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Summary. — This paper summarises the work done by the ATLAS and CMS
collaborations, and by the teams of the Large Hadron Collider at CERN, that led to
the discovery of a new particle, with mass near 125 GeV and properties consistent
with the ones predicted for the Standard Model Higgs boson. An overview of the
Standard Model, with a description of the role of the Higgs boson in the theory, and
a summary of the searches for this particle prior to the LHC operations is also given.
The paper presents the results obtained by ATLAS and CMS from the analysis of
the full data set produced in the first physics run of LHC. After a short discussion
on the implications of the discovery, the future prospects for the precision study of
the new particle are lastly discussed.

PACS 12.60.-i — Models beyond the standard model.

PACS 13.66.Fg — Gauge and Higgs boson production in e e' interactions.

PACS 13.85.-t — Hadron-induced high- and super-high-energy interactions (energy
> 10GeV).

PACS 14.80.Bn — Standard-model Higgs bosons.
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1. — Introduction

The Standard Model (SM) of particle physics describes accurately a lot of experimen-
tal data that probe elementary particles interactions up to a energy scale of a few hundred
GeV (the electroweak energy scale). At the end of 2011, all elementary constituents pre-
dicted by the theory (quarks, leptons and gauge bosons) had been discovered, except
one: the Higgs boson. This particle with spin 0 plays a fundamental role in the SM: it is
responsible of the electroweak symmetry breaking, therefore allowing the gauge bosons,
W* and Z to become massive; in addition it provides fermions their distinctive masses
through the Yukawa interaction with the Higgs field.

Intensive experimental searches were conducted over many decades since the formu-
lation of the Higgs mechanism in 1964. Given that no significant evidence was found,
experiments were able only to set limits on its mass. In particular, the combination of the
results of the four LEP experiments yielded a limit my > 114.4 GeV at 95% confidence
level while additional limits were set by experiments at the Tevatron Collider.

With the start-up of the operations at the CERN Large Hadron Collider (LHC),
ATLAS and CMS, the two general-purpose experiments, took the lead of the search.
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After a first evidence, shown in a seminar held at CERN at the end of 2011, in July 2012
the two experiments announced the discovery of a new, neutral particle of mass of about
125 GeV. The properties of the new particle were shown to be consistent with those
predicted for the SM Higgs boson. These results were lastly confirmed by the analysis
of the full data sample corresponding to the first physics run of LHC (Run 1).

With the discovery of the Higgs boson the picture appears complete: all fundamental
constituents of the Standard Model have been realised in nature. However, precision
measurements of the properties of the new particle will be crucial tests to establish the
level of consistency of experimental data with the values predicted by the theory. These
measurements could probe for possible effects from New Physics at a scale larger than
the electroweak scale.

This paper reviews the most important steps that led to the discovery of the Higgs
boson. Section 2 gives a concise review of the Standard Model theory, with a particular
attention to the Brout-Englert-Higgs mechanism, given in sect. 3. The most important
direct searches prior to the start-up of LHC, including results from LEP and the Tevatron
collider, are summarised in sect. 4. Section 5 summarises the constraints to the SM
Higgs boson using precision measurements performed in past experiments, in particular
at LEP and SLC. The LHC machine and the ATLAS and CMS experiments are presented
in sect. 6, while sect. 7 illustrates the SM Higgs boson production processes in proton-
proton collisions at the LHC energies, as well as the decay final states as a function of
its mass. The study of the SM processes at LHC, a major milestone in understanding
the new energy regime and some of the most important backgrounds to the Higgs boson
search, is presented in sect. 8. sect. 9 reports the early searches on 7TeV data, and
sect. 10 shows the results producing a first evidence of a new, neutral particle of about
125 GeV mass. The most important steps that led to the observation of the SM-like Higgs
boson in 2012 are presented in sect. 11. The legacy results presented by ATLAS and CMS
based on the whole 2011-2012 data set are reported in sect. 12, while sect. 13 presents
the measurement of the mass and some of the most important analyses performed to
determine the properties of the new particle. The results of the searches for other Higgs-
like bosons at the LHC are summarised in sect. 14. Lastly, some of the implications
of this discovery are briefly discussed in sect. 15, while the future prospects concerning
the physics studies of this new particle, and the future investigations associated to this
boson in the domain of high-energy physics are discussed in sect. 16.

2. — The Standard Model of fundamental interactions

The Standard Model is a theoretical framework, built in the early 1970’s from exper-
imental results, that allows correlating a large set of new data [1-4]. A nice overview of
this model is available in [5].

The fundamental elements of matter can be grouped in two distinct families, each
composed by three pairs of elementary particles: the quarks (up and down; charm and
strange; top and bottom) and the leptons (electron and electron neutrino; muon and
muon neutrino; tau and tau neutrino). For each one of these particles the corresponding
antiparticle exists; antiparticles are grouped as particles. The list of these particles, and
their most important properties, are shown in fig. 1.

Electrons, muons and taus have the same electric charge, (e = 1.60217657 x 10~1° C),
while neutrino have no electric charge. Up-like quarks have fractional electric charge
+2/3e, while down-type quarks have —1/3e electric charge.

Neglecting from now onwards the gravitational force, charged leptons are subject to
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Fig. 1. — Elementary particles of the Standard Model: fermions, gauge bosons and the Higgs
boson.

electromagnetic and weak nuclear forces. Neutrinos are subject to the weak nuclear force
only. Quarks are sensitive also to the strong nuclear force, in addition to the other two.
The quantum number associated to strong interactions between quarks is called colour.
There are three possible colour states.

Antiparticles have the same mass of the corresponding particle, but opposite electric
charge and opposite colour (anticolour), in case of antiquarks.

Leptons and quarks have half-integer spin(1/2)% (or just 1/2), hence they follow the
Fermi-Dirac statistics. All particle with half-integer spin are called fermions.

In quantum mechanics, interactions between particles are mediated by spin-1 elemen-
tary particles: the gauge bosons (particles with integer spin —including spin = 0— follow
the Bose-Einstein statistics and are called bosons). In the Standard Model these are the
photon 7, the W= and Z, and eight types of gluons, g. The photon propagates the
electromagnetic forces, it is electrically neutral, has vanishing mass and is well-described
by the renormalizable theory called Quantum ElectroDynamics, or QED.

The charged W+ and neutral Z vector bosons propagate the weak nuclear interac-
tion, and have large mass: 80.385 £ 0.015GeV for W= and 91.1876 + 0.021 GeV for
Z [6]. Gluons are massless, and in contrast to the electrically neutral photon, they carry
colour-anticolour charge and hence they couple each other. Furthermore, the strength of
the interaction between particles with colour quantum numbers increases with increasing
distance: quarks and gluons cannot be observed as free particles: they are subject to
colour confinement and appear only as bound states. Quarks are confined with other
quarks or antiquarks to compose hadrons: baryons and mesons. The Quantum Chro-
moDynamics, or QCD, is the theory in the Standard Model that describes the strong
interaction of coloured particles, with SU(3) symmetry.
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Although at a low energy scale experimentally they appear very different, electro-
magnetic and weak interactions arise as two different aspects of the same force. Above
energies of O(100 GeV), they merge into a unified electroweak force and the gauge bosons
v, W* and Z are the mediators of this unique force, the electroweak interaction. The
electroweak interaction is described by the Yang-Mills gauge theory based on the sym-
metry group U (1) x SU(2)r. SU(2)r refers to the weak isospin, T', with the subscript L
indicating that it involves left-handed fields: under SU(2)y, the left-handed fields trans-
form as doublets, while the right-handed ones do not transform at all. U(1)y refers to
the weak hypercharge, Y, which is defined by the relation:

(1) Q:R+%K

where (@ is the electric charge, T3 is the third component of the weak isospin [2].

3. — The Brout-Englert-Higgs mechanism

The most important historical developments in Higgs physics over the past half-
century are nicely reviewed in papers [7-9].

In theories involving gauge invariance, gauge bosons are described by field equations
of massless particles. In this framework gauge bosons are massless and the forces have a
long range, which is in contrast with the experimental observation.

A very important theoretical breakthrough of the early 1970’s was the proof that
Yang-Mills theories are renormalisable, and that this property still holds if the gauge
symmetry is spontaneously broken [10,4]. In other words, the Lagrangian of the inter-
action is gauge invariant while the vacuum state and the spectrum of particles described
by the model are not. A physics example is given by a ferromagnet for which the lowest-
energy configuration has electron spins aligned. All alignment directions are equally
possible, i.e. the system has a rotational symmetry, but nature in the end chooses one
direction, randomly, that is not possible to predict. This “breaks” that symmetry, be-
cause after this “choice” the system has lost the initial symmetry.

In quantum field theory, the simplest way to introduce spontaneous symmetry break-
ing is the so-called Brout-Englert-Higgs mechanism, reported hereafter simply as the
Higgs mechanism. A simple model of spontaneous U(1) symmetry breaking [11] with
a single complex scalar field ¢ = |¢|exp(if), whose gauge invariant potential field is
described by the function

(2) V(o) = 1® (670) + A (¢7¢)
= 1|o* + Ao|*

is illustrated in fig. 2.

This potential has a minimum at |¢| = (1/v/2) x u/v/—X = v, but is independent
of the phase 6. The nature’s choice for the angle 6 breaks the symmetry. The value of
v is the vacuum value, or vacuum expectation value (vev). Quantum excitations along
¢ describe a massive particle. The phase 6 of the field ¢ is, however, undetermined.
Quantum excitations along this parameter around the ground state cost no energy, and
they are associated to massless and spinless particles called Goldstone bosons.
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Fig. 2. — Mexican hat shape of the Higgs potential described by eq. (2) that leads to “sponta-
neous” symmetry breaking. The vacuum, i.e. the lowest-energy state, is described by a randomly
chosen point around the bottom of the brim of the hat. The Higgs boson is a massive spin-zero
particle corresponding to quantum fluctuations in the radial direction, oscillating between the
centre and the side of the hat.

In the context of a SU(2)r x U(1)y symmetry, the Higgs mechanism is implemented
introducing a SU(2), isospin doublet of complex scalar field with hypercharge Y = +1:

(T _ 1 [ tids
®) 0= <¢O> V2 <¢3+i¢4>.

The Lagrangian describing the dynamics of this field ¢ is then
(4) L = (Do) (D"¢) = V(9).

The symmetry breaking is obtained through the form of the scalar V' potential controlled
by the parameters A and p in eq. (2) and D,, is the covariant derivative.

If 4?2 > 0, the ground state corresponds to ¢ = 0; i.e. to the vacuum. For values
u? < 0, a non-vanishing vacuum expectation value for |¢|? in the physical vacuum state
is obtained: the Lagrangian has a mass term with negative sign for the field ¢ and the
minimum energy is not at ¢ = 0. The potential assumes a shape with a local maximum
at ¢ = 0. The vacuum is not stable, as it does not correspond to a system with the
lowest possible energy.

Minimisation of the vacuum fixes the field ¢q in the ground state: |¢o| = (1/v/2) x

p/V=X=v.
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The symmetry can be broken describing the field ¢ around the value ¢g, e.g.

0
(5) (b(x) = <’L)+H(:E)> )
V2

where H is a physical scalar field, whose quantum excitation is the Higgs boson.

Using this field expansion in eq. (4), four physical fields are obtained. Two charged
fields for which mass terms naturally appear, and that can be associated to the W+
bosons. Moreover, two more neutral fields are found, where only one shows a mass term
while the other one remains massless; these fields are associated to the Z boson and the
photon, respectively.

A gauge boson mass m is determined by its coupling g to the Higgs field and
the vacuum value v. Since gauge couplings are universal, they also determine the
Fermi constant Gg: m = gv/2; Gp/vV2 = ¢?/(8m?) = v?/2. From the constant
Gr = 1.16637(1) x 107°GeV~? the vacuum expectation value is estimated to be
v~ 246 GeV.

Also the Higgs field H acquires a mass after the symmetry breaking. The mass of the
associated boson, mpy, is given by my = 2v/—A2. The value of the parameter ) is not
predicted by the SM theory, therefore the Higgs boson mass remains a free parameter of
the model.

The mass term of elementary fermions cannot be added in the Lagrangian “by hand”,
as also in the case of the gauge bosons W* and Z, since it would violate the U(1) x
SU(2);, symmetry. However, it is possible to add the gauge invariant Yukawa term
introducing the interaction of the fermionic field with the Higgs field doublet in eq. (3).
After symmetry breaking, see eq. (5), the fermion fields acquire a mass. The value of
the mass for each fermionic field, however, is not predicted by the theory, it can be
determined only through experimental observations.

4. — Searches for the Standard Model Higgs boson at the start-up of LHC

The search for the particle responsible of the electroweak symmetry breaking has
been extremely challenging since the very beginning. First of all, the existence of the
new particle was not granted at all. The electroweak symmetry could have been bro-
ken dynamically or through other mechanisms. Even assuming the Brout-Englert-Higgs
mechanism, there is no stringent limit preventing the new particle to be extremely light,
in the range of a few MeV or less, or extremely heavy, up to 1 TeV. Depending on the
mass of the scalar particle, different production mechanisms must be considered, as well
as different decay modes. Furthermore, within the Standard Model, the width of the
Higgs boson grows significantly with the mass, while the lifetime is not negligible only
for very small values of the mass, yielding altogether an incredibly complex range of
experimental signatures to be addressed.

4'1. First indirect limits. — The first limits produced on the Higgs mass came from
indirect searches. The presence of a new scalar boson, initially called ¢ after Wein-
berg, was assumed to be responsible of a discrepancy between theory and experiment
in the studies of X-rays from high-Z muonic atoms [12]. Other constraints were de-
rived considering the effect of a Higgs boson exchange on neutron- and electron-deuteron
scattering yielding a lower limit mpy > 0.6 MeV [13]. Constraints from astrophysical
considerations, i.e. emission of Higgs bosons from neutron stars, led to a lower bound
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in the same range my > 0.7MeV [14]. The most stringent indirect limits came from
the non-observation of possible Higgs production in J” = 0% — 0~ nuclear transi-
tions (1.03MeV < mpy < 18.3MeV [15]) and from data on neutron-nucleus scattering
(mp > 15MeV [16]).

With the discovery of the neutral currents in 1973 [17,18] and the appearance of a
new quark, the charm in 1974 [19,20] the Standard Model gained momentum and a large
series of experiments started checking carefully its predictions, including the presence of
a scalar boson. Experimentalists were guided by the phenomenological profile of the new
particle published in 1975, that contained the first comprehensive accounting of Higgs
branching fractions up to a mass of 100 GeV [21]. The conclusion of the paper is still
worth mentioning: We apologize to experimentalists for having no idea what is the mass
of the Higgs boson, unlike the case for charm, and for not being sure of its coupling to
other particles, except that they are probably all very small. For these reasons we do
not want to encourage big experimental searches for the Higgs boson, but we do feel that
people performing experiments vulnerable to the Higgs boson should know how it may
turn up.

4°2. The early direct searches. — The early direct searches were conducted in the 1980’s
at DORIS-II, an eTe™ collider at DESY (Germany) that in 1982-83 was upgraded to run
at an energy in the center-of-mass of 11.2GeV. The very first data sets (10.7pb~! at
the Y(1s) and 64.5pb~! at the Y(2s)) was used by the Crystal Ball Nal(Tl) detector to
look for the radiative decays of the T

(6) T— X +17.

A new scalar particle would have appeared as a bump in the inclusive spectrum of
photons associated to hadrons. Indeed, they found a significant excess of events both in
the high multiplicity channel, where they reported a signal with a significance of 4.2 stan-
dard deviations (s.d.), and in the low multiplicity one, where the significance was found
to be 3.0s.d. Assuming the two channels to be completely independent, the combination
of them would have led to a signal exceeding the 5.0s.d. necessary to claim a discovery.
The result was reported as preliminary evidence of a narrow state of mass 8.33 GeV at
the XXII International Conference on High Energy Physics, Leipzig, 1984 [22]. However,
interpreting the results as the production of the Higgs boson would have implied dif-
ferent production mechanisms and/or anomalous decay modes with respect to the ones
expected within the Standard Model: the observed rates were two orders of magnitude
larger with respect to predictions for this particular branching ratio. Unfortunately the
signal disappeared as soon as new data were collected and the negative result was con-
firmed by an independent search in the same channels conducted at the Cornell Electron
Storage Ring (CESR at Syracuse, NY, USA) [23].

Additional searches at CESR, performed by the CLEO Collaboration, investigated the
possibility to discover the Higgs boson among the decay products of B mesons through
the reaction

(7) B— X +H.

They looked at different decay modes of the scalar particle H — uTp~, or 777~ or
KT K~ but no signal was found [24].
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Other searches were performed at the proton cyclotron of the Paul Scherrer Institute
(Villigen, Switzerland) where the SINDRUM Collaboration explored the very-low-mass
region searching for the decay

(8) ot —etv.H,

with H — eTe™ and, again, it was possible only to set limits [25]. At the end of this
first round of experimental searches, when in 1989, the Large Electron Positron Collider
(LEP) was inaugurated at CERN (Geneva, Switzerland), the mass of the Higgs was
expected to be larger than 5 GeV.

4'3. Searches at LEP. — The Large Electron Positron collider (LEP) was a gigantic
accelerator colliding electrons and positrons at a center-of-mass energy that was initially
fixed at the Z peak, 91.18 GeV (LEP-I, 1989-1994). In the second period of running,
between 1995 and 2000, the energy of the machine was raised up to 209 GeV (LEP-II).

The direct production of Higgs bosons via electron-positron annihilation is negligible
due to the extremely small coupling of the Higgs to the electron(positron). The most
important process to search for the Higgs at LEP-I is the splitting of Z into a H and
Z*, with the latter producing fermion pairs

(9) ete” = Z -H+7Z*—H+ff.

Clean signatures can be looked for if we assume that H decays into bb jets and Z*
goes into electrons or muons. Larger branching fractions can also be explored asking
the Z* to produce invisible final states such as vv. Since no signal was found for these
processes, the LEP-I experiments set lower limits on the mass of the Higgs boson mpy >
63.9 GeV [26-29].

At LEP-II the most important process for the production of a Higgs boson becomes
the associated production of a Higgs with an on-shell Z

(10) ete” > Z+H.

Various decays modes of the Z° and of the H were explored by the LEP-II experi-
ments. The four major final states were

(11) efe” —wvo+bb; efe” — 1717 +bb; efe” —qg+7777; ete” — qg+bb.

Starting in 1995, LEP raised steadily its collision energy to measure precisely the W
mass at the threshold of W pair production (LEP-II). Searches performed at the new
energies did not yield any signal pushing therefore the limits on the Higgs boson mass to
my > 107.8 GeV at 95% C.L. [30]. At the end of the LEP-II lifetime, an extraordinary
effort was put in place to increase the energy of the machine well beyond the design
value. The machine reached a record energy of 209 GeV and some Higgs-like events were
observed corresponding to a mass my ~ 115GeV. The run period was extended for
some weeks and a few other candidates were collected, but not enough to convince that
a major discovery was within reach. The LEP-II was shut down in November 2000 to
allow the start-up of the installation of the Large Hadron Collider in the tunnel. The
lower limit on the Higgs mass coming from the direct searches of LEP-II was set at
mpy > 114.4 GeV with 95% C.L. [31].
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Fig. 3. — Tevatron exclusion limits vs. mass of the Higgs boson [32].

4'4. Searches at the Tevatron collider. — The Tevatron collider at Fermilab (Batavia,
IL USA) led the searches for the Higgs boson in the period between the year 2000, when
LEP was shut-down, up to 2010 when LHC started producing its first physics results.
The Tevatron collider was a proton-antiproton accelerator in operation since 1987. The
maximum collision energy was 1.96 TeV.

The dominant Higgs production mechanism at the Tevatron Collider is Higgs-
strahlung in association with a W* or a Z. The most sensitive channel is the decay
of the Higgs in bb jets, a channel that could be explored thanks to the excellent b-tagging
performance of CDF and DO, the two general purpose experiments.

In July 2011 CDF and DO presented individual results, based on a statistics of 8.6 fb~!
of data, and a combination of their searches (fig. 3). They were able to exclude, at 95%
C.L., a range of Higgs masses between 156 and 177 GeV [32]. The Tevatron Collider was
shut down in September 2011.

5. — Constraints from the global electroweak fit

The huge amount of precision measurements of the electroweak parameters performed
at LEP and SLC allowed to establish firmly the validity of the Standard Model. The
properties of the W and Z bosons and many other observables were measured with
unprecedented precision, in many cases at, or better than, the per-mil level. These
measurements were complemented by the observation of the top quark with a precision
measurement of its mass, performed by the CDF and DO experiments at the Tevatron
Collider, where also the mass of the W was measured with an accuracy challenging the
LEP-II results. Assuming the validity of the Standard Model, these electroweak param-
eters can be combined to extract indirect information on my through the dependence of
the radiative corrections on the Higgs mass:

T Qlem 1

GF\/§ SiIl2 Hw(l — AT) '

(12) mhy =
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Fig. 4. — Indirect determination of the mass of the Higgs boson m g from the global electroweak
fit [33].

The term Ar depends quadratically on the mass of the top quark and logarithmically
on the mass of the Higgs. Once the mass of the top quark was measured experimentally
at the Tevatron Collider, it was possible to extract valuable information on the mass of
the Higgs with a global fit to the electroweak parameters that was performed assuming
the validity of the Standard Model and leaving my as the only free parameter.

An example is shown in fig. 4, where the Ay? of the fit is plotted as a function of mg.
The black curve is the result of the fit while the blue band represents the theoretical
uncertainty due to higher-order corrections. The yellow areas show the region below
114.4 GeV excluded by direct searches at LEP-IT and the narrow band of exclusion (158-
175 GeV) produced by the Tevatron experiments at the time of the fit (July 2010). The
minimum of the curve corresponds to mg = 847353 GeV where the errors correspond to
the experimental uncertainty at 68% C.L. and do not consider the theoretical uncertainty.
An upper limit on the Higgs boson mass of 158 GeV was set at 95% C.L. Including in the
fit the exclusion limits produced by the direct searches, the most probable Higgs mass
becomes my = 121fé7 GeV [33]. These results are clearly model-dependent, since only
contributions from known physics are considered in the loop corrections. However, the
strong indication must be noted in favour of a light Higgs boson coming from the global
electroweak fit at the time in which LHC experiments started their first physics run.

6. — The Large Hadron Collider and its general purpose detectors: ATLAS
and CMS

The Large Hadron Collider is to date the largest and highest-energy particle accel-
erator ever built. The first ideas on a hadron collider with center-of-mass energy in the
multi-TeV domain were discussed in the Lausanne Workshop [34] in 1984. Approved
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Fig. 5. — Aerial view of the CERN LHC area. The LHC ring is placed at about 100 m under the
surface, between the Geneva lake (top-right hand side) and the Jura mountains (opposite side).

by the CERN Council of December 1994, the construction of this accelerator started in
1998, in the LEP tunnel. A nice recollection is available in ref. [35]. The machine was
designed primarily to collide protons at a centre-of-mass energy /s = 14 TeV with a
nominal luminosity of £ = 1 x 103* em™2s~! and a bunch spacing of 25ns. Details on
the design of this accelerator can be found in refs. [36-38].

The LHC is located about 100 m below the surface in the 27 km LEP tunnel, between
the Jura Mountains and the Geneva lake, see fig. 5. The CERN accelerator complex up
to the Super Proton Synchrotron (SPS) machine is used to inject proton beams in the
LHC with energy of 450 GeV; see also fig. 6.

A total of about 9600 superconducting magnets are distributed along the circumfer-
ence of the accelerator. Among these, 1232 dipoles are used to bend the proton trajectory
to follow the circular orbit. Each dipole is 14.3 m long and provides a uniform constant
magnetic field of 8.3 T for a 7TeV proton beam. The core of the dipoles is cooled down
to 1.9K in a superfluid liquid-helium bath (a temperature lower than the one in the
intergalactic space).

The nominal beam structure consists of 2808 bunches, each one containing 1.15 x 10!
protons distributed on a length of 7.6 cm and with a transverse dimension in the final
focus of about 16 um. As already mentioned, the nominal bunch-to-bunch separation is
set to At = 25ns.

The start-up of the Large Hadron Collider on September 10, 2008, was a great success.
Unfortunately, just nine days later, a faulty inter-dipole bus-bar splice triggered a severe
incident that severely damaged many machine elements in sector “3-4”. Actions were
taken immediately to repair the damage and to implement the necessary actions to
prevent further incidents. It took more than one year to re-commission the accelerator.

In response to the incident, it was decided to implement in the future a complete
revision of the splices and other important machine protection measures in order to be



THE DISCOVERY OF THE HIGGS BOSON AT THE LARGE HADRON COLLIDER 519

CERN Accelerators b protons
2010- 2012 p antiprotons
P ions

8 Tev comsion 4ToV b neutrons

I neutrinos
» elecirons

£ TV

LHC

Large Hadron Colider
21835 TeV

* 2008 LHC

North Area 1888 LEF Z7em 17

= | Prévessin

Super Praton Synchrotron

1578 Tam am

‘CERN Neutring o Gran Sasso

‘T‘o\ 200€
ADD 4 P p ) ] Meyrin
Ant — -
- the ~— . East Area
=TT - R
. B - 1 |
s 1SOLY 3 T !
A Istage sup-n?omn.e&p- - FS'S ............. -
n-ToF & LNAGS 1 o Toton Synchvairon i = IS
St~ Tabtas i — = g Compact Linear Colider Test Faciity

2001

50 s/ 1.4 Gav —
PsB Vv LEIR
Proton Synchrotron Booster ~ LINAC3 Low Eneqgy lon Ring
W2 15, Linear Acoslerator 3 2905 Tim Ps sPs  Mc perd  perion
Lead wns: 4.2 MV T2.2MeV 3.9 Gev 177 Ge¥ 14 Tev 3.5 Tev 287 Tev
HPo 2P 34+ L 1.6 TeV 4.0 Tev' 328 Tov

# 2014-2012 mawiou o mc! Betas & CERN

Fig. 6. — Protons accelerated by a linear accelerator (LINACS) to 50 MeV are transferred to a
Booster and then to the Proton Synchroton (PS) from where they get out with an energy of
26 GeV. Finally, they are accelerated by the Super Proton Synchroton (SPS) to 450 GeV before
being injected to the LHC, where they reach the final energy.

able to run the accelerator at the nominal energy of 7TeV per beam. Meanwhile, as a
precautionary measure, it was decided to run the machine at about one half of the design
value i.e. 3.5-4.0 TeV per beam.

For the first physics run of LHC (2010-12) the collision energy was therefore first
set at 7TeV, the bunches were separated by At = 50ns, a factor 2 less than nominal,
and a maximum number of 1380 bunches was used for a single proton beam. However,
the density of protons in a bunch exceeded the design parameter, reaching the value of
1.7 x 10" protons. This value, coupled to close-to-nominal focusing conditions, yielded
a record instantaneous luminosity of £ = 0.77 x 103* cm~2s~!. The large inter-bunch
separation ensured excellent machine stability and hence long periods of smooth data
taking. However, having pushed the bunch population well beyond nominal values,
implied a high number of interactions per crossing, “event pileup” (or just pileup) i.e.
uninteresting collisions superimposed to the events under study. Handling this extremely
complex environment was another challenge for ATLAS and CMS. The distribution of
the mean number of pileup events in the two main periods of data taking at LHC is
shown in fig. 7. The operating parameters of LHC in the first years of operation are
compared to the design values in table I.

It should be lastly mentioned that the physics program of LHC includes high-energy
collisions of heavy ions. Four main experiments have been installed around the ring:
the two general purpose detectors, ATLAS [39] and CMS [40], LHCb [41], a specialised
detector for precision studies in the heavy flavour sector, and ALICE [42] a detector
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Fig. 7. — Distribution of the average values of pu. The parameter p is the average number of
additional proton-proton collisions per bunch crossing, as measured by the ATLAS experiment
(https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/InteractionsperCrossing/
muplot/2012/mu-2011_2012.eps).

optimised for the physics of heavy ions. Two more experiments, TOTEM [43] dedicated
in particular to the measurement of the total pp cross section, and LHC [44], designed to
study the production of neutral particles emitted at low angle in pp collisions, have been
also installed on the ring of the machine. LHC operations started in December 2009.

6'1. The ATLAS experiment. — The ATLAS (A Toroidal LHC ApparatuS) detector,
with its 44 m length, 25 m diameter and a weight of about 7000 tons, is the largest collider
detector ever built. A schematic view of this detector is shown in fig. 8.

The innermost system of ATLAS, the Inner Detector (ID), is immersed in a 2T axial
field produced by a superconducting solenoidal magnet. Silicon pixel and strip detectors

TABLE 1. — The main machine parameters of the Large Hadron Collider during the operations
in 2011 and 2012, compared to the design values [36-38].

Parameter 2011 2012 Nominal
Beam energy (TeV) 3.5 4.0 7.0
Bunch spacing (ns) 50 50 25
Number of bunches per beam 1380 1380 2808
8 (m) 1.0 0.6 0.55
Protons/bunch 1.45 x 10" 1.70 x 10" 1.15 x 10"
Norm. emittance (mm x mrad) ~ 2.4 ~ 2.5 3.75

Peak luminosity (cm™2s™") 3.7 x 1033 7.7 x 10*3 1.0 x 10%*
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Fig. 8. — Cut-away view of the ATLAS detector. The dimensions of the detector are 25m in
height and 44 m in length [39]. The overall weight of the detector is approximately 7000 tons.

allow the reconstruction and the measurement of charged particles produced in proton-
proton collisions in the pseudorapidity range |n| < 2.5 (n = log(tan(0/2)), where 6 is
the polar angle). The system is complemented by a straw-tube tracker in the region
[n| < 2.0, which enhances the electron identification through the detection of transition
radiation.

The ID is surrounded by the calorimeters system, composed of an electromagnetic
and a hadronic calorimeter. The high-granularity, sampling electromagnetic calorimeter
is based on a liquid argon and lead technology (LAr). It is made of a central module
(Inl < 1.475) and two endcap (1.375 < |n| < 3.2) ones. The LAr calorimeter is surrounded
by the Hadron Calorimeter (HC) which uses different technologies: scintillating tiles plus
iron for |n| < 1.7, liquid argon plus iron for 1.5 < |n| < 3.2, and liquid argon plus tungsten
for 3.1 < |n| < 4.9.

The muon spectrometer is the most external system of ATLAS. It is a large system
instrumented with tracking detectors immersed in a toroidal magnetic field of about 1T
in average, produced by three air-core superconducting magnets. The Monitored Drift
Tubes (MDTSs) are drift detectors capable of precise muon detection and momentum
measurement in the region |n| < 2.7. The MDT system is organised in three measurement
stations, each one at a constant distance from the nominal pp interaction point. The
innermost station of the endcap system is instrumented with Cathode Strip Chambers
(CSCs), because of a better capability to operate in an environment with high particle
flux. Resistive Plate Chambers (RPCs) in the barrel (|| < 1.05) and Thin Gap Chambers
(TGCs) in the endcap (1 < |n| < 2.4) are used to provide fast measurements for triggering
purposes and to contribute to the precision measurement of muons by MDTs and CSCs.
More details are available in ref. [39].
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Fig. 9. — Cut-away view of the CMS detector. The dimensions of the detector are 15 m in height
and less than 29m in length. The overall weight of the detector is approximately 14000 tons
(http://cms.web.cern.ch/news/cms-detector-design).

6'2. The CMS experiment. — The CMS (Compact Muon Solenoid) detector, with its
29m of length and 15m of diameter, is another gigantic device but more compact than
ATLAS. A schematic view of the experiment is shown in fig. 9. The driving idea of this
apparatus is the choice of a single, strong magnet, a large central solenoid capable of
providing a 3.8 T' magnetic field. The central solenoid contains both the inner tracking
detector and the electromagnetic and hadronic calorimetry. Charged-particle trajectories
are measured by the silicon pixel and strip tracker with full azimuthal coverage within
[n| < 2.4. On the contrary to ATLAS, the CMS ID does not use gas detector technology
and is fully based on silicon devices. A lead-tungstate crystal electromagnetic calorimeter
(ECAL) and brass/scintillator hadron calorimeter (HCAL) surround the inner tracker. A
quartz-fiber Cherenkov calorimeter (HF') extends the coverage of this system to |n| = 5.0.

Also for CMS, the outermost component of the detector is the muon system, consisting
of gas detectors interleaved with thick iron plates. The iron is also used as support
structure and return yoke of the central solenoid, therefore contributing significantly to
the large weight of the apparatus (about 14000 tonnes). Drift Tubes (DT), RPC and
CSC detectors are used to trigger on muons and to measure them precisely with a full
azimuthal coverage in the pseudorapidity region |n| < 2.4. More details are available in
ref. [40].

The nominal momentum and energy resolution of the central tracker, the muon system
and the calorimeter of ATLAS and CMS are summarised in table II.

7. — Production and decay modes of the Standard Model Higgs boson at LHC

While the Higgs boson mass is not predicted by the theory, within the Standard
Model its couplings to fermions and bosons must be proportional to the corresponding
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TABLE II. — Performance of the main components of the ATLAS and CMS detectors.

Subsystem ATLAS CMS

2T central solenoid;
Magnetic field Air-core muon toroids: 3.8'T central solenoid
0.5T barrel and 1T endcap + return yoke

Central tracking

momentum resolution 5% 10~ *pr ©0.01 1.5 x 10~ *pr ¢ 0.005
o(pr)/pr (pr in GeV) (pr in GeV)
Muon system
momentum resolution 2% for pr = 50 GeV 1% for pr = 100 GeV
o(pr)/pr 10% for pr = 1 TeV 5% for pr = 1 TeV
Electromagnetic
calorimeter 0.10/vVE @ 0.007 0.03/VE & 0.005
o(E)/E (E in GeV) (E in GeV)
Hadronic
calorimeter 0.50/vE @ 0.03 1/vVE @0.05
o(E)/E (F in GeV) (F in GeV)

particle masses (for fermions) or squared masses (for bosons). For this reason, the Higgs
boson production and decay are dominated by channels involving heavy particles, mainly
the W and Z bosons and the third-generation fermions. The Higgs does not couple to
photons and gluons at tree level, but only through one-loop graphs. For the gg — H
channel the main contribution is given by the tf and bb loops. For the vy — H channel
the dominant contributions come from W loops and again from loops of third-generation
fermions, dominated by loops of top quarks.

The main processes contributing to the Higgs boson production at a proton-proton
collider are gluon-gluon fusion, vector boson fusion, associated production with a W or
7 and Higgs radiation off a top quark. The corresponding cross sections are shown in
fig. 10, for a centre-of-mass energy of 7TeV, the initial energy of LHC [45]. It must be
noted that the total production cross sections at 7 TeV are about one order of magnitude
lower than the nominal LHC beam energy. While a continuous effort is ongoing on
improving the accuracy of the theoretical predictions on the production cross section,
in the following we shall focus our attention on the status of the computations at the
start-up of LHC.

7'1. Gluon-gluon fusion. — The gluon-gluon fusion is the dominating mechanism for
the Higgs boson production at the LHC over the whole mass range. The dominant
Feynman diagram for the process is shown in fig. 11(a). Results available for this pro-
cess at the beginning of LHC include next-to-next-to-leading order (NNLO) QCD con-
tributions, complemented with next-to-next-to-leading log (NNLL) resummation, and
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Fig. 10. — Higgs production cross sections for various production mechanisms at 7TeV as a
function of the Higgs mass [45].
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next-to-leading order (NLO) electroweak corrections. An uncertainty of 15-20% on the
calculation of this cross section is assumed, mostly depending on the choice of the parton
distribution functions (PDFs), and on higher-order QCD radiative corrections.

7°2. Vector-boson fusion. — The vector-boson fusion (VBF) cross sections are about
one order of magnitude lower with respect to gluon-gluon fusion for a large range of my
values. The two processes become comparable only for masses of the order of 1TeV.
Nevertheless, this channel is very interesting because of its clear experimental signature:
the presence of two spectator jets with high invariant mass in the forward region pro-
vides a powerful tool to tag the signal events and discriminate the backgrounds, thus
improving the signal-to-background ratio. Also for this process, NNLO QCD and NLO
EW calculations are available. The uncertainties are in general lower (of the order of 5%)
than those typical of the gluon-gluon fusion mode. The dominant Feynman diagrams for
this process are shown in fig. 11(b).

(a) (b)

Fig. 11. — Feynman diagrams for the Higgs boson production at hadron colliders via (a) gluon-
gluon fusion and (b) vector-boson fusion.
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(b)

Fig. 12. — Feynman diagrams for the Higgs boson production at hadron colliders associated with
(a) a W or Z and (b) with a pair of top quarks.

7°3. Associated production with W and Z. — In the Higgs-strahlung process the Higgs
boson is produced in association with a W or Z boson (VH), which can be used to tag the
event. The typical cross sections are orders of magnitude lower than those of gluon-gluon
fusion and are known at the NNLO QCD and NLO EW level. The inclusion of these
available contributions increases the LO cross section by about 20-25%. The typical size
of the uncertainty for this process is ~ 5%. The dominant Feynman diagrams for the
process are shown in fig. 12(a).

7'4. Associated production with a tt pair. — The last process is the associated produc-
tion of a Higgs boson with a ¢t pair. Also for this process, despite cross sections much
lower than the previous ones, the presence of a pair of top quarks in the final state can
be used as an experimental signature. For this process, only NLO QCD calculations
are available and the typical uncertainty on the cross section is ~ 10%. The dominant
Feynman diagrams for this process are shown in fig. 12(b).

7'5. Higgs width and decay modes. — The strategy for the Higgs boson identification
depends heavily on its mass, since, not only the production mechanisms, but also its
width and decay modes change dramatically with my across the full mass range. The
total width of the Higgs boson is shown in fig. 13 as a function of my. At low mass,
below the 2myy threshold, the Higgs boson is a very narrow resonance, with a width of a
few MeV, orders of magnitude smaller than experimental mass resolution of detectors at
hadron colliders. The width rapidly increases with mass reaching 1 GeV for mygy ~ 200.

For mpy > 2my, the total Higgs boson width is dominated by the WTW ™ and ZZ
partial widths that can be expressed as follows:

g>m3 3
(13) FH—?W*W— = 7}[\/ 1-— Tw (1 —rw + 1‘121)) 5

64mm?,

g*my 3,
(14) Tyoyzys=——44 /1—-2,4 1—xZ—|—chZ ,

1287rm%v
with
4m? 4m?
15 = —X = —~
( ) Tw m%] ) Tz m%{ )

For large my, zw and zz — 0 and the Higgs width grows as m?;.
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Fig. 13. — SM Higgs boson width as a function of the mass under the relativistic Breit-Wigner
assumption [45].

Summing together the two bosonic widths for large mass we get the simple expression

3
3myy

1 'y = —=
(16) H=VV ™ 3om2

For very large mp the width of the boson is comparable to its mass (I'y ~ mp at
~ 1.4TeV) and the definition of particle becomes meaningless. Experimentally, if the
Higgs boson were very heavy, it would have been extremely difficult to separate the Higgs
“resonance” from the V'V continuum.

Figure 14 shows the branching ratios as a function of the SM Higgs boson mass. The
partial width to fermions is proportional to the mass of the fermions squared while the
partial width to intermediate vector bosons is proportional to the fourth power of the
mass. Therefore, the fermionic decay modes dominate the branching ratio only in the
low-mass region (up to about myz = 150 GeV). In particular, the channel H — bb is here
the largest decay mode, since the bottom quark is the heaviest fermion available in this
region, and is followed by the H — 77 mode. With respect to the low-mass region, the
importance of the bosonic decay modes (H — vy H — ZZ") — llll H — WW®) —
Ivlv) must be noted. Even if their branching fraction is much smaller with respect to
the dominant bb mode, these channels have very clean experimental signatures. When
the decay channels into vector-boson pairs open up, they quickly dominate. A peak in
the H — WTW ™~ decay is visible around my = 160 GeV, when the production of two
on-shell W bosons becomes possible and the production of a real ZZ pair is still not
allowed. At high masses, above my = 350 GeV, also tt pairs can be produced but still
the bosonic decay modes dominate the full range up to 1 TeV.
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Fig. 14. — SM Higgs boson branching ratio in various decay modes as a function of the mass [45].

8. — The start-up of LHC: Rediscovering the Standard Model at /s = 7 TeV

The first LHC collisions were recorded by the experiments on November 23, 2009, at
a centre-of-mass energy /s = 900 GeV [46]. During this early physics run, the accel-
erator and the experiments performed exceptionally, resulting in impressive preliminary
results that showed excellent detector performance. The first results on charged particle
production were published after a very short time, and compared with existing results
from the CERN SppS and the Tevatron at Fermilab.

On February 27, 2010, the LHC was commissioned with 3.5 TeV proton beams. The
very first collision data at /s = 7TeV were recorded on March 30. From then onwards,
data were collected with increasing instantaneous luminosities. At the end of the 2010
proton-proton run, about 45 pb~! of data per experiment were recorded by ATLAS and
CMS. With this data sample, the two experiments were able to perform preliminary
detector calibration, in particular the alignment of the inner tracker and of the muon
system, and the calibration of the calorimeter energy scale.

The first data sample taken at /s = 7TeV was essential to “re-discover” the funda-
mental particles of the Standard Model. Production of jets, W and Z bosons, as well as
top quarks, were measured and compared to Standard Model predictions. Moreover, the
understanding of the Standard Model processes was crucial not only to test this theory
at an unprecedented energy scale, but also to control the background processes affecting
Higgs boson and New Physics searches.

This section collects examples of the most important early studies performed by the
general purpose experiments with the first data taken at the early collision energy pro-
vided by LHC. Figure 15(a) shows the Jacobian peak of the W — ev decay as recon-
structed in ATLAS [47], while fig. 15(b) shows the measured rate of the W and Z leptonic
decays by CMS [48], compared to the Standard Model expectation. The total inclusive
W- and Z-boson production cross section times the leptonic branching fractions were
measured with an experimental uncertainty smaller than 4%. The measurements were
found in agreement with Standard Model predictions within this experimental uncer-
tainty and the theory uncertainty (about 5%).
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Fig. 15. — (a) ATLAS distribution of the electron E7 of the W candidates after final selection.
The data are compared to Monte Carlo simulation, broken down into the signal and various
background components [47]. (b) Summary of the ratios of the CMS measurements to their
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Fig. 16. — Measured cross section by ATLAS for Z — Il + jets as a function of the exclusive jet
multiplicity, Njets, in events passing the VBF selection (at least two jets with transverse mo-
mentum larger than 30 GeV, rapidity larger than 4.4 units, invariant mass larger than 350 GeV
and with a rapidity separation larger than 3 units) [49].
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Fig. 17. — Photon differential production cross section as a function of its transverse momentum
pay in the presence of accompanying jets produced in the central rapidity region |njet| < 1.5 [50].
The measured cross sections (markers) in four different ranges of the photon rapidity 7, are
compared with the SHERPA tree-level MC (solid line) and the NLO perturbative QCD calcula-
tion from JETPHOX (dashed line). The cross sections for the most central photons are scaled
by factors of 20 to 8000 for better visibility. Error bars are statistical uncertainties and the
shaded bands correspond to the total experimental uncertainties.

The associated production of vector bosons with high-py jets is one of the most
important background processes to Higgs boson searches. Furthermore, the production
of vector bosons plus jets is an important test of the SM perturbative QCD. Production
cross sections as a function of the inclusive and exclusive jet multiplicities and their ratios,
as well as differential cross sections as a function of transverse momenta and rapidity of
the jets including angular separation between the leading jets, were studied by ATLAS.
The studies considered inclusive and VBF selections [49]. Figure 16 presents the absolute
cross section as a function of the exclusive jet multiplicity observed by ATLAS in Z + jets
events after a selection optimised to enhance events due to vector-boson fusion processes.
The data are found to be consistent with BLACKHAT+SHERPA predictions.

Photon+jets (direct photon) events are a major source of background to Standard
Model measurements, most notably for the search for a light, neutral Higgs boson in
the decay channel H — ~~. Furthermore, studies of events containing a photon and
one or more jets in the final state provide a direct probe of quantum chromodynamics.
The production cross sections, examined for various angular configurations, are sensitive
to contributions from the QCD hard-scattering subprocesses and to parton distribution
functions (PDFs) of the proton. Measurements of these cross sections serve to constrain
PDF models and provide information for improving phenomenological Monte Carlo mod-
els, and for testing the applicability of fixed-order perturbative calculations over a wide
range of kinematic regions. Figure 17 shows the measurement of the triple-differential
cross section (d®c/dpj.dnYdni®®) for |ne| < 1.5, as measured by CMS [50]. Although
predictions from SHERPA were observed to be lower than those from JETPHOX, the
measured cross sections were found to be consistent with both MC predictions within
systematic uncertainties over most of the measured kinematic regions.
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Fig. 18. — ATLAS differential cross section as a function of the leading jet pr for events with
at least two reconstructed jets in the event. The results are compared to different leading-order
Monte Carlo simulations normalised to the measured inclusive two-jet cross section [51].

In addition to their role in testing QCD, jet events are an important background in
searches for new particles and interactions at high energies. For this reasons, early studies
of jet production at LHC were conducted with care by ATLAS and CMS. Figure 18 shows
the differential cross section, measured by ATLAS, as a function of the leading jet pr
for events with at least two reconstructed jets in the pseudorapidity region |n| < 2.8,
with pr > 30 GeV [51]. The comparison to leading-order Monte Carlo simulation shows
reasonable agreement between data and predictions.
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The differential distribution measured by ATLAS [53] is compared to the QCD NLO calculation.
The black vertical error bars on the data points denote the total combined uncertainty, the green
error bars denote the statistical uncertainty, while the red band denotes the theory predictions
calculated at NLO using MCFM. Uncertainties on the predicted values include the PDF and
scale uncertainties. The horizontal error bars indicate the bin width.

The top quark was first observed in the proton-antiproton collision at /s = 1.8 TeV at
the Fermilab Tevatron collider. At the LHC, the ¢t production mechanism is expected to
be dominated by the gluon fusion process. Measurements of the top quark production at
this collider are important to understand the production mechanism of this quark. This
was a crucial component of the early LHC physics programme, since many signatures
of New Physics models, as well as many Higgs boson search final states, either suffer
from top quark production as a significant background, or contain top quark themselves.
Figure 19 shows the measurement of the inclusive cross section production of the ¢ pairs
performed by CMS [52] and compared to the findings at the Tevatron collider. Similar
results were obtained also by ATLAS. These measurements were found to be in good
agreement with the QCD predictions, based on full NLO matrix element calculation.

At hadron colliders, alternative production modes contribute to the production of
single top quark final states. These modes can be grouped in three basic subprocesses: the
exchange of a virtual W boson in the ¢-channel (¢’g — tqb), or in the s-channel (¢ — tb),
and the associated production of a top quark and an on-shell W boson (bg — Wt). The
single top quark production represents a background source to Higgs boson searches that
cannot be neglected. It is also sensitive to many BSM physics processes. Furthermore, it
provides a direct probe of the W-t-b coupling. As an example of many studies performed
at LHC, fig. 20 shows the ATLAS result on the differential production cross section of
the single top quark as a function of its transverse momentum. The measurement is
compared to the theory prediction, based on MCFM [53].

The understanding of diboson (V'V') production in proton-proton collisions is a crucial
test of the Standard Model. V'V processes are sensitive to self-interactions between gauge
boson via trilinear gauge couplings (TGC). The values of these couplings are fully fixed
in SM, and hence any deviation would indicate presence of New Physics at the LHC
energy scale.
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the uncertainty band corresponds to the statistical and systematic uncertainties in the predicted
yield. The last bin includes the overflow. In the box below, the ratio of the observed CMS event
yield to the total SM prediction is shown.

Measurements were performed by ATLAS and CMS with the full 7 TeV data sample,
and both found consistency with the Standard Model predictions; see for example [54,55]
and fig. 21, where the transverse momentum of dileptons for events selected to measure
WHW = — Itvl~v processes in CMS is compared to theory predictions.

Figure 22 summarises the main results on SM measurements obtained by ATLAS and
compared to the theory predictions; 8 TeV data are also included in the plot. Similar
results were obtained by CMS.

LHC produced proton-proton collisions till the end of October 2010. After the first
week of November, the machine was used to collide Pb ions at the centre-of-mass energy
V3NN = 2.76 TeV per nucleon pair. The data collected by ATLAS and CMS allowed the
first direct observation of jet quenching in heavy ion collisions [56,57]. This was one of
the first important results of the LHC physics programme.

LHC operations started again in spring 2011, with 4.0 TeV beam energy, till about
the end of the year.

Higgs boson searches were performed by ATLAS and CMS with the 7 and 8 TeV data.
The results on this search are described in the next sections.

9. — Early Higgs boson hunting at /s =7 TeV

As soon as it was evident that LHC would have run for several years only at about
half of the nominal energy and with instantaneous luminosity lower than the nominal
L =1x10%*cm~2s7!, the chances to discover quickly the new boson were considered by
many extremely low. As a matter of fact, all physics studies performed in preparation
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Z vector-boson inclusive cross sections were measured with 35pb~! of integrated luminos-
ity from the 2010 dataset. All other measurements were performed using the 2011 dataset
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for the new machine assumed the large production cross sections at 14 TeV and such a
huge statistics of data that would have allowed the discovery of the new particle in the
full range of mass in a single channel.

As an example of these studies, fig. 23 shows the expected signal for a Higgs boson in
the low-mass region as reconstructed by the ATLAS detector in the decay mode H — ~7,
with LHC running at 14 TeV and 100 fb=! of data [58]. It is clear that, with such a large
statistics, a single experiment would have had the potential of a clean 50 discovery in
a single channel, namely H — ~~, if the Higgs boson mass had been below 140 GeV.
Similarly, clear signals would have been achievable for masses between 130 and 500 GeV
using H — ZZ™) — [11l while, in the high mass region, one could have used the decay
mode H — ZZ — lljj, which is basically background-free for masses exceeding 500 GeV.

With LHC running at 7 TeV, and the perspective of getting an integrated luminosity
in the range of a few fb~!, even for the most promising decay modes, a handful of events
was expected over significant backgrounds. No single channel could have led to signals
strong enough to claim an observation. Therefore, a new strategy for hunting the Higgs
boson was definitely needed.
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Fig. 23. — Invariant mass distribution of di-photon events in ATLAS in the presence of a Higgs
signal at 120 GeV for 100fb~" of data at 14 TeV [58].

Several new studies were performed in the second half of 2010, and the results were
officially adopted by the two collaborations at the end of that year, when the target of
discovering the SM Higgs boson, or definitely exclude it, using the 7 TeV data of LHC
was set as an official goal of the two collaborations.

A key element of the new strategy was the challenging proposal of improving by all
means the sensitivity of each individual search to combine together, for each mass region,
the largest possible set of decay channels.

In the high mass region the studies were based on the H — WW and H — ZZ decay
modes each one reconstructed in several channels i.e. H — WW — [Tvqq combined with
H—WW — I"vi“vand H — ZZ — IT1™qq combined with H — ZZ — [T]"vv and
H—ZZ -1t

In the low-mass region the sensitivity of the two bosonic modes, H — WW* —
I"vimv and H — ZZ* — ITI71Tl~ was extended down to 120 GeV while they were
combined with the other well-known bosonic channel H — . In the attempt to leave
no stone unturned, both collaborations deployed a substantial effort to address even the
two extremely challenging fermionic modes: H — bb and H — 77.

It must be considered that, for each one of these channels, several independent sub-
channels were carefully studied considering signatures enhancing different production
mechanisms (i.e. vector-boson fusion or associate production) and various decay modes
of the decay products (i.e. different decay modes of the 7 leptons in the channel H — 77).
Many new studies were simply organised from scratch using collision data to improve the
understanding of the major physics tools.

The complex and challenging new strategy was made possible thanks to the efforts
of many hundreds of physicists fully devoted to produce an in-depth revision of the
previously performed studies, in addition to the deployment and validation of several
innovative analysis techniques.

An example of the new approach is shown in fig. 24. The plot summarises in (a) the
potential of the CMS experiment in excluding the presence of the Standard Model Higgs
boson with just 5fb~! of data at 7 TeV for various mass hypothesis. It is evident that, by
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Fig. 24. — (a) Projected exclusion limits at 95% C.L. for the presence of a Standard Model
Higgs boson in the mass region between 120 and 600 GeV with 5fb™! of data at /s = 7TeV.
(b) Projected significance of the observation of a Standard Model Higgs boson in the same mass
region and with the same statistics [59].

combining together a large set of decay channels, it would have been possible to explore
carefully the entire mass region between 115 and 600 GeV. The plot in (b) shows the
projected significance of the observation that CMS would have reached in the presence
of a SM Higgs signal in the same mass region [59].

It is worth noticing the extremely challenging situation of the low-mass region, the
one favoured by the indirect indications coming from the global electroweak fit. If the
Higgs boson had been hidden in the mass region between 115-130 GeV, with 5fb~! of
data we could have started seeing small excesses of events with a significance of 2-30
only. Therefore, every single channel of some relevance for the search in the low-mass
region could have played a significant role in the route to a potential discovery. Similar
results were obtained for ATLAS.

This explains why both collaborations invested a huge effort in optimising the most
important physics tools, in improving the efficiency in reconstructing each physics object,
in extending the sensitivity of the most important channels for the Higgs search towards
the low-mass region.

As an example of these efforts, fig. 25 shows the careful studies performed in CMS
to extend the efficiency in reconstructing low pr muons down to values as low as 5 GeV.
The motivation for this work comes from the need of extending the sensitivity of the
“golden” channel, H — ZZ*) — ptp~ptp~, in the very low-mass region.

The signature of this channel is quite striking: two pairs of oppositely charged, isolated
muons, with at least one pair yielding an invariant mass compatible with the mass of a
Z. A 120-130 GeV mass Higgs boson decaying into a final state of 4 muons would pass
through the decay of a real Z, yielding the usual pair of high pr muons, and of an off-shell
Z, whose decay products would be much softer. Since this clean decay mode could yield
a handful of events, each gain in efficiency in reconstructing the low pr muons could have
had an impact on the overall result. A single low p7 muon lost in these very rare events
could have implied the loss of an opportunity to identify the long sought particle. The
efficiency in reconstructing these low pr muons has been studied using methods based
on the reconstruction in data of events with muons coming from Z and J/VU versus pr
and in various pile-up conditions [60].
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Fig. 25. — (a) CMS study of the reconstruction efficiency for muons versus pr using events with
Z and J/v. (b) Study of the reconstruction efficiency for muons as a function of the number of
vertexes in the event [60].

Figure 26 shows instead the studies, performed in ATLAS, on the calibration of the
electromagnetic calorimetry. The study is necessary to fully exploit the potential of
another key channel for the low-mass region: H — v. In this case we are looking for
a tiny signal superimposed to a steeply falling background of mostly irreducible QCD
photons. Each gain in resolution translates immediately in increased sensitivity and
this explains why such an incredible effort was put in improving the calibration of the
calorimeters and in trying to understand the most subtle systematics effects.

The calorimeter response was carefully studied using electrons from Z and J/¢ —
eTe” and from W — ev and the results were used to carefully tune the Monte Carlo
description of the detector response. Figure 26(a) shows the comparison between data
and MC for the Z in electrons as reconstructed by the ATLAS calorimeter.

These studies yielded an excellent control of the energy scale at the mass of the Z,
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Fig. 26. — (a) Study of the resolution of the electromagnetic calorimeter using electrons in

Z events and comparison with the MC simulation. (b) Study of the mass resolution in the
reconstruction of a 120 GeV Higgs decaying into photons in various pile-up conditions. The
parameter u gives the average number of proton-proton collisions per bunch crossing.
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known at 0.5%, with a linearity better than 1% and a uniformity (constant term of the
resolution) 1% in the barrel and 1.7% in the end-cap calorimeter.

The electron scale and resolution is then transported to photons, using Monte Carlo
simulations that take into account the different behaviour of electrons and photons in
the detector, and these data are used to evaluate the resolution for a Higgs boson signal
of mass 120 GeV in different pile-up conditions, see fig. 26(b).

Detailed studies were performed by both collaborations also on jets, electron, muon
and tau reconstruction, jet energy scale calibration, missing transverse energy resolution,
b-tagging performance etc.

10. — First evidence of a neutral 125 GeV new particle

The collection of the first 2.3fb~! did not show any significant excess of events in
the Higgs boson searches and limits on its mass were set assuming Standard Model
production cross sections and decay rates. Preliminary results were shown at the Lepton-
Photon Interactions at High Energies conference, held in Mumbai (India) in the summer
of 2011. ATLAS excluded a SM Higgs boson at 95% confidence level (C.L.) in the mass
regions 144-232 GeV, 256-282 GeV and 296-466 GeV [61]. CMS data excluded similar
mass regions: 145-216 GeV, 226-288 GeV and 310-400 GeV.

For the quantity of data collected, in the absence of a signal, it was expected to
exclude the presence of the Higgs boson signal in the mass range 130-450 GeV. The
difference between the expected and observed exclusion mass ranges was explained as
consistent with statistical fluctuations in data. The exclusion limit in the mass region
110 < mpy < 135GeV was determined by the combination of the H — v and H —
WW ™) — [vly decay channels. For mg up to 180 GeV, the limit was dominated by the
H — WW®) — [uly decay, while the channels H — ZZ*) — llll and H — ZZ*) —
[lvy dominated the exclusion limit for mygy > 180 GeV.

At the end of October 2011, the proton-proton collision campaign was concluded.
Thanks to a careful exploration of the main parameters of the machine, the performance
of the LHC accelerator throughout the whole year exceeded by far the most optimistic
expectations. About 5fb~! of data per experiment were collected, to be compared with
an official goal of 1fb~!. For the first time the amount of data was large enough to allow
experiments to say something significant on the Higgs boson search in the full mass region.
The analysis of the new data was performed with high priority in both experiments to
investigate their findings in the mass intervals still not excluded in summer. Preliminary
results were available before the end of the year.

Before entering the description of these results, it is worth focusing the attention on
the main characteristics of the three bosonic channels: H — WW* — [Tvi~v, H — v
and H — ZZ* — ITI71T1~. These channels are the most sensitive channels for the
exploration of the low-mass region and indeed they did play a crucial role both for the
first evidence of a signal and for the actual discovery.

10'1. H - WW* — [Tvl~v. — With a series of improvements in lepton identification
and missing F7 reconstruction, it was possible to extend the sensitivity of this channel
down to 120 GeV. The analysis is split into same and different flavour categories and
includes also sub-categories, based on the number of jets present in the event, to exploit
different production mechanisms (gluon-gluon fusion and VBF). The zero-jet, electron-
muon category has the best signal sensitivity. The main backgrounds for this channel
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are irreducible non-resonant WW production and reducible W + jets processes, where
a jet is misidentified as a lepton. Useful discriminating variables are the opening angle
between the two charged leptons in the event, the invariant mass of the two leptons and
mr, the transverse mass of the system. Different analysis paths are used to cross check
the results: the usual “cut and count” approach and more sophisticated analyses based
on the shape of the distributions and on multidimensional fits.

Since a significant missing transverse energy is present in the events due to the two
neutrinos produced in the decay, the mass resolution of this channel is quite low (20%).
Therefore, even in the presence of a signal, it was not expected to see a narrow peak
in the distributions. In this channel the SM Higgs boson would have appeared as a
broad excess of events in the low-mass end of the invariant mass distribution of the two
leptons or in the transverse mass distribution of the system. To get an unambiguous
evidence it was therefore mandatory to cross-check the outcome of the high resolution
channels.

10'2. H — ~vy. — The signature of this decay mode is quite spectacular: two very
energetic, isolated photons, accompanied by a number of low pr tracks associated to the
underlying event. A search for a narrow mass peak over a smoothly falling background
in the invariant mass distribution of di-photon events was performed. The background
is mostly irreducible QCD di-photons and is measured directly from the sidebands of the
invariant mass distribution. The challenges for this channel are the photon identification,
the right assignment of the vertex and the calibration of the electromagnetic calorimeters
(already mentioned in sect. 9).

To enhance the sensitivity of the analysis, candidate di-photon events are separated
into mutually exclusive categories of different expected signal-to-background ratios. Cat-
egories were based on the properties of the reconstructed photons and on the presence of
two jets satisfying criteria aimed at selecting events in which a Higgs boson is produced
through the VBF process. The analysis used multivariate techniques for the selection
and classification of the events.

The exclusive di-jet tag selection has the best signal purity, S/N = 1/3, to be com-
pared with the S/N = 1/30 of the standard selection for the gluon-gluon fusion production
mechanism. The outstanding resolution of the electromagnetic calorimeters of ATLAS
and CMS and the excellent vertexing performances of the two detectors translated into
a mass resolution for this channel between 1 and 2%.

103. H — ZZ* — IT171"I~. — Also for this decay mode the signature is striking:
two pairs of oppositely charged, isolated leptons in the event with two high pr leptons
building an invariant mass compatible with a Z. The full kinematics of this decay mode
is accessible and the invariant mass of the system can be fully reconstructed. The channel
is extremely clean with an excellent signal purity (S/N = 1) but the number of expected
events is very low (¢ = 2-5fb). The main backgrounds are ZZ* (irreducible) and Zbb,
Zce, Z+jets, tt, W Z+jets that are suppressed with isolation and impact parameters cuts
on two softest leptons. The excellent pr resolution for electrons and muons of ATLAS
and CMS translated in a 1-2% mass resolution also for this channel.

The signature for a low-mass Higgs boson would have been therefore extremely clear:
a broad excess in the H — WW* — [Tvl~v channel coupled to a coincidence of narrow
mass peaks in the same window for the two high resolution channels H — ~~ and
H— Z7Z* = 1T~ 1T,
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Fig. 27. — (a) The ATLAS observed (full line) and expected (dashed line) 95% C.L. combined
upper limits on the SM Higgs boson production cross section divided by the SM expectation as
a function of mpy in the full mass range considered in the analysis [62]. The dotted curves show
the median expected limit in the absence of a signal and the green and yellow bands indicate the
corresponding +1 and 2 s.d. intervals. (b) The CMS observed local p-value po as a function of
the SM Higgs boson mass mpy in the range 110-145 GeV. The dashed line shows the expected
local po values, still as a function on mg [63].

The preliminary results coming from the 2011 data were available before the end of
the year by both ATLAS and CMS. Two important seminars were held at CERN, on
December 13, 2011, where the two collaborations showed and discussed these results.

Both collaborations excluded the presence of the SM Higgs boson in the high mass
region while it was not possible to exclude it in the region between 115 and 127-129 GeV
due to the presence of an excess of events.

The CMS 7TeV data sample excluded at 95% C.L. a SM Higgs boson with mass
my > 127GeV and my < 600 GeV, while those recorded by ATLAS excluded this
particle with myg > 129.2 GeV up to my = 560 GeV, and of a couple of narrow intervals
in the low-mass region (111.4 GeV to 116.6 GeV and 119.4 GeV to 122.1 GeV); see also
fig. 27(a).

In the low-mass region, the largest excess was observed by ATLAS for a mass of
126 GeV [62], and by CMS for a mass of 124 GeV [63], yielding a local significance of
3.5 and 3.1 s.d., respectively. Figure 27(b) shows the local significance observed (and
expected) by CMS. This excess was seen predominantly in the H — vy and H —
Z7Z) — 1111 final states, see fig. 28(a) and (b).

The excess seen by both collaborations around 125 GeV was particularly intriguing
since it appeared in both data sets with characteristics very similar to the ones expected
for a preliminary evidence of a SM Higgs boson.

On the other hand the statistical significance of the two excesses was not large enough
to claim anything conclusive. Taking into account the so-called look elsewhere effect [65]
for the not yet excluded region below 145 GeV, a global significance of 2.5 s.d. (2.1 s.d.)
was estimated by ATLAS (CMS).

Both collaborations concluded that more data were needed to explain the nature
of this tantalising excess. The call for the 8 TeV run, scheduled for 2012, represented
therefore a major appointment with the physics at the Large Hadron Collider.
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Fig. 28. — (a): Invariant or transverse mass distributions for the selected candidate events, the
total background and the signal expected in the H — ~v channel using the /s = 7TeV data
sample recorded by ATLAS [62]. (b): Distribution of the four-lepton reconstructed mass for the
sum of the 4e, 4p and 2e2u channels using the /s = 7 TeV data sample recorded by CMS [64].

11. — July 2012: The discovery of the Higgs Boson

In 2012, the proton-proton collision center-of-mass energy of the LHC was raised from
7TeV to 8 TeV. Accordingly, the production cross section for my values around 125 GeV
would have increased by 27%.

The Higgs boson searches were performed by ATLAS and CMS with extraordinary
care over the entire mass interval, with a particular attention to the low-mass region,
where the 7 TeV data indicated an intriguing excess, as discussed in the previous section.

The data were recorded with instantaneous luminosities up to 6.8 x 103 cm=2s71,
and they were affected by significant event pile-up. In the 7TeV data, the average
number of interactions per bunch crossing was approximately 10; this value increased to
approximately 20 in the 8 TeV data.

The reconstruction, identification and isolation criteria for electrons and photons were
improved to mitigate the effects of these multiple pp collisions. Similarly, the data analysis
used for the search for the Higgs particle in the bosonic channels were optimised to com-
pensate the effects induced by the pile-up. Searches were conducted also in the fermionic
final states, H — 77 and H — bb, following the analyses made for the 7TeV data
set. Detector calibrations were refined, in particular the electromagnetic calorimeters, to
further improve the reconstruction of diphoton and 4-lepton events where electrons are
present.

Both ATLAS and CMS analyses were performed in a “blind” way: the event selection
was optimised and finalised studying data control sample and Monte Carlo simulation,
before looking at the results in the kinematic region dedicated to the signal search.

The search was performed using the first 5fb~! recorded by the two experiments at
/s = 8TeV, including the full 5fb~! data set taken at 7 TeV.

A concise review of the main results that led to the discovery of a new neutral particle
with mass near 125 GeV is given below. The details of the data analyses are available
in the original papers from ATLAS [66] and CMS [67] (CMS published afterwords a
long-version paper of this analysis [68]).



THE DISCOVERY OF THE HIGGS BOSON AT THE LARGE HADRON COLLIDER 541

= E ' ' 3
3 3500:_1‘. ATLAS + Data 3
N S Sig+Bhg Fit (M,=126.5GaV) J
€ E - - Bkg (4th arder polynomial) 3
5 2500 l,.‘ -
2000F- . 3
= “' 3
1500E- (57 Tev, [Lotea st e E
= - E
1000 {zon Tev: Lot=5.0tt " B -
s00E () Hosyy B
2 200E ' -
s "F 444t ﬁ*-” b L4 CMS {s=7TeV L=51f"\5=8TeV,L =53’
% 0:+,++'+ +++, h“*?‘f o ‘+] % A e e e
-100F- E >
S oo ! 3 O | 3 Unweighted
3 r ' i " ' 7 [Te] L 1500
& }  Data S/B Weighied ] = -
L Sig+Bhg Fit (m =126.5 Gev) ] 1500 =
2 E gy e Bkg [4th order polynomial) | ] 5 %
= 80— =3 a— L g
k- = — =4
g . 1 g L 1w 1000
“o oo - A
@ ] g‘mﬂl}_ 120 130
- 1 B : el
20 . 5 N ]
F ot ] 0] [ & Daa L) 1
£ °F 3 = 5001 " sipr - 3
8 4E 2 —_ i B Fit Component
% ofF -] ‘: EE I t1e
= 4 3 ) | 20 ]
Z s @ 3 L PN PR B W WGP S
100 1 120 130 140 180 160 2 10 120 130 140 150
my, [GeV] m,, (GeV)
(a) (b)

Fig. 29. — Left plot: the ATLAS distributions of the invariant mass of diphoton candidates after
all selections for the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown in a)
and a weighted version of the same sample in c); the weights are explained in the text. The result
of a fit to the data of the sum of a signal component fixed to my = 126.5 GeV and a background
component described by a fourth-order Bernstein polynomial is superimposed. The residuals
of the data and weighted data with respect to the respective fitted background component are
displayed in b) and d) [66]. Right plot: the CMS diphoton invariant mass distribution with each
event weighted by the S/(S+ B) value of its category. The lines represent the fitted background
and signal, and the coloured bands represent the £1 and +2 standard deviation uncertainties
in the background estimate. The inset shows the central part of the unweighted invariant mass
distribution [67].

11°1. The H — v decay channel. — The distributions of the invariant mass, m.~, of
the diphoton events for ATLAS and CMS are shown in fig. 29, for all event categories.

A significant excess of events was observed by ATLAS and CMS in this decay channel
for a value of my around 125 GeV. ATLAS observed a local p-value of 4.5 standard de-
viations at mpy = 126.5 GeV, while CMS observed a value corresponding to 4.1 standard
deviations assuming mpy = 125 GeV. The expected local p-values for a SM Higgs boson
were 2.5 and 2.8 standard deviations, respectively, evaluated at the stated Higgs boson
mass.

The background was estimated from data by fitting the diphoton mass spectrum
in the mass range 100-160 GeV by ATLAS, and 100-180 GeV by CMS. The choice of
the function(s) used to model the background was based on a study of the possible
bias introduced in the measured signal strength. A fourth-order Bernstein polynomial
function was chosen by ATLAS [69], while CMS adopted a polynomial function. The
degree was chosen by requiring that the potential bias be at least a factor of 5 smaller than
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Fig. 30. — The observed local po as a function of the hypothesised Higgs boson mass mpg for
the H — ~~ channel. The dashed curves show the expected local po under the hypothesis of a
SM Higgs boson signal at that mass. Results are shown separately for ATLAS [66] (left plot)
and CMS [67] (right plot) for the 7TeV (blue) and 8 TeV data (red), and their combination
(black). The dashed lines show the expected local po for the combined data sets, should a SM
Higgs boson exist with mass mpg. The additional lines show the values for the two data sets
taken individually. The dashed lines show the expected local p-value for the combined data sets,
should a SM Higgs boson exist with mass mg.

the statistical accuracy of the fit prediction, and it ranged from 3 to 5. The description
of the Higgs boson signal was obtained from Monte Carlo simulation. The shape of
the diphoton system invariant mass has been modelled by the sum of a Crystal Ball
function [70]. The expected full width at half-maximum (FWHM) was 3.9 GeV for the
inclusive ATLAS sample; similarly for CMS.

The dominant experimental uncertainty on the signal yield (+8%, £11%) came from
the photon reconstruction and identification efficiency, which was determined from data
using Z — ee decays. Pile-up modelling also affected the expected yield and contributed
to the uncertainty (+4%).

In order to enhance the sensitivity of the analysis to the different Higgs boson pro-
duction modes and final state topologies, events were separated into several mutually
exclusive categories, having different mass resolutions and different signal-to-background
ratios.

The weight w; used to plot the ATLAS results in fig. 30(a) was estimated for each
category i to be In(14-5;/B;), where S; is 90% of the expected signal for mpg = 126.5 GeV,
and B; is the integral in the window containing S; of a background-only fit to the data.
The CMS distribution, shown in fig. 30(b), was obtained using a very similar procedure:
the events are weighted according to the category ¢ in which they fall with a factor
proportional to S;/(S; + B;). Both collaborations showed also the results obtained with
unweighted events.

112. The H — ZZ™*) — 1lll decay channel. — As already explained, in the H —
ZZ™) — 11l decay mode, a search is made for a narrow four-lepton mass peak on top
of a small and smooth background. The excellent mass resolution of the two detector
played a crucial role in searches for new particles decaying to multi-lepton final states.

Only the search in the mass region 110-160 GeV was performed. The background
affecting this search has been already illustrated in the previous section. The ZZ*
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Fig. 31. — Left plot: the ATLAS distribution of the four-lepton invariant mass, my;, or the
selected candidates, compared to the background expectation in the 80 to 250 GeV mass range,
for the combination of the /s = 7TeV and /s = 8 TeV data. The signal expectation for a
SM Higgs with mpg = 125 GeV is also shown. From ATLAS COLLABORATION (AAD G. et al.),
Phys. Lett. B, 716 (2012) 1, http://dx.doi.org/10.1016/j.physletb.2012.08.020. Right
plot: the CMS distribution of the four-lepton invariant mass for the H — ZZ®) — [lll analysis.
The points represent the data, the filled histogram represent the background, and the open
histogram shows the signal expectation for a Higgs boson of mass mpyg = 125 GeV, added to
the expected background. The inset shows the my; distribution after the selection of events
performed by a multi-variate analysis. From CMS COLLABORATION (CHATRCHYAN S. et al.),
Phys. Lett. B, 716 (2012) 30, http://dx.doi.org/10.1016/j.physletb.2012.08.021.

continuum was estimated using the MC simulation normalised to the theoretical cross
section prediction, while Z +jets and tf yields were evaluated using control data samples.
The uncertainties on the integrated luminosity corresponding to the data used in the
analysis were determined to be 1.8% for the 7TeV sample, and 3.6% for the 8 TeV
sample. The uncertainties on the lepton reconstruction and identification efficiencies, as
well as the lepton momentum scale and resolution, have been determined with samples
of W, Z and J/¥ decays to electron and muon final states. The uncertainty for muons,
in ATLAS was found to be below 1% for each of the three possible sub-channels 4p and
2e2pu. For electrons, it was found to be around 2% for 4e and 2u2e final states. The
impact of the lepton energy scale was found to be at similar level. Similar figures were
found by CMS.

The theoretical uncertainties on the background prediction was calculated to be £5%
(QCD scale) on the total yield, while the effect of the PDFs and ag was +4% (+8%) for
the processes initiated by quarks (gluons).

Figure 31 shows the distribution of the four-lepton invariant mass after event selection
found by ATLAS (left plot) and CMS (right plot). There is a clear peak at the Z boson
mass where the rare decay Z — 4l is reconstructed, and its related event yield was found
in agreement with SM predictions. This represented a strong test of the capability of
the detector and the analysis to detect a 4-lepton resonance as expected. The figure

shows also an excess of events well above the expected background again around a mass
of 125 GeV.
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Fig. 32. — The observed local pg as a function of the hypothesised Higgs boson mass mp for the
H — ZZ“) — [lll channel. The dashed curves show the expected local pg under the hypothesis
of a SM Higgs boson signal at that mass. Results are shown separately for ATLAS [66] (left
plot) and CMS [67] (right plot) for the 7 TeV (blue) and 8 TeV (red) data, and their combination
(black). The dashed lines show the expected local po for the combined data sets, should a SM
Higgs boson exist with mass mg.

ATLAS observed a local p-value of 3.8 standard deviations at my = 125.0 GeV, while
CMS observed a value corresponding to 3.2 standard deviations at my = 125.6 GeV.
The expected local p-values for a SM Higgs boson were 2.7 and 3.8 standard deviations,
respectively, at the stated Higgs boson mass. These results are also shown in fig. 32.

11'3. The H — WW®™ — lvlv decay channel. — For a Higgs boson mass of 125 GeV,
the H — WW®) — [uly decay has the second largest branching fraction and is an
important final state to test the nature of the resonance observed in the v+ and 4-lepton
final states. ATLAS and CMS analysed final states where the lepton is either an electron
or a muon.

Finding such a signal in the complex environment of a hadron collider and in the
presence of a significant event pile-up is challenging. A complete reconstruction of all
the final-state particles is not possible because of the presence of neutrinos which are
not directly detected. Kinematic observables such as the opening angle between the
two charged leptons in the transverse plane, the dilepton mass my;, and the transverse
mass of the system, my, of the two leptons and the neutrinos, were used to distinguish
not only the Higgs boson signal from background processes with similar signature, but
also between the SM Higgs boson hypothesis and other narrow exotic resonances with
different spin or parity.

The Drell-Yan (DY) process is the dominant source of events with two identified
leptons, and has an important contamination with same-flavour lepton pairs. The DY
background is strongly reduced in events of different flavour lepton pairs, eu, as they
arise from the production of 7+ 7~ pairs. For this reason, the data have been studied in
two different categories, the ee/up category and the eu category. Since the evpr channel
provides most of the sensitivity of the search, only this final state was used by ATLAS
in the analysis of the 8 TeV data.

Events were classified counting the number of jets reconstructed in the event in three
different sub-categories: njet = 0, Njer = 1 and njer > 2. The ggF Higgs boson production
mode contributes mainly in the nje; = 0,1 sub-categories. Important backgrounds are
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Fig. 33. — Left: the ATLAS distribution of the transverse mass, mr, in the O-jet and 1-jet
analyses of the evuv final state events satisfying all selection criteria [66]. The expected signal
for my = 125GeV is shown stacked on top of the background prediction. The W + jets
background is estimated from data, and WW and top background Monte Carlo predictions are
normalised to data using control regions. The hashed area indicates the total uncertainty on
the background prediction. Right: the CMS Distribution of the invariant mass of the dilepton
system, my, for the 0-jet category evuv category using 8 TeV data [67]. The signal expected
from a SM Higgs boson with mass mg = 125 GeV is shown on top of the expected background.

also t¢ production and W + jet(s) events with one mis-identified lepton. The contam-
ination from top quark processes was reduced vetoing b-tagged jets. The VBF Higgs
production was selected mainly in the nje; > 2 sub-category. Top quark events represent
the most important background to multijet final states. The irreducible pp — WW back-
ground is present in all categories, and it contributed significantly in the 0-jet selection.

Given the complexity of this signature and the fact that Monte Carlo expectations
were (and are still) affected by large theoretical uncertainties, most of the backgrounds
were modelled by normalising predictions to data in control regions. Contributions from
W + jet(s) and multijet backgrounds have been fully determined using data only.

A transverse mass variable, mp, was used by ATLAS to test for the presence of a sig-
nal [71]. The observed distribution of my is shown in fig. 33(a) after all selection criteria
in the 0-jet and 1-jet channels combined. Similar tests were made by CMS. Figure 33(b)
shows the observed distribution obtained by CMS using another discriminating variable,
the invariant mass of the dilepton system (ep in this case) after all selection cuts. A
broad excess was observed by both experiments, consistent with the production and de-
cay of a SM Higgs boson with 125 GeV mass. The CMS observed (expected) significance
for a 125 GeV mass SM Higgs boson was 2.4 s.d. (1.6 s.d.), while for ATLAS was 2.8 s.d.
(2.3 s.d.).

11'4. H — bb and H — 77 final states. — The third-generation Higgs boson decays
H — bb and H — 77 were the only fermionic final states searched for with the 7 TeV
and early 8 TeV LHC data. Tau and b-jet pairs suffer from the huge background, mainly
from jets produced in QCD processes, tf and Z-boson decays Z — 777, bb. These
challenging final states were investigated therefore using production processes, like vector-
boson fusion and associated production with a vector boson, that offer significantly better
signal-to-background ratio for these decay modes. It must be noted, however, that the
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Fig. 34. — Left: The local po (solid) observed by ATLAS as a function of mpg and the expectation
(dashed) for a SM Higgs boson hypothesis (u = 1) at the given mass [66]. Right: The local po
observed by CMS based on the 7TeV data, 8 TeV data, and their combination, as a function
of mg. The dashed line shows the expected p-value assuming the SM Higgs boson at the given
mass mg [67].

invariant mass resolution of bb and 77 systems is poor, of the order of 10% or more, and
hence it is not possible to reconstruct a narrow peak. As a consequence, the background
is only partially reduced using invariant mass cuts, and moreover it cannot be determined
from data with great accuracy through the use of sidebands. No significant excess was
found by ATLAS (7 TeV data only analysed) and CMS neither in the H — bbnor H — 77
final states (observed significance below 1 s.d.), particularly in the low-mass region, in
agreement with the expectation for a SM Higgs boson with 125 GeV mass.

11°5. Owverall signal strength. — The individual results from the three decay modes
H — vy, H— ZZ") = 1l and H — WW® — [uly, as well as from the two fermion
final states H — 77 and H — bb (for ATLAS only the 7TeV data set was used), were
combined using the statistical method described in [72]. The combination assumed the
relative branching fractions predicted by the SM and took into account the experimental
statistical and systematic, as well as the theoretical uncertainties, which were dominated
by the imperfect knowledge of QCD scale and parton distribution functions. The pa-
rameter under study was p, the global signal strength, that acts as a scale factor on the
total number of events predicted by the Standard Model for the Higgs boson production
and decay. In this way, an event yield fully consistent with a SM Higgs boson would give
the value p = 1, while in case of the background only scenario u = 0.

Attention was paid by each experiment to take into account correlations of systematic
uncertainties across the different channels from theory (e.g. PDFs, cross sections, etc.)
and from experimental sources (e.g. integrated luminosity, jet and lepton energy scale,
etc.).

An excess of events was seen near my = 125-126 GeV by both ATLAS and CMS.
The observed local pg values are shown in fig. 34 as a function of the hypothesised Higgs
boson mass my for the low-mass range.

The largest local significance for the combination was found by ATLAS in correspon-
dence of a SM Higgs boson mass my = 126.5 GeV, where it reached the value of 6.0
standard deviations. The maximum local significance yielded by CMS, 5.0 standard de-
viations (5.1 excluding the channels H — 77 and H — bb from the combination) was for
a mass mgy ~ 125 GeV.
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Fig. 35. — The ATLAS [66] (left plot) and CMS [67] (right plot) observed (solid) 95% C.L. limits
on the signal strength as a function of my and the expectation (dashed) under the background-
only hypothesis. The dark and light shaded bands show the +1 s.d. and £2 s.d. uncertainties
on the background-only expectation.

Taking into account the look-elsewhere effect [65], a global significance of 5.1 s.d. was
estimated by ATLAS in the mass interval 110-600 GeV, and 5.3 s.d. in the mass range
110-150 GeV, while a global significance of 4.5 s.d. was estimated by CMS in the mass
interval 110-145 GeV.

The combined 95% C.L. exclusion limits on the production of the SM Higgs boson,
expressed in terms of the signal strength parameter p as a function of mpy are shown
in fig. 35. The excluded mass regions by ATLAS (CMS) were 111-122 GeV and 131—
559 GeV (110-121.5GeV; in the discovery paper CMS limited the search to the mass
interval 110-145 GeV).

Three mass regions were excluded by ATLAS at 99% C.L.: 113-144, 117-121 and
132-527 GeV.

11°6. Characterisation of the excess. — The best-fit signal strength i has been mea-
sured by ATLAS to be i = 1.4 £ 0.3 for myg = 126 GeV, which is consistent with the
Standard Model hypothesis 4 = 1. A summary of the individual and combined best-
fit values of the strength parameter for a SM Higgs boson of 126 GeV mass is shown
in fig. 36(a). Figure 36(b) shows the two-dimensional 68% C.L. regions for the signal
strength o/ogy versus mpy (indicated as myx in the figure) for the H — 75 and the
H — ZZ" — llll channels (the former is shown for the inclusive and the VBF pro-
cesses).

These results provided a conclusive evidence of the existence of a new particle with
mass of about 125GeV, discovered independently by two experiments at the Large
Hadron Collider, based on complementary technology choices.

They were presented for the first time in two seminars held at CERN on July 4th,
2012, and a few days later at the ICHEP Conference 2012, held in Melbourne (Australia).

A new era started in the domain of high-energy physics, characterised by the mission
of understanding the nature of this new particle, and, in particular, to ascertain whether
it is really the Higgs boson predicted by the Standard Model.

Immediately after the discovery, ATLAS and CMS started a campaign of precision
measurement of the physics properties associated to this new particle, in particular its
couplings to elementary fermions and bosons.
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Fig. 36. — Left: ATLAS measurements of the signal strength parameter u = o/osm for mg =
126 GeV for the individual channels and their combination [66]. Right: the 68% C.L. contours
of the signal strength p versus the boson mass mx for the untagged v, vy with VBF-like jet
selection, 4/ and their combination, measured by CMS [67]. In both combinations, the relative
signal strengths for the processes considered are constrained by the predictions for the SM Higgs
boson.

12. — Bosonic and fermionic decay modes: Legacy results of Run 1

The LHC accelerator continued its 8 TeV operation for the whole 2012 and new data
were collected by ATLAS and CMS bringing the total available statistics, at the end of
the year, close to 25fb~! for both collaborations: 5.1fb~! at 7TeV + 19.7fb~! at 8 TeV
for CMS and 4.5 at 7TeV + 20.3fb~! at 8 TeV for ATLAS. Additional data and several
refinements of the analyses allowed to produce many new results on the main decay
modes of the newly discovered boson. Furthermore, it was possible to measure carefully
its properties and couplings to check the level of compatibility of the observed particle
with the Higgs boson predicted by the Standard Model, and to further elucidate its role
in the electroweak symmetry breaking and in the mechanism that gives mass to fermions.
Results with full statistics for the most important channels have been produced by the
two collaborations and published in a series of legacy papers summarising the outcome
of the first physics run of LHC.

12'1. Bosonic decay modes: H — ~vy, H — ZZ™ — Il H — WW® — lwiv.
— With the full Run 1 statistics the Higgs signals in the two high resolution channels,
H — vy and H — ZZ™) — 111, yielded an impressive evidence of the new state of
matter. A strong signal is seen in the di-photon and in the four-leptons channels. The
statistical significance in both cases exceeds the 5 s.d. that would be needed to claim the
observation of the new boson in a single channel.

Compared with the results shown at the time of the discovery, not only the statistics
is much higher but new, refined analyses have yielded also higher sensitivity. A couple
of examples of these new results are shown in fig. 37. The statistical significance for
the signal is 5.2 s.d. for the channel H — ~v in ATLAS and 6.8 s.d. for the decay
mode H — ZZ®™) — [l in CMS. The final Run 1 data analysis results for H — vy
and H — ZZ™) — llll in ATLAS and CMS are available in refs. [73,74] and [75, 60],
respectively.
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Fig. 37. — (a) Diphoton invariant mass spectrum observed in ATLAS in the sum of 7 TeV and
8 TeV data [73]. Each event is weighted by the signal-to-background ratio in the data set and
category it belongs to. The solid red curve shows the fitted signal plus background model
when the Higgs boson mass is fixed at 125.4 GeV. The background component of the fit is
shown with the dotted blue curve. The bottom plot shows the data after subtraction of the
background component. (b) Distribution of the four-lepton reconstructed mass in the full mass
range 70 < my; < 1000 GeV explored by CMS using 7 TeV and 8 TeV data for the sum of the 4e,
2e2p and 4y channels [60]. Shaded histograms represents the backgrounds, and the unshaded
histogram represents the signal expectation for a mass hypothesis of 126 GeV. Signal and ZZ
background are normalised to the SM expectation; the Z + X background to the estimation
from data.

With the increased statistics of the full data set and further improvements in the
analysis, both collaborations were able to report significant Higgs signals also in the
H — WW® — [yly channel.

A clear excess of events above background appears in the distributions of the most
sensitive variables. As an example fig. 38 shows the distribution of my, the transverse
mass of the system as measured by ATLAS, and the global exclusion plot for this decay
mode produced by CMS.

The broad, un-ambiguous excess of events seen in both experiments, is consistent with
the presence of the Higgs boson signal with a significance of 6.1 (4.3) standard deviations
in ATLAS and CMS, respectively. These results provide therefore a very strong evidence
for a Higgs-like boson decaying to a W-boson pair. The final Run 1 data analysis results
of H — WW®) — [uvlv search from ATLAS and CMS are available in refs. [76, 77],
respectively.

12°2. Main fermionic modes: H — 777~ , H — bb. — With data available at the time
of the discovery it was not possible to establish un-ambiguously that the newly discovered
boson couples to fermions through a Yukawa interaction, giving rise to the masses of
quarks and leptons. Indirect evidence for the Higgs coupling to the top quark is implied
by an overall agreement of the gluon-gluon fusion production channel cross section with
the standard model prediction. However, the masses of down-type fermions may come
about through different mechanisms in theories beyond the Standard Model. Since the
decay of a Higgs boson with a mass around 125 GeV to top quarks is kinematically
not allowed, the most abundant fermionic decays will be to third-generation quarks and
leptons, namely to bottom quark-antiquark pairs and to tau lepton-antilepton pairs.
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Fig. 38. — (a) Post-fit combined transverse mass distributions observed in ATLAS for all lepton-
flavour in the 7 and 8 TeV data [76]. The bottom plot shows the data after subtraction of
the background component. (b) CMS expected 95% C.L. upper limits on the H — WW
production cross section relative to the SM expectation, as a function of the SM Higgs boson
mass hypothesis [77].

These decay modes were therefore studied carefully by both experiments using the
full available statistics.

The search for H decaying to tau lepton pairs is a very complex task. All combina-
tions of leptonic (7 — lvw, with | = e, u) and hadronic (7 — hadrons + v) tau decays
are considered. Furthermore, the search is designed to be sensitive to the major pro-
duction processes, i.e. production via gluon fusion (ggF), vector-boson fusion (VBF),
and associated production (VH) with V' =W or Z. These production processes lead to
different final-state signatures, which are exploited by defining an event categorisation.
Dedicated categories are considered to achieve both a good signal-to-background ratio
and good resolution for the reconstructed invariant mass. The VBF category, enriched
in events produced via vector-boson fusion, is defined by the presence of two jets with a
large separation in pseudorapidity. The boosted category contains events where the re-
constructed Higgs boson candidate has a large transverse momentum. It is dominated by
events produced via gluon fusion with additional jets from gluon radiation. In view of the
signal-to-background conditions, and in order to exploit correlations between final-state
observables, multivariate analysis techniques are used to extract the final results. As a
cross-check, separate analyses where cuts on kinematic variables are applied, are carried
out. An excess of events over the expected background from other Standard Model pro-
cesses is found by both collaborations with an observed (expected) significance of 4.5 (3.4)
standard deviations for ATLAS and 3.2 (3.7) for CMS (fig. 39). These results provide
evidence for the direct coupling of the recently discovered Higgs boson to fermions. The
measured signal strengths, normalised to the Standard Model expectation, of 1.437032
for ATLAS and 0.78 4 0.27 for CMS are consistent with the predicted Yukawa coupling
strength in the Standard Model [78,79].
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Fig. 39. — (a) Distributions of the reconstructed invariant mass, m., in ATLAS [78]. Events
are weighted for each category according to the expected signal-to-noise ratio. The bottom
panel shows the difference between weighted data events and weighted background events (black
points), compared to the weighted signal yields. (b) Combined observed and predicted m,-
distributions for different channels (umh, ern, Th7h, and epn) in CMS [79]. Also in this case
the events are weighted according to the expected signal-to-noise ratio. The inset shows the
corresponding difference between the observed data and expected background distributions,
together with the signal distribution for a SM Higgs boson with mpg = 125 GeV.

The inclusive production of a Higgs boson decaying into a bb quark pair is extremely
hard to exploit due to the overwhelming direct production of bb quark pairs, as predicted
by QCD. For this reason, present searches target the VH production mode in which the
Higgs boson is produced in association with a W or a Z boson, identified via its leptonic
decay. Requiring the presence of additional leptons with high transverse momentum
provides an effective handle to reduce the QCD background. The Higgs-boson candidate
is reconstructed from two jets of particles, each of which has been identified as having a
high probability of arising from the hadronisation of a bottom quark. The identification
is based on properties of hadrons containing bottom quarks, such as their long lifetimes
which lead to displaced vertexes, or their decay to muons, both producing distinctive
signatures that the LHC detectors are sensitive to. Owing to the 10% mass resolution of
the identified pair of b-quark jets, the Standard Model Higgs boson signal is expected to
produce a broad enhancement over the background in the bb invariant mass distribution.
The result of the analysis performed on the full available statistics shows an excess
over the background expectation for Higgs boson mass hypotheses, my, in the range of
120-135 GeV, with an observed (expected) significance of 2.1 (2.1) standard deviations
for CMS (see fig. 40(a)) and 1.4 (2.6) standard deviation for ATLAS, at a mass of
125 GeV [80,81]. Correspondingly, the strength of this excess relative to the expectation
for the Standard Model Higgs boson observed by ATLAS is 0.52+0.32(stat) +0.24(syst),
while for CMS is 1.0+0.5 (where here the uncertainty includes the effect of both statistical
and systematic sources of uncertainty).

The CMS Collaboration has combined together their results for the decay modes
H — bb and H — 777~ under the assumption that the Higgs boson is produced as
expected in the Standard Model. The combination provides further strong evidence for
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Fig. 40. — (a) Distribution of m;;, invariant mass of b-tagged jets in CMS produced in association
with a boosted W or Z [80]. All channels are combined and events are weighted for each
category according to the expected signal-to-noise ratio. The histogram shows the number
of events observed in data to that of the Monte Carlo prediction for signal and backgrounds
with all backgrounds, except di-bosons, subtracted. The small excess of events on the right-
hand shoulder of the expected di-boson distribution is consistent with a WH/ZH associated
production for a mpyg = 125GeV. (b) Distribution of the BDT discriminant used in CMS to
enhance the sensitivity to ¢ttH for same-sign di-lepton events and final states with muons [83].
The red dotted line shows the expected Higgs signal in t¢H for this channel magnified by a
factor of 5. This particular channel dominates the excess reported by CMS in this search.

the direct coupling of the 125 GeV Higgs boson to down-type fermions, with an observed
(expected) significance of 3.8 (4.4) standard deviations [82]. In conclusion, the existing
searches for a Higgs boson decaying into bottom quarks and tau leptons are consistent
with the Standard Model prediction of a Yukawa structure, where the fermionic couplings
are proportional to the fermion masses.

12'3. Further fermionic modes: pp — ttH, H — pu*p~, H — eTe™. — Additional
channels dealing with fermionic modes that were studied by ATLAS and CMS included
pp — ttH, and the rare decay modes H — putp~ and H — eTe™.

Probing the top quark Yukawa coupling directly requires a process that results in
both a Higgs boson and top quarks explicitly reconstructed via their final-state decay
products. The production of a Higgs boson in association with a top quark pair (¢¢H)
satisfies this requirement. Furthermore the measurement of this rate provides a direct
test of several New Physics scenarios that predict the existence of heavy top quark
partners that would alter it significantly. Observation of a significant deviation in the
ttH production rate with respect to the SM prediction would be an indirect indication
of unknown phenomena.

The small ttH production cross section, roughly 130fb at /s = 8 TeV, makes mea-
suring its rate experimentally challenging. Therefore, it is essential to exploit every ac-
cessible experimental signature. For this search lepton+jets, di-lepton and all hadronic
final states of the tf system could be explored. With respect to the Higgs decay modes,
several channels can be considered: H — bb, H — 777~ H — vy and H — WW/ZZ.
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Fig. 41. — (a) ATLAS di-muon invariant mass distribution at 8 TeV and fit of the background
model [84]. To increase the sensitivity of the search, the events are subdivided in categories
with different signal-to-noise ratio. The plot refers to events with muons in the central region

and intermediate pé‘f” . The bottom plot shows the pull for each bin once the background fit
is subtracted. The expected signal is shown for mpy = 125 GeV and scaled by a factor of 50. (b)
CMS di-electron invariant mass distribution at 8 TeV and fit of the background model [83]. The
plot shows the 0,1-jet BB categories corresponding to events with both electrons in the barrel
part of the electromagnetic calorimeter. The dotted line illustrates the expected SM Higgs boson
signal enhanced by a factor of 10°, for my = 125 GeV. The lower histogram shows the residual
for each bin normalised by the Poisson statistical uncertainty of the background model.

Multivariate analysis techniques could be used to tag the jets coming from b-quark or
7-lepton decays and to separate ttH events from the large tf + jets backgrounds. MVA
techniques can be used also to separate signal leptons arising from W-boson, Z-boson
and 7-lepton decays from background leptons, which may come from b-quark or c-quark
decays, or misidentified jets.

For the study of the ttH channel both ATLAS and CMS performed an analysis based
on H — bb decay channel. The CMS collaboration published also comprehensive studies
considering many final states together, combining H — multi-leptons, H — bb and
H — ~7 analyses [83,85-87]. No significant excess above background is found by ATLAS,
while CMS reported an excess of events with respect to the background-only hypothesis
corresponding to 3.4 standard deviations and a best-fit value for a Higgs signal strength
of 2.8 £ 1.0 at 68% (fig. 40(b)). Compared to the SM expectation the observed excess is
equivalent to a 2-standard-deviation upward fluctuation. Additional data will be needed
to better study this important channel.

With respect to the two channels H — puTp~ and H — ete™, the decay modes are
far too rare to detect with the available statistics and no signal is observed. For a Higgs
boson mass of 125 GeV, it is only possible to set upper limits on the branching ratio of
the two decays (fig. 41). The observed limit for H — ptu~ is 7.0 (7.4) times the SM
value for ATLAS (CMS), while for H — ete™ CMS sets an upper limit 3.7 - 10° times
the SM prediction [84,83]. These results, together with the evidence for the coupling to
tau-leptons, show that the leptonic couplings of the new 125 GeV boson are not flavour-
universal, confirming therefore the SM prediction.
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13. — Measurement of the properties of the new boson

The SM Higgs boson is predicted to have even parity, zero electric charge, and zero
spin. All its other properties can be derived once its mass is known. Being the only free
parameter of the theory, my must be measured with the greatest accuracy to be able to
perform precision calculations of the electroweak observables, including the production
and decay properties of the Higgs boson itself.

The amount of data available at the time of the discovery was not large enough to
measure carefully the quantum numbers of the new particle and to investigate thoroughly
its couplings to the SM particles. This work was done by ATLAS and CMS using the
full data set collected in the first physics run of LHC. The result of these studies are
described in the present section.

13'1. Measurement of the mass. — ATLAS and CMS have chosen a model-independent
approach to measure the Higgs boson mass. The best determination is obtained by com-
bining the measurements performed in the two high resolution channels: H — ~v and
H — ZZ™ — [11l. In these two channels the Higgs signal appears as a narrow mass peak
with a typical experimental resolution of 1.5-2 GeV over a smooth background. There-
fore, the information on the mass can be extracted without assumptions on the signal
production and decay yields. Interference effects with SM backgrounds are expected to
be small for a very narrow state. Coarser measurements of the mass can be obtained
using H — WW*, H — 77 and H — bb.

To extract the value of mpy in a way that is not completely dependent on the SM
prediction for the production and decay ratios, the signal strength modifiers for the major
production processes ggH, ttH — ~7, VBF, VH — v and pp — H — ZZ™*) — [ll] are
taken as independent, unconstrained, parameters. The signal in all channels is assumed
to be due to a single, narrow state with mass mpg.

The best-fit value of my and its uncertainty are extracted from a scan of the combined
test statistic g(mpy) with the three signal strength modifiers profiled together with all
other nuisance parameters. Figure 42 shows the results obtained by the two experiments.

For both experiments the two channels yield results that are compatible within errors
(2.00 for ATLAS and 1.60 for CMS).

CMS measured a mass my = 125.02702% GeV(stat) 75 14 (syst) [89] while the mea-
surement of ATLAS was mpy = 125.36 + 0.37(stat) + 0.18(syst) GeV [88].

Recently the two experiments have combined their measurements. The result is ob-
tained from a simultaneous fit to the reconstructed invariant mass peaks in the two high
resolution channels and for the two experiments. The combined measured mass of the
Higgs boson is mpy = 125.09 £ 0.24 GeV = 125.09 £ 0.21(stat) £ 0.11(syst) GeV, corre-
sponding to an accuracy better than 0.2%. The total uncertainty is dominated by the
statistical term while systematics errors are mostly linked to uncertainties in the energy
or momentum scale and resolution for photons and leptons [90].

13°2. Direct and indirect measurement of the width. — The natural width of a 125 GeV
Higgs boson is so small, 4 MeV, that any attempt to measure it directly, with experimen-
tal resolutions orders of magnitude larger, is simply hopeless. However, upper limits on
the total width of the Higgs boson can be derived from fits to the mass spectra of the
H — ~vy and H — ZZ™) — [lll decay channels, under the assumption that there is no
interference with background processes.
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Fig. 42. — (a) The profile likelihood for the individual H — vy and H — ZZ%) — 11l channels in
ATLAS and their combination [88]. The signals strengths in the two decay modes are allowed to
vary independently. (b) Scan of the test statistic g(mpg) = —2AIn L versus the mass of the boson

my for the H — vy and H — ZZ™) — [ll] final states separately and for their combination
in CMS [89]. Three independent signal strengths, (ggH, ttH) — ~v, (VBF, VH) — ~v and
pp — H — ZZ™) — 11l are profiled together with all other nuisance parameters.

In the H — ~v channel, an upper limit of 5.0 (6.2) GeV was observed (expected)
by ATLAS [73] while the corresponding values for CMS in the same decay mode were
2.4 (3.1)GeV [74]. For the H — ZZ"“) — [lll channel, the upper limit observed by
ATLAS was 2.6 (6.2) GeV [75] while CMS reports an upper limit of 3.4 GeV with 2.8 GeV
expected [60].

The Higgs boson width can be severely constrained using indirect methods, in par-
ticular by studying its off-shell production and decay to two Z bosons away from the
resonance peak.

In the dominant, gluon fusion, production mode, the off-shell production cross section
is known to be sizable. This arises from an enhancement in the decay amplitude from the
vicinity of the Z-boson pair production threshold. A further enhancement comes from the
top quark pair production threshold. In these conditions the zero-width approximation
is inadequate and the ratio of the off-shell cross section above 2my to the on-shell signal
is of the order of 8%.

The gluon fusion production cross section depends on 'y through the Higgs boson
propagator, therefore a careful measurement of the relative off-shell and on-shell produc-
tion in the H — ZZ*) — 41 channel provides direct information on I'g.

In order to enhance the sensitivity to the gg production in the off-shell region, a
likelihood discriminant (MELA) based on the angular distributions of the leptons in the
final states was used. The effect of this discriminant in the high mass end of the my;
distribution for I'yy = 10 x I'#M, can be seen in fig. 43.

Similar methods can be used to extract information on I'y studying the high mass
region of H — ZZ*) — 212v and H — WW®) — [ulv.

The outcome of these studies for ATLAS was I'y < 22.7 MeV [92] while the combined
fit for CMS yields 'y < 22 MeV which is 5.4 times the expected width of the SM Higgs
boson [91]. These results improve by more than two orders of magnitude upon the
previous experimental constraints from the direct measurement at the resonance peak.



556 A. NISATI and G. TONELLI

CMS 19.7 fb' {8 TeV) + 5.1 fo' {7 TeV) CMS 19.71b" (8 TeV) + 5.1 fo' (7 TeV
£ [T IR 0 T
f 10 * Data s g 20 * Data ]
ot All contributions (1 = 10xI'5", = 1) e All contributions (I, = 10<F5, j = 1)
E i -gg+W—‘22trH-rH5“.p-1} i .g -gg+\|"\|'—)22[r“-|'ﬁ”,u-1]
o s El@-2z - © 45 Mlla-2z .
Nz MELA Dy, > 0.65 w B z+x m,, > 330 GeV

4] 0.2 0.4 ’ 0.8 1
MELA D,

(b)

Fig. 43. — (a) CMS distributions of the four-lepton invariant mass after a selection requirement
on the MELA likelihood discriminant. (b) Distribution of the MELA likelihood discriminant
for a four-lepton invariant mass > 330 GeV. In both cases a I'y = 10 x T'3M is assumed [91].

13'3. Study of the spin and parity of the new particle. — The four-lepton decay mode,
with the full kinematics of the Higgs boson and its decay products well measurable in
the detector, provides many independent observables that can be used also to study the
quantum numbers of the new resonance. In particular the angular correlations of its
decay products carry useful information that can be used to experimentally establish the
consistency of its spin and parity quantum numbers with respect to the SM predictions.
Additional information can be extracted studying the angular distributions of the decay
products in H — vy and H — WW®) — vy,

In these studies the Standard Model spin-parity J© = 0% hypothesis is compared to
several alternative hypotheses with J” = 07,1%,17,2%. The measurements are based
on the kinematic properties of the three final states H — ZZ*) — 4], H — ~~ and
H — WW® — [vlv. To improve the sensitivity several final states are combined. Signal
models yielding spin-0, spin-1 and even graviton-inspired spin-2 resonances are simulated
taking into account the main production and decay processes and the kinematics of the
decay. The spin-1 hypotheses are considered under the assumption that the resonance
decaying into four leptons is not necessarily the same resonance observed in the H —
channel as J = 1 in the latter case is prohibited by the Landau-Yang theorem.

Figure 44 illustrates the method used to compare the various hypotheses while the
summary of the results obtained by CMS in comparing several spin-parity models is
shown in fig. 45. Similar studies have been performed by ATLAS.

The conclusion of the studies performed by ATLAS and CMS on the spin and parity of
the new boson is that all observations are consistent, within their uncertainties, with the
expectations for the SM Higgs boson [93-96, 74]. Data favour the pure scalar hypothesis
when compared to several other spin-parity hypotheses. The hypotheses of a pseudoscalar
and all tested spin-1 boson hypotheses are excluded at the 99% C.L. or higher. All tested
spin-2 boson hypotheses are excluded at the 95% C.L. or higher. The fraction of a CP-
odd contribution to the decay amplitude is consistent with the expectation for the SM
Higgs boson.
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Fig. 44. — (a) Expected distributions of the logarithm of the ratio of profiled likelihoods, ¢, under
the J¥ = 0% and 0~ hypotheses for ATLAS. The observed value is indicated by the vertical
solid line and the expected medians by the dashed lines [93]. (b) Similar distributions produced
for CMS. In both cases the data are fully compatible with the J© = 0% expected for the SM
Higgs and the J” = 07 solution is strongly disfavoured by data [60].
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13'4. Study of the Higgs boson couplings. — The study of the coupling of the Higgs
with the full available statistics includes all major production modes (gg, VBF, VH and
ttH) and the most important decay modes (yy, WW®), ZZ®) 71 and bb).

Following the framework and benchmarks recommended in ref. [97], the measure-
ments of the couplings were performed using a leading-order motivated approach. The
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framework is based on the following assumptions:

— The signals observed in different search channels originate from a single narrow
resonance with mass of about 125.5 (125.8) GeV in the case of ATLAS (CMS).

— Modifications of coupling strengths are considered, while the tensor structure of
the Lagrangian is assumed to be the same as in the Standard Model; this implies
in particular that the observed state is a CP-even scalar.

— The width of the particle is assumed to be negligible, justifying the use of the
narrow-width approximation. Hence the predicted rate for a given channel can be
decomposed as follows:

O’i~Ff

(1) o B(i—H =) =Tt

where o; is the production cross section through the initial state ¢, B and I'f are
the branching ratios and partial decay width into the final state f, respectively,
and 'y the total width of the Higgs boson.

The leading-order coupling scale factors, k;, are defined in such a way that the cross
sections o; and the partial decay width I'; associated to the Standard Model elementary
particle i scale with k? when compared to the corresponding SM expectation. More
details can be found in [98].

Using this notation, for the process gg — H — 77 one would write the production
cross section as follows:

(18) o-Blgg—H—yy) Ky K
osm(gg — H) - Bsm(H — 7v7) K}

The compatibility of the observed yields with the SM Higgs boson hypothesis has
been studied using the common signal strength modifier i defined in sect. 11. The best
fit value for i obtained from the combined analysis of all channels, provides the simplest
compatibility test.

The event yields obtained in the different analyses tagging specific decay modes and
production mechanisms are consistent with those expected for the Standard Model Higgs
boson. Detailed studies on the subject can be found in refs. [98,75,73,76,99,89]. An
example of these studies is shown in fig. 46. The combined best-fit signal relative to
the Standard Model expectation is 1.18 + 0.15 for ATLAS, at the measured mass of
125.36 GeV, and 1.00 £0.14 for CMS at the mass of 125.02 GeV. It is worth noticing the
consistency of the signal strength, for all major decay modes, with the SM predictions.

At the time of the discovery both experiments reported an intriguing hint of an
excess in the H — 7y channel (i, = 1.8+£0.5 for ATLAS and fi,, = 1.6£0.4 for CMS).
This coincidence triggered a lot of interest, since this channel is extremely sensitive to
contributions coming from heavy charged particles that could enter the loops and modify
the signal strengths. With the full available statistics these hints have vanished. Both
experiments report now i, values fully consistent with the SM expectations: 1.1740.27
for ATLAS and 1.12 £+ 0.24 for CMS.

Many other tests on the signal strengths modifiers have been performed to test the
most important production mechanisms and the possible role of different sources of New
Physics.
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Fig. 46. — (a) Signal strengths for a Higgs boson of mass my = 125.36 GeV, normalised to the SM
expectations, as measured in ATLAS for several decay modes [99]. (b) Similar results produced
by CMS for the most important decay modes assuming a Higgs boson mass my = 125 GeV [89].

In the SM, the Higgs sector possesses an approximate SU(2)r, x SU(2)g global sym-
metry, which is broken by the Higgs vacuum expectation value to the diagonal subgroup
SU(2)p+r- As a result, the tree-level ratio of the W and Z boson masses, my /myz,
and the ratio of their couplings to the Higgs boson, gy /gz, are protected against large
radiative corrections, a property known as “custodial symmetry”, an essential feature of
the SM Higgs boson that must be checked carefully.

The test is done studying two scaling factors, ky and kz, that could modify the
couplings of the SM Higgs to the W and Z bosons, therefore differing significantly from
1 in several models of New Physics.

The dominant production mechanism populating the 0-jet and 1-jet channels of the
H — WW® — Ivly analysis and the untagged channels of the H — ZZ®*) — 4] is
gluon-gluon fusion. Therefore, the ratio of event yields in these channels provides a
nearly model-independent measurement of Ay z = kw /kz. The likelihood scan versus
Mz is shown in fig. 47(a). CMS measures Ay z = 0.94702% while the value measured
by ATLAS is Awz = 1.00701]. Both results are in excellent agreement with expectations
for the SM Higgs boson.

In the SM, the Yukawa coupling between the Higgs boson and the fermions is propor-
tional to the mass of the fermion while the coupling to weak bosons involves the square
of the mass of the weak boson. Some BSM models predict completely different couplings
to fermions and massive vector bosons with respect to those foreseen in the SM. These
models can be tested assuming a common modifier for all vector bosons, ky, and a com-
mon modifier for all fermions, k¢ and checking whether or not they are consistent with
1. Many compatibility tests can be performed on the two common modifiers including
the combined analysis in the different decay modes shown in fig. 47(b) yielding results,
once more, fully consistent with the SM expectations.
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Fig. 47. — (a) Likelihood scans versus Awz, the ratio of the coupling scaling factors to W and
Z bosons to test the custodial symmetry in ATLAS [99]. (b) The 68% C.L. confidence regions
for individual channels (coloured areas) and for the overall combination (thick curve) for the
kv and ky parameters as measured by CMS [89]. The cross indicates the global best-fit values.
The dashed contour bounds the 95% C.L. confidence region for the combination. The diamond
represents the SM expectation.

The results of the various fits for the couplings can be plotted also versus the particle
masses showing in the same plot both Yukawa and weak bosons couplings. Since gy ~
kv2m? /v and Ay ~ kpmy/v adopting a “reduced” weak boson coupling /gy /(2v) =

k‘l,/ 2mv /v, fermions and weak bosons results can be plotted together, as shown in fig. 48.
Although the error bars for the fermions couplings are still quite large, the agreement with
the Standard Model expectations over many order of magnitudes is really spectacular.

The studies of the production and decay rates and of the spin-parity quantum numbers
of the new boson show that, within the present level of uncertainty, all its properties are
definitely compatible with those expected for the SM Higgs boson.

14. — Search for other Higgs-like bosons at LHC

The Standard Model has an outstanding record of consistency with experimental
observations. However, it is not a complete theory, and since the discovery of the SM-
like Higgs boson with 125 GeV mass, deep investigations of the mechanism responsible
for the electroweak symmetry breaking has become a goal of paramount importance in
particle physics.

The experimental directions to pursue this physics programme include the Higgs char-
acterisation analyses discussed in the previous section and the searches for new particles
such as the partners of an extended Higgs sector as predicted by several extensions of
the SM.

In many of these extensions, the Higgs sector includes two scalar doublets [100].
The two-Higgs-doublet model (2HDM) [101] is a specific example of this type of SM
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Fig. 48. — (a) ATLAS fit results for the reduced coupling strength scale factors as a function
of the particle mass, assuming a SM Higgs boson with a mass of 125.36 GeV. The dashed
line indicates the predicted mass dependence for the SM Higgs boson [99]. (b) Similar results
produced for CMS assuming a Higgs boson mass of 125.02 GeV. In both cases the data are fully
compatible with the expectations for a Standard Model Higgs boson [89].

extensions. In this model, five physical Higgs particles are expected after electroweak
symmetry breaking: two neutral CP-even scalars (h°, H), one neutral CP-odd scalar
(A%) and two charged scalars (HT, H~) [102]. In the context of the Supersymmetry
theories (SUSY), the minimal supersymmetric extension of the Standard Model (MSSM)
predicts a family of Higgs partners, with masses up to 1 TeV, that can be produced and
observed at the LHC.

In many of these models it is often assumed that the observed, SM-like, 125 GeV Higgs
boson, is the lightest CP-even neutral scalar, the h° (the so-called alignment limit). In
these models tan (§ is defined as the ratio of the vacuum expectation values associated to
the two Higgs boson doublets. Depending on the parameters of the model (scalar boson
masses, tan 3 and couplings), both the neutral heavy scalar H? and pseudoscalar A° can
decay to v, 71, 4-lepton, tt final states, as well as to electroweak bosons, including the
recently discovered Higgs boson. The branching fractions of H? and A into final states
containing one or more Higgs bosons h° often dominate when kinematically accessible.

The decays of the charged Higgs depend strongly on its mass. For masses mpy+ <
(my + mp) (where my and m; are the pole top and bottom mass, respectively), the
charged Higgs can be produced in top quark decays (t — H™b) and the subsequent decay
H* — 77 is the most robust and sensitive final state. For masses mg+ > (my + mp)
the decay Ht — tb is the final state with the highest branching fraction and is fully
accessible to experiments.

ATLAS and CMS performed extensive searches of neutral and charged partners of
the 125 GeV Higgs boson, treating the newly discovered particle as background.

No excess of events has been observed: the data are well described, within uncertain-
ties, by the predictions based on the Standard Model. Therefore limits have been set on
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Fig. 49. — ATLAS observed and expected 95% C.L. limit on the fiducial cross section times
branching ratio BR(¢p — ~7) as a function of the ¢ particle mass m., in the range 65 <
My < 600 GeV [103]. The discontinuity at m~ = 110 GeV is due to the transition between the
different low-mass and high-mass analyses adopted to enhance the sensitivity in the two different
kinematic regimes. The green and the yellow bands show the 1 s.d. and 2 s.d. uncertainties on
the expected limit. The inset shows a zoom on the limit.
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Fig. 50. — CMS C.L. limit on o(gg¢) x BR(¢ — 77), where ¢ denotes a generic Higgs-like
state [104]. The expected limit is also shown for background contribution including a SM Higgs
boson with 125 GeV mass. The left plot (a) shows the result for the ggF production mode
(leaving free in the fit the associated production mode with b-quarks), while the right plot
(b) shows the result for the bbH associated production mode (leaving free in the fit the ggF
contribution).

the production cross sections and on the mass of these additional scalars. The results
have been interpreted using different 2HDM implementations.

It is not in the scope of this paper to provide an exhaustive compilation of these
investigations: only some representative results are provided in the following.

Figure 49 shows the observed and expected limit on the production cross section X
B.R. in v final states of a generic Higgs-like state ¢, searched in a wide interval of m.,
values, from 65 to 600 GeV by ATLAS [103]. The analysed data are well described by
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Fig. 51. — The ATLAS 95% C.L. exclusion limits on tan 8 as a function of my+ [105]. Results
are shown in the context of the mj™* MSSM scenario, for (a) the H' low mass region, and
(b) the H' high mass region.

the Standard Model expectations which include a Higgs boson with 125 GeV mass. No
significant excess is observed in the wide mass interval under investigation.

Figure 50(a) shows the 95% C.L. limits on the production cross section and decay
of a generic Higgs-like particle ¢ studied by CMS. The particle is searched through the
decay ¢ — 77, while different production mechanisms are considered as a function of
the ¢ mass: gluon-gluon fusion and associated production with b-quarks. The expected
limit, assuming only SM processes (including the H boson with my = 125 GeV), is also
shown [104].

Figure 51 shows the results by ATLAS on the search for the charged Higgs boson
looking at 7v final states [105]. The analysis here has been done in the context of the
so-called mj*®* scenario, where the h boson mass my, gets the highest possible mass for
fixed tan 3 and large mass of the A° boson [106].

15. — First implications of the discovery

The discovery of the Higgs boson marks a new success of the Standard Model of the
elementary particles. With the inclusion of the fundamental scalar all particles predicted
by the theory have been actually discovered. However, in the exact moment in which we
celebrate this last triumph, we know that, even including the Higgs, the Standard Model
is far from being perfect. It still appears as an incomplete theory, not able to explain
many phenomena that play big roles in the evolution of our universe: the mechanism
responsible for the inflation, the origin of dark matter and dark energy, the source of the
large asymmetry between matter and antimatter, the role of gravity and so on.

We know therefore, that sooner or later an answer to some of these fundamental
questions will be found and the SM will become a low energy case of a more general
theory of matter. As of today we do not know at which energy scale this will happen
but, from now on, any theory of New Physics will be further constrained by the need
to include this very special object. In the following we will discuss some of the first
implications of the discovery and its impact on some New Physics scenarios.
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Fig. 52. — (a) RG evolution of X varying M; and as by £30. (b) Regions of absolute stability,
meta-stability and instability of the SM vacuum in the (M, M}, )-plane. The dotted colour lines
show the instability scale A in GeV assuming as = 0.1184 [108].

15°1. Electroweak vacuum stability. — The question of the stability of the electroweak
vacuum has been studied thoroughly since many years. Now that we know the mass of
the new boson, the evolution of the Higgs quartic coupling with energy can be studied
more in detail. Updated evaluations have been recently made with a complete NNLO
analysis [107,108]. The measured value of the Higgs mass, my = 125.09 &+ 0.24 GeV, is
close to the minimum value that ensures absolute stability of the electroweak vacuum
within the Standard Model, which in turn implies a vanishing Higgs quartic coupling \ at
the Planck scale. It is intriguing to note that, with the current central values of the Higgs
and top mass, A seems to be very small at Mp; while a fully vanishing Higgs self-coupling
is not favoured (fig. 52). With a heavy top quark and a 125 GeV Higgs the EWK vacuum
in our Universe appears to be in a meta-stable state. The Higgs potential could develop
an instability around 100112 GeV, with a lifetime still much longer than the age of the
Universe. However, taking into account theoretical and experimental errors, stability up
to the Planck scale cannot be excluded.

Further improvements in the computation could come from a better precision in the
measurement of the key parameters, namely «y, the Higgs mass itself and, mostly, the
top quark mass, M;.

In the future it would be extremely important to test the hypothesis that a light boson
could in principle rule its self-interaction and the Yukawa interactions with fermions in
such a way that the theory could remain weakly coupled up to the Planck scale without
any dynamics appearing beyond the EWK scale. If we could be able to prove this
hypothesis, this would be in itself an outstanding discovery: for the first time we would
have a phenomenon that could be described by the same theory over 15 orders of mag-
nitude in energy. Although possible, this scenario would be severely constrained by the
need that the couplings of the boson must be finely tuned to very well predicted values.

Precision measurements of the couplings could lead to unambiguous hints of the pres-
ence of New Physics beyond the EWK scale. The Higgs boson properties must be there-
fore studied in great detail with the goal of a < 1% accuracy in the couplings.

It must be noted however, that all these studies, and, in particular, the extrapolation
of the Standard Model up to the Planck scale, requires very strong assumptions that
might be challenged by any New Physics discovery.
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Fig. 53. — (a) Higgs potential as a function of the Higgs field value x. Assumed values for
m: = 171.8 GeV and, from top to bottom lines, my = 125.2, 125.158, 125.157663 GeV. (b) Mag-
nification of the false EWK vacuum region [110].

15°2. Could the Higgs be the inflaton? — The newly discovered Higgs boson is the first
fundamental particle with the properties of a scalar. Inflation is known to be driven by
a negative-pressure vacuum energy density that could be produced by a slowly rolling
scalar field. The hypothesis that the Higgs field could have played a role during inflation
is therefore quite intriguing.

This could have happened through different mechanisms [109-112]. A non-minimal
coupling to gravity could flatten the Higgs potential close to Mp; while keeping A\ always
positive. Alternatively, the Higgs potential could have developed another false EWK
minimum close to the Planck scale. The scalar boson, sitting in this second, unstable
minimum could have driven the inflation to reach later the EWK minimum in which is
still today. An intriguing component of this scenario is that the appearance of the second
false minimum seems to be possible only for values of my strictly compatible with the
125 GeV particle effectively discovered (see fig. 53).

Both hypotheses, however, although possible, seem not to be fully compatible with
present data. New experimental measurements as well as updated computations will be
crucial components to produce further developments on this subject.

15°3. SUSY and a light Higgs boson. — A 125 GeV Higgs puts strong constraints
on many models for new physics including SUSY. While in the SM, the Higgs mass is
essentially a free parameter, in many implementations of MSSM, in which the Higgs
sector is extended to contain three neutral and two charged scalar bosons, the lightest
CP-even Higgs particle is bounded from above to mass values < 110-135 GeV.

Figure 54(a) shows that there is still room to accommodate this relatively heavy
object, but several classes of models have been already excluded by this discovery [113].
It must be noted however that, for the models compatible with all constraints, large
mixing parameters for the stop are favoured (see fig. 54(b)).

It must be lastly considered that virtual loops of the new heavy particles predicted
by SUSY would modify the coupling of the Higgs, therefore precision measurements of
the couplings will add important additional constrains.

The combination of direct and indirect searches for SUSY, and the implications for
SUSY coming from the measurement of the couplings of the new boson, will likely lead
either to a discovery of super-symmetry or to a drastic revision of some of its paradigms.
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Fig. 54. — (a) The maximum value of the h mass shown as a function of tan 8 for the various
constrained MSSM models. (b) The maximum value of the h boson mass as a function of the
mixing parameter X:/Mg in the pMSSM when all other soft SUSY-breaking parameters and
tan B are scanned [113].

16. — Future prospects

The discovery of the 125 GeV Higgs boson opens a new era in particle physics. Data
collected so far, within the so-called LHC Run 1, indicate a full consistency of the new
particle with the Higgs boson predicted by the Standard Model. If confirmed to be an
elementary object, this particle would be the only fundamental scalar ever observed in
nature. At the time of writing this paper, the LHC is opening a new era in high-energy
physics, producing proton-proton collisions at the unprecedented energy of /s = 13 TeV.
Further machine developments will be made during the next years to increase the energy
of the accelerator to 14 TeV, the design value.

Precision measurements are now essential to confirm the Standard Model properties
of this Higgs boson, and to probe for possible, subtle effects produced by New Physics
phenomena, an approach fully complementary to the direct search for new particles.

TABLE III. — Summary of the physics-based targets for Higgs boson couplings to vector bosons,
top quarks, and bottom quarks. It is assumed here that no other exotic electroweak symmetry
breaking state (e.g. new Higgs bosons or p particle) is found at LHC, except for the SM-like
Higgs boson resonance just discovered. For the Ahbb values of supersymmetry, the superscript
“a” refers to the case of tanf > 20 and no superpartners are found at the LHC, and the
superscript “b” refers to all other cases, with the mazimum 100% value reached for the special
case of tan 3 ~ 5 [114]. The fourth row reports the uncertainty evaluated at LHC with the 7 and
8 TeV data (Run 1, for 1 experiment only), while the last row reports anticipated uncertainties
at 14 TeV and 300fb~" of data, based on the studies presented in refs. [115,116].

ARVV Ahtt Ahbb
Mixed-in singlet 6% 6% 6%
Composite Higgs 8% tens of % tens of %
Minimal supersymmetry <1% 3% 10%2, 100%°
LHC Run 1 ~ 15% ~ 40% ~ 30%
LHC 14 TeV 300fb~" ~ 6% ~ 15% ~ 12%
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TABLE IV. — Summary of the anticipated Higgs boson couplings to vector bosons (W, Z and ),
top and bottom quarks, tau and muon leptons at the LHC, for two different luminosity scenarios,
L = 300 and 3000 fb~", respectively. In this model, no Higgs boson decay modes are permitted
other than those predicted by Standard Model. The findings reported here are based on predictions
available in refs. [115,116].

ARVV Ahbb Ahit AhFT Ahpp
L=2x10**cm %s7!,
300fb~! 6% 12% 15% 10% 22%
L=5x10%cecm 2?57,
3000 fb~—! 3% 5% 7% 5% 8%

One obvious question that arises is how well we need to measure the couplings to
elementary particles of this new object. Quite a few papers are available in the literature
to address this point; for example, ref. [114] suggests various, highly motivated scenarios
for New Physics: supersymmetry, mixed-in hidden sector Higgs bosons, and a composite
Higgs boson. Table IIT summarises the result of the study, and compares it with the
present uncertainties and with the uncertainties expected by the end of LHC physics
programme [115,116], in 2022. The results take into account the luminosity upgrade
of the machine, planned in 2018-2019, to increase the instantaneous luminosity to L =
2 x 10%* em =251, and to collect about 300fb~! of data.

To reach the ultimate precision on the Higgs couplings, strong efforts will be needed
to improve both the experimental measurements and the theory calculations.

On the experimental side, high precision measurements can be achieved with the
large statistics data sample that can be produced with the final luminosity upgrade of
LHC, HL-LHC [117,118]. Within this project, still to be formally approved, the LHC
instantaneous luminosity would increase to values close to L = 103> cm™2s7!, and the
plan is to collect up to 3000fb~—! of data, starting from 2025, after a long shutdown of
about two years.

On the theoretical side, a significant reduction of the uncertainty on the Higgs boson
production cross section, due to QCD scale variations at NNLO (in particular for the
gluon-fusion process), and to the current level of PDF knowledge, is mandatory. Re-
cent preliminary N3LO gluon-gluon calculations [119-122] indicate that the cross section
uncertainty due to the QCD scale can be reduced by a factor of about 3, down to 3%.
Similarly, new preliminary PDF fits indicate that the uncertainty on the Higgs boson
production can be reduced by a factor of about 3 [123].

Table IV shows the summary of the expected accuracy on Higgs coupling fits based on
the independent studies made by ATLAS [115] and CMS [116] already mentioned. In the
model under investigation, no Higgs boson decay is permitted other than those predicted
by the Standard Model. Coupling ratios are largely model independent, and hence they
also are studied in detail at the LHC and HL-LHC. The deterioration of some of the
performance expected from the large pile-up predicted for HL-LHC (in average about
140 overlapping inelastic events at L = 5 x 103* cm~2s~1) will be largely compensated
by the overall superior performance of the upgraded LHC detectors. Moreover, the large
statistics sample that will be produced by HL-LHC will allow more accurate background
determination from data, thus allowing an important reduction of the experimental sys-
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tematics affecting the results of the first LHC run. The scenario with reduced theory
uncertainties is considered in this summary.

It should be stated that the projections currently available from ATLAS and CMS are
based on the data analyses that were available at the time of the discovery. They do not
take into account the improvements that can be obtained with more aggressive analyses,
and with the study of several additional processes that have been already included in the
legacy results of the 7 and 8 TeV data.

Measurements of the Higgs couplings with an accuracy down to the sub-% level will
likely require dedicated projects, e.g. experiments at new electron-positron collider(s).
Furthermore collisions of electrons and positrons would probe directly the Higgs invisible
width and allow for a precise measurement of the natural width, less affected by model
dependencies.

The Higgs boson self-coupling plays a crucial role in probing the origin of the elec-
troweak symmetry breaking. In the Standard Model, the value of this coupling is fully
determined when the Higgs boson mass is assigned. At particle colliders, it can be
experimentally extracted measuring the Higgs boson pair production. This process is
extremely rare and the measurement extremely difficult, however it is of paramount
importance since the parameter is particularly sensitive to effects predicted by several
theoretical implementations of physics beyond the Standard Model.

The total SM HH production cross section at the LHC is predicted to be 41 fb (with an
error of £8.5% from QCD scale uncertainties and +7% from PDF + ag) [124,125]. With
3000 fb~!, 120 K Higgs boson pairs would be produced at the HL-LHC. Many final states
are possible, but only a limited number of processes are experimentally accessible [126,
127]. In many cases the results obtained with preliminary analyses appear limited by
statistics. It is likely therefore, that to reach an evidence of the HH production at the
HL-LHC, and to target, its observation, the combination of many different final states
will not be enough. It will be, maybe, necessary the deployment of new ideas and, very
likely, the combination of the results of the two general purpose experiments.

In any case the result on HH of HL-LHC will be the only one available on this
important process for several decades. Any future collider, if approved, will require
collision energies of 1 TeV (or larger) for ete™ machines, or at least 50 TeV for hadron
colliders, to produce results significantly superior than those expected from HL-LHC.

Future facilities for the research programme in high-energy physics are widely dis-
cussed in the community. Examples are the Update of the European strategy for particle
physics [128], the Report of the Particle Physics Project Prioritisation Panel (P5) [129]
and the recent What Next: White Paper of the INFN-CSN1 [130].

Appropriate decisions will be discussed within the scientific community when 13 TeV
results will be available, to get guidance from data at the highest energy possible before
defining the strategy for the future.

In conclusion, we summarise in the following the most important milestones for the

new analyses of the 125 GeV boson, in a scenario that assumes LHC delivering up to
3000 fb~! of data:

100 fb~! of data:

— Observation of the Higgs boson decays H — 77 and H — bb.
— Evidence for ttH production.

— Differential cross sections.
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300fb~! of data:

— Possible observation of ttH production.
— Evidence for H — upu.

— Precision measurement of Higgs couplings with about 10% accuracy.

3000 fb~tof data:

Observation of ttH production.
— Observation of H — pp and H — Z~.

— Precision measurement of Higgs couplings with few % accuracy.

Evidence for HH production.

17. — Conclusions

In 2012, the experiments ATLAS and CMS at the Large Hadron Collider at CERN
discovered a new neutral particle with mass my = 125.09 + 0.21(stat) + 0.11(syst) GeV,
whose properties to date are fully consistent, within theoretical and experimental uncer-
tainties, with the expectations for the Standard Model Higgs boson at that mass. All
available information is so far consistent with the hypothesis that we have discovered a
fundamental scalar field that pervades all corners of our universe.

With the discovery of this new particle, the Standard Model is complete and all its
main parameters can be experimentally measured. The theory can be therefore fully
constrained or challenged by current and future precision data. This is an unprece-
dented situation in high-energy physics opening new lines of research in the quest of
understanding matter and the universe.

In this context establishing the true nature of the new boson is of paramount im-
portance and answer a list of open questions that are already on the table: Is the new
particle alone, or is it accompanied by other partners? Is it elementary or composite? Is
it precisely the SM Higgs boson or will some subtle anomaly in its properties imply the
existence of New Physics beyond the Standard Model?

The development of the scientific programme needed to address these questions will
require the collection of a large statistics of data from the LHC collisions at the highest
possible energy. These data will allow the search for new phenomena at the multi-TeV
scale, while probing the couplings of the 125 GeV particle to elementary fermions and
bosons at the level of a few percent. This new set of results will shed light on the
deepest nature of the new particle, thus providing essential information to identify the
best strategy for future facilities in particle physics.
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