out in CMS as well. The analysis uses optimal observables constructed from matrix elements of
the SMEFT. These optimal observables are defined from the ratio of the interference term between
the Standard Model and the SMEFT matrix elements (normalised to the Standard Model) for
given values of the Wilson coefficients ¢y, ¢y 5, and ¢y 5 below Eq. (11.21).  As illustrated in
Fig. 11.8, all measurements are in agreement with the Standard Model. ATLAS has also performed
a similar analysis with the Higgs boson decaying to two photons analysing the VBF production
mode [264] which can then be used to constrain the cj; parameter as shown in Fig. 11.8.

An analysis of Higgs boson anomalous couplings HV'V (as well as pseudo-scalar Yukawa cou-
pling to the top) in the H — 4¢ channel was also carried out by CMS [265].
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Figure 11.8: The measurement of the cj;; Wilson coefficent based on the optimal observable
sensitive to the Higgs boson production, its decay and their combination (left) for the ATLAS
H — ZZ* — 40 analysis. The measurement of the cy; Wilson coefficent based on optimal
observable sensitive to the Higgs boson production in the VBF channel (right) for the ATLAS
H — vy.

ATLAS has also performed an analysis using optimal observables [266], 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.

CP invariance in the HV'V coupling can also be probed with the VBF production process in
the H — 777~ channel or similarly to the DO analysis in the VH channels. CMS has performed an
analysis in this channel and has combined its results with the aforementioned ZZ* channel using
the same dataset [267].
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Finally two aditional specific measurements as for example in H — WW*j5 [268] by ATLAS
and using the H — 777~ final state [269] by CMS in several production modes have also been used
to set limits on both anomalous C P-even and C P-odd couplings.

These measurements show the complementarity of the study of production and decay modes,
separately and in combination, and underscores the importance of a synthetic approach that com-
bines all the available information.

11.4.1.6 Probing Hff coupling CP properties in pp — ttH production

Although EDM limits disfavour large C'P-odd effects in the top Yukawa coupling of the Higgs
boson, these indirect limits are model dependent. It is therefore important to further probe these
effects directly. This can be achieved using the pp — ttH process. The increased sensitivity to
the this process at Run 2 in particular in the channels where the Higgs boson decays to a pair of
photons provide a good sensitivity to the C'P properties of the coupling through kinematics and
angular distributions between the Higgs boson and the top quarks produced in the final state.

With the full Run-2 dataset, several Higgs boson decay channels have been investigated. AT-
LAS [270] excludes C P-mixing angles ¢, greater than 43° and smaller than —43° at 95% confidence
level in the H — ~y~ channel and has recently published constraints using the H — bb channel with
a measurement of ¢; = 11° 732 [271].

Also using the full Run-2 dataset, CMS [272] measures the C'P-odd fraction defined as follows:

R

= EESAE X sign(Ky/ke)

fep
in the diphoton channel to be fop = 0.00 + 0.33. CMS also derived a constraint on the C P-odd
fraction using the H — 4¢ channel [265]. More recently CMS has analysed the t¢tH multi-lepton
channel, sensitive both to the H — WW and H — 777~ decays, to probe the top Yukawa
CP properties [273], and combined its results with the two aforementioned channels to yield the
following constraint on the C'P-odd fraction:

|fep| = 028%03¢.

Both the ATLAS and CMS experiments used multivariate analyses in order to maximize the sen-
sitivity to the measurement of the C'P properties of the H ff coupling. Both experiments used
leptonic and hadronic decays of the top quarks.

11.4.1.7 Probing Hff coupling CP properties in H — 777~ decays

As discussed in Section 11.4.1, it interesting to investigate the C'P properties of the Hff
coupling is the Higgs decay to taus through tau polarisation sensitive variables.

CMS performed a first analysis with the full Run-2 dataset [274] of the transverse spin corre-
lations between the tau leptons in the final state which are sensitive to the C'P mixing angle or
relative component of the scalar and pseudo scalar couplings of the Higgs boson to taus. These
transverse spin correlations are in turn related to the direction of the decay products of the taus.

In the case of the two-body decay of a tau to a charged pion and a neutrino, the transverse
momentum component of the charged pions are typically anti-aligned for the case of a scalar
decay and aligned for the pseudo-scalar case. The angle between the decay planes as illustrated
in Fig. 11.9-(left) is therefore sensitive to the C'P-mixing. Given that the tau direction cannot be
measured directly, the impact parameter direction is used instead as a proxy, where the impact
parameter direction is defined as the direction between the interaction point and the point of closest
approach of the pion track. This direction in the rest frame of the Higgs boson are denoted A\*, as
shown in Fig. 11.9-(centre). In the case of three-body or more decays of the taus as for example the
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decays to a intermediate rho or an a;(1260) vector mesons which subsequently decay to p — 7+ 7%

and a; — 77070 respectively, the planes are defined as either as the (71, 7%) plane as as shown
in Fig. 11.9-(centre) in the case of the p decay, or the plane formed by the cahrged pion and a
combination of the two neutral pions in the case of the a; decay. The discrimination obtained,
showing the two extreme fully scalar and pseudo-scalar cases are illustrated in Fig. 11.9-(right).
ATLAS performed a similar analysis [275]. The results obtained are the following:

ATLAS o, =9°4+16° (0°4+28°) [274]
CMS ¢, =—-1°+£19° (0°+21°) [275]
It is interesting to note that the precision reached by both experiments is already at the level that

was foreseen for HL-LHC by initial studies [276], which yielded a precision ranging between +18°
and £+30°.
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Figure 11.9: Sketch of the definition of the wop angle for for the decays 7+ — 7wy, (left) and
the definition at reconstruction level of pcp observables (center). The distribution weighted per
tau decay categories of the pcp observables, including the expected distributions for the expected
pure scalar or pure pseudo scalar cases.

11.4.2 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 electroweak vector bosons, the production cross section of an off-shell Higgs boson is known to
be sizeable. This follows as a consequence of the enhanced couplings of the Higgs boson to the
longitudinal polarization of the massive vector bosons at high energy.

The off-shell to on-shell cross section ratio is approximately 8% in the SM [277]. This part of
the ’off-shell’ regime corresponding to the exchange of a Higgs boson as a propagator and not as a
narrow mass state is very interesting as it is sensitive to physics beyond the SM. Still, the Higgs
contribution to V'V production at large invariant mass remains small compared to the background.
In addition, 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.

Besides this ’continuum’ gg — V'V background with which the 'off-shell’ Higgs process interferes,
the largest background comes from the q¢ — V'V production, making this analysis very challenging.
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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 11.4.3.3.

This measurement has been carried out in the H — ZZ — 4¢, H — ZZ — {lvv and H —
WW — fvly channels, via the ggF', VBF and V H production modes. 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 — 4¢ 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®) — fuiv.

Limits on the off-shell rates have been reported for the two channels by ATLAS [278] and
CMS [279] with Run-1 data. 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 [278] with the VBF
rate fixed to its SM value and 2.4 (6.2) for CMS [279] 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. [279].

The situation using the Run-2 data has significantly changed. Both ATLAS [280] and CMS [281]
have performed off-shell Higgs boson analyses to constrain the off-shell Higgs boson production
rates with the full Run-2 datasets using the H — ZZ* channel. The results obtained have already
reached an impressive sensitivity. Both experiments have considered two independent off-shell
contributions, the first corresponding to the ggF production denoted pig off—shenn and the second
corresponding the VBF and VH denoted gy of—shen. For simplicity we will report only the results
considering fig off —shell = [V,off —shell = Moff—shell here.

The first striking result is that both experiments exclude the background-only hypothesis
Uoffi—shell = 0 with a significance of 3.20 (2.20) observed (expected) for ATLAS [280] and 3.60
for CMS [281]. This corresponds to a first evidence for the off-shell production of a Higgs boson,
through the measurment of a significant deficit in the overall gg — V'V production.

The measured off-shell signal strengths pog_shenn are the following:

(ATLAS) fioff—shenl = 1.175:% (obs) [1.00709 (exp)],

(CMS) fofr—shen = 0.7415:58(obs) [1.007329 (exp)]. (11.24)
11.4.3 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 [40]. 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
directly derived form the measurements of Higgs boson rates without additional assumptions. Direct
constraints on the Higgs boson width are much larger than the expected width of the SM Higgs
boson.
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11.4.3.1 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 [282] and more recently CMS [152]. 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. These challenges affect mostly the diphoton channel. 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. Direct lineshape measurements provide the most unambigu-
ous access to the Higgs boson width, however constraints are still two orders of magnitude larger
than the expected SM width. The current results are fully compatible with the SM hypothesis.
The most stringent limit is obtained by CMS of 330 MeV at 95% CL [152].

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. [141]), using the measured decay length. The measured crg is 273° 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 Iy > 3.5 x 10712 GeV.

11.4.3.2 Indirect constraints from mass shift in the diphoton channel

In the diphoton channel, it was noticed in Ref. [283], that the effect of the interference between
the main signal g9 — H — v and the continuum irreducible background gg — 7y, 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 [283]. It was further noticed that the mass shift
has a dependence also on the diphoton transverse momentum. The total width of the Higgs boson
could therefore be constrained using the diphoton channel alone.

Further studies were performed by ATLAS to estimate the size of the expected mass shift [284].
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 [285] and yield an expected 95% CL upper
limit on the total width of approximately 200 MeV from 3ab~! of 14 TeV data.

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

In the diphoton channel, it was noticed in Ref. [286], 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 a reduction of
around 2% for the gg — H — ~7 cross section measurement in the SM. The current evaluation
of this interference effect is performed at NLO and has a fgg% uncertainty, due to the fact that
the large relative phase is driven by the two-loop gg — =7y background amplitude [283,286]. 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
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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 a 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 [286,287].

11.4.3.4 Indirect constraints from off-shell couplings

Using simultaneously on-shell and off-shell measurements in the V'V channels, it was no-
ticed [277,288] 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 (1on—shen1) and off-shell
(Hoff—shenn) as a function of the couplings modifiers x4, and ky parameterizing the main process
g9 — H — V'V (see Section 11.5.1 for the definition of these coupling modifiers). The on-shell and
off-shell signal strengths can be written as:

2 2
Hg, on—shell HV, on—shell
I'n/T'sm

Hon—shell = , Hoft—shell = Ky off—shell KV off —shell- (11.25)
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 in this energy range does not differ
from the Standard Model [289,290].

Both ATLAS [278] and CMS [281] have used their very strong off-shell production analyses
described above, with kinematic event characteristics to further gain in sensitivity to discriminate
between the signal and background.

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 sensitivity already reached at Run?2 is
remarkable:

(ATLAS) I'y = 4.5%33 [4.1755 (exp)] MeV, (11.26)
(CMS) Iy = 3.2+2% [4.142 (exp)] MeV. (11.27)

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 [118]:

Iy =417 I Mev. (11.28)

11.5 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.
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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 x-formalism [291], following earlier
attempts [292] and initial phenomenological studies of the first hints of the existence of the Higgs
boson [293]. 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
simple interpretation of the signal strengths measured in the various Higgs channels. 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 s-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
alternative approaches are being developed as part of the activities of the LHC Higgs Cross Section
Working Group [43].

The Higgs Pseudo-Observable (HPO) approach [294] 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 and popular approach to characterise the possible Higgs boson coupling
deviations induced by BSM physics is the use of Effective Field Theories (EFT) [295,296]. This ap-
proach 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, an
EFT approach cannot systematically account for deviations in Higgs physics induced by light de-
grees of freedom unless they are added themselves as extra fields in the effective Lagrangians,
requiring to know about these light fields beforehand. In Section 11.6, several examples of models
with light degrees of freedom affecting Higgs boson production and decay rates will be presented.
Like in explicit UV models and unlike the sk-approach, 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 ex-
tended 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 sce-
nario is commonly referred 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 alignment naturally follows under this assumption
of a linear realisation of the SU(2),; x U(1)y symmetry of the SM. General Lagrangians bypassing

1st December, 2023



52 11. Status of Higgs Boson Physics

this linear assumption have been explicitly written down, see for instance Ref. [297], and connec-
tions with explicit UV models made [298,299]. 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.

11.5.1 Probing coupling properties
11.5.1.1 From effective Lagrangians to Higgs observables

The  framework, described in detail in Ref. [39,291], 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 i 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 k 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:

SM K2 SM .2 2.2
o; . F K o -BR Ki * K¥
oc-BR)i—-H — f)= i f N ,ufz = , (11.29)
( ) ) FSM K v osm - BRgm /@%{
where ,uzf is the rate relative to the SM expectation and /i%{ 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 — v+, 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 [300], the Higgs boson couplings are written in the
unitary gauge as:

L=

miy WW ™ H 4 kv 5 (cos? b Z,, 2" + 2 W, W) H

2
o Qe e 2Y A ARy XA TH — METFH + kgt 3
G VG +/€79m} H +HZ’Y7TU H EF:RF v + K3 2v +

+/i912

(11.30)

The exact correspondence between the effective coefficients of the dimension-6 operators and the
k’s can be found for instance in Ref. [40]. 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 particle loops. In particular, the top quark gives a contribution to
the 3 coeflicients rgy, K+, Kz, that does not decouple in the infinite top mass limit (for instance, in
that heavy limit, the top quark contribution amounts to Ak, = Ak, = 1 [21,22,301], while the
W also contributes to k~). Depending on the nature of new physics, these effective couplings can
be generated at tree level or only at the radiative/loop level, see Refs. [295,302-304] for further
discussions.

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 (11.31)
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This relation is a general consequence of the custodial symmetry [305], 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
the Higgs boson is part of an SU(2);, doublet, the custodial symmetry in the bosonic sector could

only be broken by the Op = %(@Tﬁ“@')Q 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 is the trilinear Higgs boson self-coupling parameter which corresponds to
the more generic k) self-coupling parameter discussed in Section 11.3.9.1. 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; + kg¢) and (k; + k) and not to the individual couplings. Therefore a deviation in
the Higgs boson coupling 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 [306]). The current and still limited sensitivity, of the order of 20%, in
the ttH channel leaves elongated ellipses in the direction kg = Ky = 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 [307]. 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 VH system [308]. These differential
distributions could also be a way to test the hypothesis that the Higgs boson belongs to a SU(2),
doublet together with the longitudinal components of the massive electroweak gauge bosons.

11.5.1.2 Measurements of the Higgs boson coupling properties

As described in Section 11.3, a framework was developed by ATLAS and CMS [153], 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. (11.14),
can be used to further measure coupling properties of the Higgs boson under specific additional
assumptions.

i. 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. (11.30) or combinations of these parameters with
different sets of assumptions.

These measurements are carried out with the combination framework described in Section 11.3.6,
where the p; 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. (11.30). 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-
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ent search channels originate from a single narrow resonance with a mass of 125 GeV; (ii) similarly
to the combination described in Section 11.3.6, 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 way [309]
by either scaling cross sections (for k4 given for a centre-of-mass energy of 13 TeV and a Higgs boson
mass of 125 GeV) or partial widths (for x, and rz, for a Higgs boson mass of 125 GeV):

Ko (Kit, b, Kie) = 1.042 k7 — 0.040 kyhip, + 0.002 £ — 0.0056; ki + 0.0005kkc + 0.00002r7,
K2 (K, k) = 1.59 Ky — 0.66 sy ke + 0.07 57, (11.32)
kg (Kt kw) = 112 k3, — 0.15 ky kp + 0.03 k3.

It should be noted that the parametrisation of the gluon coupling modifier could also be used to
scale the H — gg partial width and would be different from the cross section parametrisation.
However when considered effectively, i.e., without resolving the content of the loop in terms of SM
fields, it can be assumed that the scaling behaviour of the production cross section and partial
width will be very similar.

The parametrisations are given for a Higgs boson mass hypothesis of 125GeV (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 «. 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 [39,291].

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 = Iﬂig for the gluon fusion and an effective coupling of the Higgs
boson to the gluons; (ii) pyvpr,v g = ki for the VBF and V H processes when the W and Z couplings
are assumed to scale equally, and M%/BF(/{W, Kz) = (/€12/VO'WWH +r%07z21)/(owwr + 0zzm), 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) g = K2 for the ttH production mode. Numerically the production modes signal
strengths as a function of the coupling modifiers to the SM fields for a centre-of-mass energy of
13 TeV and and Higgs boson mass of 125 GeV are:

fggF = 1.040k7 + 0.002k; — 0.038k¢kp, and  pypr = 0.73k7, + 0.27k%. (11.33)
The decay mode signal strengths are parametrised as pup = ﬁ%//@%{ where k € {Z, W, f,q,v,Z~}
denotes the decay mode and kg7, 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, kp can also be treated as an effective
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parameter and expressed in terms of the coupling modifiers to the SM field content. Its general
expression is:

K = 0.57kj + 0.067 + 0.03k7 + 0.22k7; + 0.03k% + 0.09%7 + 0.0023%2. (11.34)
The general expression of the total width of the Higgs boson can be written as follows:
2 SM
k31
Iy=-—1H 11.35
T 1~ BRpsu ( )

where I’ EM is the total width of the SM Higgs boson and BRpgn is the branching fraction of the
Higgs boson to new particles beyond the SM.

It is worth reminding that, in the absence of a measurement of the Higgs width wich can be
accessed through Off-Shell couplings measurements as discussed inSection 11.4.2, LHC requires
some hypotheses in order to extract the Higgs couplings from the measured Higgs signal strengths.
In particular, one can assume either (i) no BSM particles in the decay, or (ii) any BSM particles
in the decay would give rise to invisble signatures and thus be detectable through invisible Higgs
boson channels (or in other terms that there is no BSM undetected contribution), or (iii) |y | < 1.
These scenarios will be examined below.

Specific parametrisations will be made in order to address the following aspects of the coupling
properties of the Higgs boson under different assumptions, depending essentially on two assumptions
concerning either the natural width of the Higgs boson, whether it consists of partial width from
Standard Model particles only or not, or the effective couplings of the Higgs boson to photons,
gluons, Z~ and ~*vy, whether these contributions are parametrised as function of the Standard
Model field content in the loops or whether these couplings are considered as effective.

Negative values of couplings 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 treat-
ment of the SM deformations and also about the stability of the vacuum [310]. Since the results are
only sensitive to the relative sign of vector bosons with respect to fermions, by convention negative
coupling values will only be considered for vector boson couplings. Among the five main Higgs
boson decay channels, only the ~v is sensitive to the sign of kr (or ky) through the interference
of the W and ¢ loops as shown in Eq. (11.32). The current global fit disfavours a negative value
of kg 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
kF (see references in Ref. [141]). All available experimental data show a fair agreement of the SM
prediction of the couplings of the Higgs boson to fermions and gauge bosons.

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

Measuring Higgs boson couplings to other Standard Model fields requires either assumptions on the
total Higgs boson width, or an assumption on the coupling of the Higgs boson to vector bosons, or a
direct constraint on the Higgs boson width as the one obtained from the ratio of off-shell to on-shell
Higgs boson couplings. These three cases will be discussed briefly. With the precision reached by
analyses discussed in Section 11.3.1, strong assumptions on the BSM content of the loop-induced
couplings of the Higgs boson to vector bosons as Hgg, Hvy~y or HZ~ are not needed and these
couplings can be considered as effective and provide a stringent probe of new fields potentially
entering the loop.

Using the full Run-2 dataset and the formalism described in Section i., ATLAS [183] and
CMS [184], have performed interpretations of the results presented in Section 11.3.6 to derive
measurements of the Higgs boson couplings. These results are summarised in Table 11.8.
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Table 11.8: 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. The last column gives the
expected precision at the HL-LHC [118].

LHC Run1 ATLAS Run2 CMS Run2 HL-LHC (expected)

Ky 0.877003  1.01+£0.06 1.1040.08 1.8%
rw  0.8770%8  1.05+0.06 1.02+0.08 1.7%
kz —0.9840.10 0.99+0.06 1.04+0.07 1.5%
kg 0.787018  0.95+0.07 0.92+0.08 2.5%
ke 1407020 0944011 1.0140.11 3.4%
kp 0497027 0.89+0.11 0.9940.16 3.7%
ke 0.84701% 0934007 0.9240.08 1.9%
Ky - 106102 1.1240.21 4.3%
K7+ — 1.38 7030 1,654+ 0.34 9.8%

The results above are obtained under the assumption that the Higgs boson decays only to SM
particles. The degeneracy that originates from the fact that at LHC only production cross sections
times branching fractions are measured is embodied in the degeneracy between all x factors and
kg. It is interesting to note that in order to measure all couplings to be in agreement with the
Standard Model model value requires that any deviation in the Higgs boson total width or kg be
precisely compensated by all couplings to Standard Model fields in the same fashion. This is often
referred to a flat direction, meaning that all the couplings are scaled by a factor a and the Higgs
boson width by a factor a?. A model realising such flat direction is given in [311]. It requires the
introduction of a scalar field which decays for instance light hadrons which would not be detectable
in the current experimental setups and are referred to as 'undetected’. It cannot be ’invisible’ as it
would otherwise be constrained by direct invisible Higgs boson constraints. The model parameters
would also have to lead to couplings of the Higgs to Standard Model fields to be larger than in
the Standard Model and a coupling of the Higgs boson to the scalar which will have to match the
scaling of the Standard Model couplings. The former condition is exotic and the later requires a
‘conspiracy’.

As we have previously discussed, the flat direction can however be removed in two ways. The
first is to impose xy < 1. This will induce a constraint on kg which can be seen for instance from
processes such as VBF Higgs production with subsequent decays to two vector bosons which are
proportional to /ﬁl, /K. As was discussed, BSM scenarios yielding ki > 1 can be considered exotic.
The measurements using this constraints from the ATLAS experiment are shown in Fig. 11.10 (left).
The second is to use the Higgs boson width derived from the off-shell Higgs boson production
measurements. In this specific interpretation, the flat off-shell Higgs measurement constrain the
visible, invisible and undetected branching fractions. The ’visible’ branching fraction corresponds to
the Higgs branchings to Standard Model fields. The invisible branching fraction is constrained from
"invisible’ Higgs searches. The flat direction is therefore represented by the 'undetected’ branching
fraction which is then constrained by the off-shell Higgs boson measurements. This constraint was
used in previous Higgs boson couplings measurements (see references for example the partial Run-2
combination performed in [312]).
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Figure 11.10: ATLAS [183] (left) and CMS [184] (right) combined measurements of coupling
modifiers with various assumptions. The ATLAS measurments also use the off-shell Higgs mea-
surements.

Interpretations which are less sensitive to modelling systematic uncertainties and require no
constraints 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. [141]) 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 — Z Z process is parametrised as a function of a single coupling modifier:

Koz = kg X —Z. (11.36)
KH

Then all combination signals can be parametrised with the following ratios of coupling modifiers:
(i) the Az4 = kz/K4 ratio which is mainly probed by the measurements of the VBF and ZH produc-
tion; (ii) the A\yy = Ky/kgq ratio constrained by the t¢H production process; (iii) the Az = kw /K2
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 = K /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 [141]).

11.5.1.3 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 [141]) and Run 2 and in several channels [313-316]: the diphoton, the four leptons, the WW,
bb and 717~ channels.

The definition of a fiducial volume as close as possible to the reconstruction level selection
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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.

While strict fiducial requirements are key to minimise model dependence, if the decay products
are part of the fiducial volume definition, these make combinations of decay channels impossible.
To gain precision in the measurement of the production properties of the Higgs boson, the fiducial
volume can be defined in terms of the Higgs boson distributions, while its decay channels and
properties are fully integrated. 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 11.5.1.5.

A large number of observables have been studied aiming at probing the accuracy of the modelling
of the Higgs boson production simulations as well as measuring the properties of the Higgs boson.

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. 11.11 [314,315,317].

CMS Preliminary 138fb~! (13TeV) .

102 - S 22F 1 T T T T T T T T —
H — vy ###% MADGRAPH5_aMC@NLO, NNLOPS ggH + HX

) F ATLAS TR ]
## MADGRAPH5_aMC@NLO ggH + HX (O] 2 [y H 77 H 4 g -
###% POWHEG ggH + HX 3 C s H =0y Y H-ovyy =
10! —  HX = MADGRAPH5 aMC@NLO VBF+VH+ttH S 1.8 Vs=13Tev, 139 o' ¢  Combination —
= el Dat[a. stat@syst unc. Im\!— 16 = [ Systematic Uncertainty =
& 100 ﬁ{{( systunc. 5 F Total Uncertainty =
< S pvalue(SM): 0.236 % B 14F W MGS5 FxFx K=147,+XH  —
< 3 E © 1 oF < NNLOPS K=1.1, +XH E
3 10-! = <E W s XH=VBF+VH+t{tH+bbH+tH -
a 3 = ] . 7
3 ] h| = =
& H EHpo LA B
S L o.awﬁ%,; *) + =
0.6F ‘ : ﬁl =

0.4F i ‘+* +
0.2F fH ¥ i
_ = i .
_ — ] O Ezasduzenne foezoes ESSSSS JSSSSSS JESSRES Jrezoes s S I ]
g2 . ol 2+ 7
O o S 15 . i -
% Fﬁ T TP el »—f—‘_F E L n B $-S--- § o5 mmemessane brsess e —
0 g o05F -
0 100 200 300 400 500 £ 0 10 20 30 45 60 80 120 200 300 650 13000
pr(GeV) P ;’ [GeV]

Figure 11.11: (Left) Fiducial differential cross sections in Higgs boson transverse momentum in
the H — ~7 channel from the CMS experiment [315]. (Right) Partially fiducial combined cross
sections using the H — vy and H — 4¢ channels from the ATLAS experiment [314].

The Higgs boson transverse momentum distribution is of particular importance to probe new
physics in the Higgs production. An example of interpretations that can be made using these
measurements is the constraints on the b and charm quark Yukawa couplings through their impact
on the production, both via the loop-level gluon fusion contribution or the gg — bbH,ccH pro-
cesses. These results are also combined with the direct search for the V H(bb) process and shown
in Fig. 11.12. Tt is interesting to compare the constraint, |k.| < 8.5, from the V H(c¢) production
analysis alone and the limit obtained using only the differential distribution which is approximately
the double of the direct search limit as well as the limit that also uses the normalisation which yields
|ke| < 2.3. The latter indirect limits assume that x, = 1. This shows the already good strength
of the shape analysis as well as the limit coming from the parametrisation of the normalisation
in the H — 77,4¢ decay channels. The constraint coming from the normalisation is due to the
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modification of the total width from from the charm and b quark couplings [314].
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Figure 11.12: Measured likelihood contours for the x; and k. parameters from a simultaneous fit
of the direct search for V H(bb,cc) analyses and the measurement of the differential cross section
in transverse momentum in the H — -, 4¢ channels, using the overall normalisation of the cross
sections parametrised as a function of the x; and k. couplings and assuming no non-Standard Model
contributions to the total width of the Higgs boson (left) and using only the differential shape in
transverse momentum [314].

11.5.1.4 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 [318]. 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 [295] 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 [313] 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
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.

11.5.1.5 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 to be
most efficiently used by others for further interpretation. The commonly used practice 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-
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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 and given the number of channels, combinations are very involved. A
proposal [40,319] was made by the LHC Higgs 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 motivated by maximising the exper-
imental 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 V H and ttH associated production modes) within
the defined fiducial volumes.

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 > 200 GeV. The V H process is subdivided in 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 and CMS have
produced measurements of the diphoton and the 4¢ channels with Run-2 data [258,314,320-325].

The ATLAS and CMS collaborations have also performed measurements of the STXS in the
H — WTW~ decay channel [326,327].

CMS has also carried out a measurement of the STXS in the H — 777~ decay channel targeting
the high transverse momentum of the Higgs boson [156], in particular in the channel where the
Higgs boson is produced with one jet of transverse energy in excess of 200 GeV.

ATLAS [328] 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 the
full Run-2 dataset [183,329,330].

11.5.2 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+ V0 +3 ol 4. (11.37)
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-
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Figure 11.13: Simultaneous combined measurement of simplified template cross sections assum-
ing SM branching fractions of the Higgs boson [183].

(d)

pressing the higher-dimensional operators. The Wilson coefficients ¢;’ encode the virtual effects
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 [331-334], or inferred using specific power-counting rules [295, 335].

The list of dimension-6 operators was first classified in a systematic way in Ref. [336] after the
works of Ref. [337]. Subsequent analyses pointed out the presence of redundant operators, and a
minimal and complete list of operators was finally provided in Ref. [338]3. 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
furthermore, 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 [341].

The numbers of operators to constrain can be reduced by imposing suitable flavour assump-
tions. Inspired by flavour physics, a U(2), x U(2), x U (2), x U(3); x U(3), symmetry can be
enforced to impose a flavour symmetry in the first two quark generations and all three lepton
generations. ATLAS performed a detailed analysis of Higgs and EW data from LEP/SLD and
LHC. Under the previous flavour assumption, 22 operators are affecting Higgs observables alone,
22 operators are affecting EW precision observables alone and 11 operators are affecting both sets
of observables simultaneously. Dedicated samples representing SM, linear, and quadratic effects of
dimension-six operators are generated at leading order using MadGraph5_aMCONLO and SMEFTsim.
Events are interfaced to Pythia8 to simulate parton shower and hadronization. The decays of
bottom and charm hadrons are performed by EvtGen. For the loop-induced processes, calculations
are performed with SMEFTatNLO, which allows for the calculation of NLO QCD corrections, instead
of SMEFTsim. Effects of dimension-six operators on background processes are usually not taken
into account except in the analysis of VBF Z measurement and of WW production. The results

3Complete enumerations of d=8 operators have been obtained [339] and some preliminary constraints on peculiar
subsets of these operators have been derived from experimental measurements [340]. Still, in this review, the EFT
Lagrangians will be truncated at the level of d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>