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Abstract

The good performance of the LHC provided enough data at 7 TeV am¥8 T

to allow the experiments to perform very competitive measurements and to ex-
pand the knowledge about the fundamental interaction far beyond trat fr
previous colliders. This report summarizes the highlights of the results ob-
tained with these data samples by the four large experiments, covering all the
topics of the physics program and focusing on those exploiting the possthilitie
of the LHC.

1 Introduction

The standard model (SM) [1-3] of particles and interactions is currerdlynibst successful theory de-
scribing the Universe at the smallest distances, or equivalently, highesgies. Such task is performed
with the use of three families of fermions and a number of bosons associdtegiteractions as given
by the SU(3)c x SU(2)r x U(1)y symmetry group. Since in Nature tt$/(2);, x U(1)y is not an
exact symmetry, we require an additional field, the so-called Higgs fielidhveiponteneously breaks the
symmetry according to the BEH mechanism [4], giving rise to the weak antti@ieagnetic interactions
as they are observed at lower energies. In addition this field is respotwsifive mass to the fermions.

Although successful, the SM does not appear to be complete sincelssmramental evidences
are not included in the model. In this group, it should be remarked thaitafianal effects are not
described, neither are all the related effects, such as Dark Matterk&EDargy. In addition the current
structure of the SM does not include enough CP violation to justify the obdanatter-antimatter im-
balance in the Universe. Finally the neutrinos in the model are assumed tosBkessa something that
currently is experimentally discarded after the measurements of neutrino mixing

In addition to the missing parts in the SM there are several points in which the imaud com-
pletely satisfactory, concretely related to theoretical aspects of it. Séssmas are always mentioned
in this context, but they are summarized in three main issues: the need of fing-tounderstand the
low scale of the electroweak symmetry breaking and other parameters (taechieproblem), the lack
of understanding on why there are three families with double-nature setguagk and leptons) and the
lack of apparent relation between the different interactions (i.e. the aigdire observed values for cou-
plings, including fermionic masses). In practice, the SM has clear limitations gintisses too many
explanations about why things are as they are and it requires too maaygtars to actually describe
things as they are.

The proposed solution to both the experimentally-motivated limitations and thestloaddissat-
isfaction is to add more interactions or particles which complete the model. Insseciario, the SM
would become a low-energy approximation, or visible part, of a larger yh&yrincreasing the energy
in our studies we gain access to the additional particles and effects, whiakwally referred to as “new
physics” or “physics beyond the SM” (BSM). These effects that ateewplained by the SM will pro-
vide additional information about the limitations of the SM, opening the correstsitowards a more
accurate description of our Universe.

With this motivation we are led to the design of a powerful hadronic collider lvitiaximizes the
reach in sensitivity to the possible BSM physics. This is achieved by maximizenguilable energy,
which would provide the possibility to produce more massive particles, antutnber of collisions per
time unit (luminosity), which increase the yield for the produced particles #adte. This is exactly
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the motivation for the Large Hadron Collider (LHC) [5] located at CERNam@eneva (Switzerland),
which is recognized as “the discovery machine” for physics beyondMher8viding a large amount of
energy per collision and a large amount of collisions.

In the following sections we will describe the LHC and the related experimeitsegport on the
main results for the different part of the program, designed to take tatyanf all the possibilities given
by such powerful machines.

2 The LHC and the experiments

The LHC is the most energetic and most challenging collider up to date. Itign@ekto collide protons
or heavy ions at a maximum energy of 14 TeV of energy and very high ioollisites. Technical lim-
itations has prevented it to reach its design parameters, and the collecteetslatantains collisions at
7 or 8 TeV of total center-of-mass energies. In any case this repisaseme than 3 times more energy
than the previously most energetic collider (The Tevatron at Fermilab, U#g allows to reach energy
scales that were not accessible before, both for particle and heaphysics.

But the LHC is not just about large energy: it also provides the larg#iésion rate ever reached,
allowing to collect sizable data samples in record time. To quantify the amouttaf tthe previously
mentioned concept of luminosity is used. The integrated luminosity relates theenwhhb type of
events in a sample and the cross section for that type of event. Experimethialigllows to compute
the luminosity (“calibrate” the size of the sample) using a very well knowngssand count the number
of events from it, and sé& = N/o whereL is the luminosity,N the number of events andthe cross
section of the process. Once the sample luminosity is known, the value is usedsoire cross sections
of processes of interest, as= L/N. Finally, knowing the cross section of a process, one estimates !
number of expected events from that process in the sample/Wwith L - 0. These are the basic tools to
perform analysis of the data samples.

At the LHC during the first years of operations, samples of reason@#ewsere obtained at
7 TeV (in 2010 and 2011), accounting for 6-hof luminosity for proton-proton collisions and 17&~!
for lead-lead collisions. Additionally, data at 8 TeV were obtained for prgaton collisions, account-
ing to 23.3 fbo'!, and proton-lead collisions with a luminosity of 32T The results described in this
report have been obtained by using these data samples.

The collisions provided by the LHC occur at four interaction points along2th&m ring. At
those points, several experiments are located. The main four experimeAtsI€E, ATLAS, CMS and
LHCb and are located as shown in Fig. 1. These four experiments coleedath from the collisions
and provide the results of the physics analyses, as described in theifgjlsgctions.

In addition to the main experiments, other thnei@or experiments are intended for more dedicate:
studies: TOTEM [6], LHCf [7] and MOEDAL [8]. Neither their results npkans will be covered here
since their scientific output is very specific and beyond the aim of this tepokvever, this should not
minimize their importance in order to understand forward production (as it isatbe of the first two) or
dedicated search for magnetic monoples (as it is the aim of MOEDAL).

Each of the main experiments deserved some specific description to put iméxtcthe physics
output they provide.

2.1 The ATLAS experiment

ATLAS [9] is the largest experiment at the LHC. It is intended to study afigide physics topic by
analysing the full final state of the LHC collisions. It is characterized byrggsigcapabilities in tracking
and calorimetry surrounded by huge muon-detection chambers in a tdiieldal

The detector has almost full solid-angle coverage with a forward-backsymmetric distribution.
Itis also azimuthally symmetric, as expected for the physics in the collisionshérheetic design allows
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Fig. 1: Schematic layout of the LHC and the main experiments, ifledtat their location in the accelerator ring.

to infer the presence of undetected particles via the transverse momentuataeate, the so-called
“missing E7" ( E'S9), which can be computed as:

e [[20] 4 [Sn]

where the sum runs over the observed particles (regardless on thth@yagre detected and recon-
structed).

This quantity is expected to be small due to the conservation of the momentumesatbth a
significantly large value is interpreted as the presence of particle(s)stepe detection, as if the case of
neutrinos and other weakly-interacting particles which do not interact wittemiay mean of the nuclear
or electromagnetic forces.

In order to quantify the coverage of the detector, another interestiraplars the pseudorapidity,
an alternative to the polar angledefined as:

n= —ln[tan(9/2)] = ;ln[}i; i‘ii]

which is well suited for cylindrical description of events, as it is the casmlisions involving hadrons
in the initial state.

The structure of ATLAS allows to reconstruct jets up|td ~ 4.5, muons up tdn| ~ 3 and
electrons and photons up figl ~ 2.47, providing a very large coverage for the main pieces to study tt
final states in the LHC collisions.

2.2 The CMS experiment

CMS [10] is the other multipurpose detector of the LHC. Similar to ATLAS in aim eapabilities,
it present a more compact structure for a similar performance due to itgstraragnetic field. It is
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also hermetic and provides an impressive energy resolution for eleenainghotons, for a coverage of
In| < 2.5. Muons are detected up 19| ~ 2.4 with a more traditional approach that takes advantage
the redundancy with the inner tracking. Finally jets are reconstructed |up t04.5.

When comparing both detectors, the strong point of CMS is the great tiesoia the inner
tracking, which becomes the core of the detector, specifically when ssedandancy for reconstruction
of muons and other particles. On the other hand, ATLAS has better glalmirnetry and more precise
and sophisticated muon detection.

However, these differences are in practice more technical than rezd, thia treatment of the data
in the reconstruction of objects allows both collaborations to obtain very cablgaresults. The idea
is to compensate the limitations of the detectors with the information coming from timgetrparts or
redundant informations from other components.

One good example of this is provided by the conceppaticle flowthat has been extensively
used in the last years, specially in the CMS analyses. The idea is that in§treadnstructing the event
gquantities from the detector information (calorimeter cells, tracks), an intéateextep is taken and that
detector information is combined to identify “objects” that are associated tizlear From the detector
information, the kinematic recontruction of each “object” is performed in ama way, since each
class of object (lepton, photon, neutral or charge hadron and s treated differently. It is then from
these “objects” that the event quantities are then reconstructed.

These idea represent a big gain since each object is treated as classsimepto its expected
behaviour with the detector components. Additionally, the combination of thetdetgarts allows to
get the most of the detector information as a whole, leading to the final gdevirig a global event
description. The case of CMS is extremely clear since the particle-flovoapiprallows to use as much
tracking information as possible, reducing the impact of the lower qualityomédreconstruction in the
calorimeters.

By the use of this kind of ideas and even more sophisticated techniques, hexperiments
have been able to extract the most of the data samples, going beyond theptimogitic expectations,
as we will describe in future sections.

2.3 The LHCb experiment

The LHCb detector [11] has been designed to perform studies on flptgaics, specifically of hadrons
containing bottom quarks. Since their production is specially large in theaforwegion, the detector
design is mostly oriented to maximize rate and provide very accurate recdigtrimstead of maximaz-
ing the coverage. It therefore detects particles in the forward regibit e#aches an impresive track and
vertex reconstruction due to dedicated sophisticated components.

The main limitation of the measurements in the forward region is the high sensitivitptegses
in which multiplicities are large. For this reason, the LHCb did not collect lead-tkata and required
luminosity levelingo keep the number of collisions in the same event at reasonable levels. Hiisdev
is the reason why the integrated luminosity of the data samples is smaller for teisnegpt.

On the other hand, its great coverage in the forward region allows thistdete perform mea-
surements beyond the coverage of ATLAS and CMS, providing a nice leomegntarity at the LHC that
is not limited to the topics for which the LHCb was intended. As we will see belosv thCb exper-
iment is providing nice and competetive results in areas where CMS and &Mye expected to be
dominant.

2.4 The ALICE experiment

The ALICE detector [12] has been designed to maximize the physics ougpatfeavy-ion collisions.
The aim of the experiment is not the detection of exotic or striking signaturesobmaximize the
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particle identification in order to retrieve as much information as possible dabeyiroperties of the
medium created in the collision and how it affects the behaviour of the peddparticles. Therefore,
the detector components mostly focus on measurements that allows to studgehdeiece of statistical
properties of the final states with respect of variables that correlatesheitbroduction of new matter
states, i.e. the production of high energy density, high temperature angraiggion states.

Due to this, the strong point of ALICE with respect to the other LHC expertaisrihe impressive
particle identification, in order to identify relevant particles immersed in high mulityplevents. The
limitations that this impose is the reduced coverage for each type of particlamack of symmetry
in the detector: more types of different subdetectors covering diffeadid angle regions. This makes
that the muon coverage is limited to the forward regi2is (< n < 4) while electrons and photons are
detected centrally( < 0.9).

The specific design of the ALICE detector makes the results from ATLASGMS also very
atractive for heavy-ion physics, due to its complementarity to ALICE, althdhgy are not in competi-
tion when the particle identification is a key part of the study, as we will disessin this report.

2.5 Data adquisition and event reconstruction at the LHC experimerd

The data-acquisition (DAQ) systems of the experiments have been desigoeliect the information
of the collisions happening at the LHC. They are very sophisticated irr dodefficiently collect the
information from all the detector components and store it to tape for fut@igsis.

On the other hand, the DAQ need to deal with the problem that having collisi@rg 50 ns (or
25 ns in the future) it is impossible to store all or even part of the informatioevery single event.
For that it is needed to have an automated decision system which selecteitl® a&vsoon as they are
produced in order to reduce the amount of data that is physically storednamageable level. This
system, calledrigger, has therefore the goal of reducing the rate from tens of MHz to hdsdrEHz,
providing data of 100 MB/s, which is a storable quantity.

Although the concept is simple, it should be noticed that events that arecegitad by the trigger
are lost forever, implying a big responsability. Additionally, the trigger ¢tmas at the LHC are very
challenging and represent a new frontier in data acquisition due to highaateevent sizes. However,
there is the need for those required rates ans event sizes since thetagerperiments is to study rare
processes with high precision, even at the cost of suffering at the |IBy&)

In addition to the DAQ challenges, other difficulty arises from the high rateesthe collision
cross section is so large, it is very likely that several proton-protors gaitide in the same event (i.e.
crossing). Most of the collisions are soft uninteresting collisions thaldvappear at the same time as
interesting ones. This situation is usually referregitesupcollisions and it complicates the reconstruc-
tion of interesting events since it becomes harder to distinct them from bagkground, something
that is specially dramatic at the trigger level. The reason underneath baingtonstructed quantities,
specially the global ones like tHE'sS, are modified and led to misleading values.

This problem with thepile-upis what motivated the luminosity leveling at the LHCb interactior
point: to avoid the deterioration of the performance due to the overlap ofioaBis Since statistics is
not really the issue due to the large cross section, it is more practical toeréfticollision rate to collect
higher purity events than just reject good events due to trigger limitationfolléd be noticed that a
similar idea may be required for the other experiments in the future when gianthe highest rates.

After the data has been collected and stored in tape, it is analyzed to integtigaharacterization
of the physics producing it. The analysis consists on the identification adtifjcation of the objects
contained in the event.

We have already described how to reconstruct]&ﬂ%ﬂi}SS quantity that allows to associate unde-
tected patrticles to the event. Additionally we also described how the recctisirof the final state may
be simplified with the use of the conceptprticle flow
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As a specific case of the later, the presence of leptons in the final stateridaniental tool in a
hadron collider to recognize important physic events. Electrons are iéenti§ing the properties of its
interaction with the calorimeters. Muons are identified using the chamberdicicdesigned for its
detection, using the property that they are charged and highly penetrating

Photons are also identified using the deposits in the calorimeters, where dkesirialar to elec-
trons, but are distinguishable from them due to the absence of electrgeclaad therefore the lack of
hits in the tracking system.

The 7 leptons are the hardest objects to identify in a detector, but their use iglgtrantivated
by their common presence in final states for BSM physics, or for Higgzlses, as we will see later.
Their leptonic decays are hard to distinguish from electrons and muontdahadronic decays, the
dominant ones, are separated from other hadron production due tdotheairultiplicity and the kine-
matical properties. The main issue is that is commonly hard to separate therth&dange background
of hadron production, and specially at the trigger, where the usaldenass are more limited. On the
other hand the experiments at LHC has used experience at previougisotiidreally exploit all the
possibilities of analysis with leptons, as it is described below.

Finally, apart from leptons and photons, it is very common the productidmadfons. They
are originated from quarks and gluons that are not observed lEedagistrong force confines them
within colourless hadrons. The mechanisms transforming those colourgdgsinto hadrons cannot
be understood in the pertubartion approach used to perform estimatomstfe theory, but fortunately
they can be treated in such a way that their effects do not affect too megirehdictions. The simpler
technique to reduce this effect is by usiets of hadrons to reconstruct and characterize the final state

The idea is that the processes that are not perturbately calculableat@nergy scales that are
much lower than the usual hard processes taking part in the LHC collisibesefore they do not modify
sustantially the global topology of the event and hadrons appear as cotlimatehes of particles that
are kinematically close to that of the hard partons produced in the event.

This qualitative description, only valid for studies of hard parton prodacsbould be quantified
with the use of a specific and well-suited algorithm that reconstruct the jdte. r@sults are usually
dependent on the algorithm, but when the same algorithm is used for commpaeiasurements and
theory, the conclusions are independent of the algorithm, if the applicattmuised.

~ Data analyses at the LHC experiments are performed with all these objegtsnde photons,
EX'SS hadrons and jets, with very satisfactory results, mostly due to the high qablitg data acquisi-
tion and reconstruction.

3 Measurements to rediscover the SM

As mentioned above, the aim of the LHC is to produce unknown particles arehise sensitivity to new
possible interactions by colliding protons at high energies. However, poftthe possible interesting
processes there are other SM-related processes that tend to hide thetemesting ones. For a hadron
collider, QCD jet production has a so large cross section that is the basiegsr happening in the
collisions.

In fact, this makes the LHC a QCD machine aiming for discovery. Indepeiydehwhat is
actually done, everything depends on QCD-related effects: partéatoad parton distribution func-
tions (PDFs) of the initial-state protons, hadronization processes fomtlesfiate partons and so. Un-
fortunately most of these cannot be calculated due to our limited knowledgewro deal with the
QCD theory and therefore, in order to understand them requires tlieatigm of measurements which
allow to refine the existing phenomenological models used to obtain predictiomkat to expect in the
proton-proton collisions at the LHC.

For this reason it is impossible to simply ignore the “less interesting” events \@héctonsidered
as background of the events containing effects and particles beyoi@Mhmn fact, at the LHC, as in
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any other hadron collider, the understanding of QCD is not just sometleiaden nor a priority: it is the
only possibility.

As a good example, it is needed to realize that the first measurementaypetfat the LHC are
the total cross section and the differential cross sections for prodobiguged particles. They are not
calculable in the pertubative approach of QCD, but they are requiresttorm realistic predictions (via
thetuningsof the model generators). They were performed at the beginning obthgians by all the
experiments (see e.g. [13, 14]) and from the beginning have becometanptwols to understand the
collisions at the several energies the LHC has been operating.

In addition, even in these preliminary studies the LHC experiments proveththnHC is cross-
ing the lines to a new regime: an interesting effect observed looking at thedatons between charged
particles: CMS observed [15] that in addition to the udaade A¢ correlations (i.e. opposite hemi-
spheres), there are additiomadar-side(i.e. smallA¢ and largeAn) correlations in events with very
high multiplicities, specifically with more than 100 produced charged particles.

Figure 2 shows the mentioned observation of the so-called “rigde”. Simflzstefwere observed
previosly in heavy-ion collisions, although it is not completely clear the soofdhem is the same.
Currently there is not a clear explanation of the source, but the LHC datadnfirmed its presence in
lead-lead and proton-lead collisions, see e.g. [16].

3.1 Studies of jet production at the LHC

Apart from these soft-QCD measurements that are a fundamental piedjgisb the phenomenological
models, measurements related to hard QCD are also performed at the Lidhexqs in order to
validate the QCD expectations on the perturbative regime, and to learn thieouteractions between
partons at the shortest distances and also about the partonic corttempodton.

Measurements are done for inclusive jet production, as those by AThAS/], and compared
to the NLO predictions, which are able to reproduce the data after sofigshgorrections (that are
not large). Some kinematic regions are sometimes off, but they are codrétafroblematic areas,
in which proton PDFs are not well known or the effects from higher rae soft physics are large.
Similar conclusions are drawn from studies of multijet production, in which #mesigvity to QCD is
enhanced using ratios, as the three-to-two jet ratio by CMS [18], in whicly mmacertainties cancel and
the senstitivity to QCD shows up via the emission of hard partons. In factitbet densitivity to the
strong coupling constant,s (@), allows a measurement of this value for the first time beyond 400 Ge
confirming the expectation from the running of that coupling.

With a different aim, instead of measuring quantities that are more accuratelynk there is
interest in measuring in regions where uncertainties may be larger, kitiweto unknown quantities,
as it is the case of the PDFs. Measurements at the LHC experiments [Ede26¢nsitive to PDFs in
regions where they are not well constrained and able to distinguish befwediction of different sets.
Specially useful for the high-x gluon and sea quark PDF which is loosmhgtcained by the HERA
data. It is worth to remark that even if the LHC aims for discovering of BShsjs, it is a very useful
machine to increase the knowledge about the internal structure of thenpratothe measurements
sensitive to the PDFs. In incoming sections this will be mentioned a few times.

When studying the production of jets, an important topic by its own is the maasutef produc-
tion of heavy-flavour (charm and bottom) jets. Since they are not presére proton in a sizable way,
its study provides important information about QCD, specially for specifioflaproduction, something
which is not possible for the light quarks and gluons. The fact that it $sipte to perform separated
studies for charm and bottom jets is due to the possibility of tagging the jets a&sating/containing a
heavy-flavour quark.

This has been a recent possibility due to the improvement in tracking, spégifit the closest
distances to the collision. After surpassing the challenges involved in theh&Pevatron experiments,
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the detectors have reached to possibility to reconstruct vertices sogbyetigt resolving secondary
vertices coming from “long lived” hadrons containing a bottom and a clyarank has become a standarc
tool in accelerator physics.

The fact behind thikeavy-flavour tagging the presence of hadrons that live long enough so the
decay products appear in the detector as displaced tracks and veitit@sjets that are incompatible
with originating at the so-called primary vertex, in which the interaction tookeplaihese displaced
tracks and vertices are resolved and conveniently used to tag jets cogthiese heavy-flavour hadrons
and therefore likely to originate from a charm or bottom quark. The inftongrovided by them is
used either on a simple and straightforward way (that is safer and moitomat) or on multivariate
techniques that allow to increase performance of the tagger. The latdrehame more popular as
expertise with this kind of tool is well established.

Making use of the tagging tools it is possible to study the production of jets atiggnfrom a
bottom quark, or b-jets. Measurements by the two collaborations has been[21222] and compared
to QCD precitions for heavy-flavour production computed with the MC@N28&) program. As shown
in Fig. 3, a good agreement is observed overall although there are soatladfscrepancies in specific
kinematic regions, similarly at what was observed in inclusive jet productibrshould be noticed
that the level of agreement is good due to the improvements in the theoretmalbtans during the
last decade. Predictions are difficult for the kind of process undely,sao the level of discrepancy
observed is considered a complete success of the QCD calculations. u@é darther work is still
needed, emphasizing the importance of the precise measurements at the LHC.

In a similar topic, one important measurement at the LHC experiments will be todiggatangle
the production of jets containing two heavy-flavour quarks. In the pasgtiality of the heavy-flavour
tagging only allowed the separation of jets with at least a heavy-flavouk gtowever, at the LHC,
the improved detection techniques and the experience with tagging tools wiklidgoto investigate
the production of multi-b jets, which are of importance in topologies with mergedjeis reject the
presence of gluon jets containing a gluon-splitting process into heawuflawarks.

Exploiting the subtle differences in the displacement of tracks, studieseai@med on this is-
sue [24], and good rejection power of gluon jets has been observibel k@leping a big fraction of the
single b jets. More dedicated studies will be needed to improve the relateddoodgdcting this back-
ground, but current results has confirmed its feasibility and also thaethg/lavour taggers at the LHC
experiments are taking advantage of the improved detector capabilities.

Regarding the LHC in a new kinematic regime, it should be remarked the deveta@uring the
last years of tools to investigate the production of boosted objects. Siadalde energies at the LHC
are much larger than the masses of the SM patrticles, itis likely to observertbairgtion with very large
transverse momenta, giving rise to the merging of objects. This is specialtisaroe in the case of jets
since they are hard to separate after their constituents have been megegheétoFor that reason, several
dedicated studies and the development of new techniques has been thenieHC experiments [25, 26]
in order to deal with the topology of boosted jets. The idea is to exploit theeptiep of the internal
structure to recover information of the original partons whose jets haa tnerged, and separate then
from single parton jets that are boosted in the transverse direction, i.dugao with large transverse
momentum.

Many techniques have been developed and tested in the identification afdjergnd check how
the simulation reproduce the characteristics of the jets allowing the distinctioe f@tthcontaining one
or more “hard” partons. Currently its performance has been provertaifgd merged jets coming from
boosted W bosons and top quarks, and used for searches. Hatgepencipal motivation is still the
need of this kind of tools for the future running at higher energy.
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Fig. 2: Relative distribution of the charged particles in Fig. 3: Differential cross section of bottom jet produc-
proton-proton at 7 TeV as measured by CMS in sev-tion at the LHC with a center of mass energy of 7 TeV.
eral selections in th&\n — A¢ plane. Apart from the Measurements in different rapidity regions (dots) are
expected back-to-back correlation, a near-side correlaplotted as a function of the transverse momentum of th
tion is observed even at largen for high-multiplicity ~ jet and compared to the MC@NLO predictions (lines).
events (plots below).

3.2 Studies of soft QCD physics at the LHC

Apart from particle and jet production via QCD processes, the expetinaga able to perform studies
related to QCD via more complicated mechanisms. Among this, one that has beaipémportant is
the possibility of observing more than one partonic collision from the samernzo&ince a proton is a
bunch of partons it is not uncommon to have several partons colliding aathe time. And the LHC
allows to have very hard collisions since the energy of the protons is ves.la

These multiparton interactions are a complicated topic since it is not clear ugab lstel each
collision can be considered independent of the others. In addition, timlpitity associated to the
additional collisions to happen is not calculable and require models whoaeegrs require some
tuning in order to improve the modeling of the underlying event. The validity tegteomodels is
usually done in samples that are reasonably understood and trying totdkiEamaximum possible
information to get the proper parameterization. With this aim, ATLAS has medislieecontribution
from double-parton interaction for W+dijet events [27] to (b&6 + 0.01(stat)+ 0.03(syst), in good
agreement with the expectations that were tuned to previous data.

Related to QCD in strange regions, the LHC allows studies for diffractigdefarward produc-
tion of particles and jets at higher scales than previous hadron colliddmnsseTare relevant in order
to understand hadron interaction at softer scales, and also to adjust de¢ésrdescribing this kind of
process.

Even the LHCb experiments has produced results for forward hadoatugtion, which are very
competitive due to the optimization of the detector for particle ID and its verydatwoverage. Results
of these studies [28] have been compared to the predictions obtainedibiptra event generator and
also those used in the simulation of cosmic-ray events, which are very gemnsithis kind of processes.

Another example of new kind of QCD measurements is the study of exclugiesah (WW)
production via the collision of photons performed by CMS [29]. This make4 HiC a photon collider
at high energies, which allows dedicated studies of the electroweak itmb@rad he result with the
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dataset collected at 7 TeV allows to measure the cross section with still a loificsigoe, implying the
need of more data. However, using the sample with highest transverse tnomérwas possible to set
limits on the production via anomalous quartic couplings, showing the potentiaisdfind of studies.

3.3 Electroweak boson and diboson production at the LHC

Although the measurements described above allow to test the predictionsbwaliieven of the elec-
troweak sector in some cases, the most sensitive studies to validate the @bligme are coming from

the events containing photons or weak bosons. The idea is that these aeensually simple to recog-
nize and the perturbative calculations of the processes and the backgrare usually very accurate.

The most common process of this kind is the production of photons, whoseshteve been
demonstrated in the past hadron colliders, in which this was considere@R $fudy” since it provided
direct information on the quarks. Hard photons radiated from quagkg@wd probes of the interation
since they are not affected by soft processes and they are able tgudistirmong different kind of
quarks. In addition the large cross section ofthget allows its use as a fundamental calibration tool.

Additionally, studies of diphoton production yield to very stringent test of $hé predictions,
specially for a final state that is an important background in many interestargtses of new particles,
decaying in photon final states. The study by ATLAS [30] performed oreasents of the photon pair
production as a function of several variables and compared them takevent generators, at different
orders in QCD and types of partonic showers in order to evaluate theofigwetformance of the available
production tools.

However, when talking on boson production, the studies related to the besains become a
fundamental test of the SM predictions that were performed at the LHGlar tw also check the perfor-
mance of the detectors and tools for analyses. Even after the first @sallys studies of events with W
and Z bosons are fundamental tools for calibration and understandihg object identification and re-
construction. Measurements at several energies, as the one at § TGM®[31], have been performed
and show very good agreemeent with the expectations by the SM and afsoning the excelent pre-
dictions of the SM at several energies for measurements performed &rd/¥ production during the
last three decades, as shown in Fig.. 4.

Although the basic goal for studying the production of weak bosons isrtfiroothe performance
of the detectors and of the basic SM prediction, dedicated measuremetdd telthem are also a fun-
damental part of the LHC program. This is the case for measurements\seteitie internal structure
of the proton and also of the SM details that could not be tested beforelavehef precision reachable
at the LHC. This affects both kind of processes: final states that veser mvailable in a proton-proton
collider before, like the ratio of W to W~ measured by ATLAS [32], or whose yield was too small, like
the measurement of 2 4/ (as in [33]) which is a calibration piece for the Higgs searches.

This explains the large effort at the LHC to measure the properties of tidugtion of weak
bosons. Some of the properties are measurements for confirmation aratigaligurposes, but some
are really motivated by the new possibilities opened at the LHC experimeritsis@een even in exper-
iments that are not intended for boson studies, like the results at LHCb,iam wie very forward de-
tection makes measurements of Z and W production very competitive even wigthdoeeptances [34],
since they are measured in kinematic regions that are not available for theletagtors. Even events
compatible with forward Z bosons decaying intdeptons have been observed at the LHCb [35], indi
cating an important benchmark for the performance of the experiment tmabtailts beyond flavour
physics.

In the case of W production, Fig. 5 shows the lepton charge asymmetryustzoh ofrn also
confirms the complementarity of the several experiments at the LHC, in thihoaste LHCDb is able to
extend the region reachable by the ATLAS and CMS, even with a redueleld yll these measurements
of forward production will have a big impact in the fits to extract the partortexat of the proton, since
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Fig. 4: Cross sections of weak boson productionFig. 5: Lepton charge asymmetry of W production as €
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shown as different types of dots. to very forward regions never reached before.

most of the current uncertainty is reduced by forward production digbes, more sensitive to the less
constrained partonic content, as gluons and sea quarks at high-x.

But not only the proton structure benefits from the large yields at the Ldd#@toducing weak
bosons since the presence of a massive object allows studies of QE&pes in an environment where
perturbative calculations are accurate enough to bring very stringgstiethe expectations.

The typical example is the use of bosons as “probes” of the underlymganacess involving the
partons, whose rules are naturally dictacted by strong interactions. Tthis tase of the measurment
of jet production in association to a Z or W, as in [36, 37], which are seediti the partons interacting
and also major backgrounds to most of the new models for BSM physican&hsurements are able to
constrain the room for the new physics, and, in other kienmatic regionketik¢he validity of the tools
used to estimate these final states. It should be noted that not only the yieltdesesting, but also
the kinematic distributions of the final state objects, specially those sensitiveekpected underlying
physics, as in [38, 39], in which specific distributions of bosons and jetstadied in order to perform
accurate tests of the SM predictions, taking advantage of the large yields.

Similarly, another topic that directly benefits from the high cross section anthasity at the
LHC is the production of heavy flavour quarks in association with a weabktoBeing very sensitive
to the SM structure, some of the processes have not being accuratetiydestto the limited statistics
at previous colliders. In fact, results at the Tevatron have been eensial regarding the way the event
generators reproduce the measurements. The larger statistics at thdlbCthe improvement in the
precision of the measurement. This is the case for the W+b-jet measureynamtAS [40], which
clearly shows that description by event generators could be improvadhs not a trivial case, since
it is a background for many studies for BSM physics. Understanding ibisepancy should be a clear
priority of the physics at LHC, from the theoretical and experimental pafimtew.

Another final state that has benefit a lot by the new frontier set at the isHi@& production of
charm in association with a W boson. Its interest is given by the fact the¢ $Wis able to change
the flavour of a quark, the production of single charm is dominated by ttters involving down and
strange quarks in the proton. Therefore directly sensitive to the stcamgent of the proton. In addition,
the charge of the produced W is completely correlated to the charge ofdha elnd down/strange quark.
As mentioned above, the W is used as a direct probe of the structure afdedaying parton collision.
In this case the result of the measurement by CMS [41] is presented aadtierf of charm jets in W+jet
events and also of the ratio of Wto W~ in events with a charm produced in association with the \/
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Both quantities are sensitive to the PDF of the strange quark and antiqliaekmeasurements are in
good agreement with the expectations and they will allow to improve the agooirétte proton PDFs.

In the case of the Z boson, the low cross sections prevented detailedsstfidiee production
associated with heavy flavour quarks to be performed at the Tevatmgain Ahe LHC has brought the
possibility to study this in detail. The analyses studying the production of Ztlkgen [42], show that
the event generators, in this case MADGRAPH [43], are able to desttrébdistributions. However,
with the explicit requirement of two b-jets the agreement get clearly work i#hplying that some
theoretical work may be required: although the processes (and caloutidigrams) are the same, the
relative weight is different due to the kinematic requirements on the secbnd je

Finally, the last topic entering the scene when talking about weak bosahgi@nis the study
for electroweakly produced bosons, the so-caWedtor-boson fusiofVBF) production. In this case
the boson is produced in association of two jets that tends to be forwaedpdbe kinematics. Those
forward jets are used to “VBF-tag” the event and separate them fromalreprocesses, weak radiation
from partons or parton annihilation. Measurement by CMS [45] allowed t@some a cross section in
agreement with NLO calculations. In addition, this kind of analysis also catéd#to understand the
production of jets in the forward region, which is less understood due tohthkenges in experimental
studies and also in theoretical calculations.

It should be remarked that the interest of all the results involving jet mtoauin association
with weak bosons will be kept in the future, as the measurements get maiseprenplying larger
challenges for the modeling of very important processes at the LHC, é&ithéireir own interest or just
as background estimations for searches of all kind.

3.4 Diboson production at the LHC

As it is well known, the production of more than one boson is one of the neosits/e test of the non-
abelian structure of the electroweak sector of the SM, so it is very sentitdeviation produced by new
couplings involving the SM bosons.

The main limitation is that precisely the presence of several weak couplingssnth& cross
section small, and the observation of these final states has been vemyitdifiowever, the LHC has
open a new era for this kind of studies since large samples are availablefdonpéetailed studies,
allowing precise studies of diboson production for the first time. In fact,LtH€ will allow in the
future the observation of multiboson production, which has never bessrdd. In addition, the large
samples available has allowed that diboson production has become a dteefdegnce for calibration
in advanceed analyses.

The basic processes testing the SM structure and with large cross sedtierpioduction of a
weak boson and a photon 8Aand Zy) which are directly sensitive to the unification of the electromag
netic and weak interactions. The results of the analysis, like [46], shaatnl#ta are in good agreement
with expectations, even at higher transverse momenta, which may be setwsiisw physics affecting
the unification of interactions.

In the case of two massive boson, the process with the highest crtiss $ethe production of two
W bosons, in which the samples are large enough to allow detailed compasirise predictions by
the event generators, even via differential distributions [47]. Thelosion of the studies is that the SM
predictions reproduce very well the shapes of the observed distributiatata, but they underestimate
the total cross section.

This discrepancy has been observed by the two collaborations andvabtkeergies of the LHC.
Investigation of the origin of it is under study. Similarly, studies of the prtidn®f two Z bosons shows
a slight excess in the data with respect to the expectations [47,48]. Ireses the yields are small and
the excess is not as significant, but the clean final state, requiring foatdd leptons, leads to very
straightforward conclusions. This channel, which leads to a pure sarhglé events and with fully
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Fig. 6: Summary of the measurements by ATLAS for massive particlesk bosons and top quarks) in single
and double mode at the LHC with a center-of-mass energy o7 Te

reconstructed kinematics, provides the best test bed for diboson stspesally with the amount of
events expected at the LHC.

In addition to the pure leptonic channels, that are much cleaner in a haaliigie)c the semilep-
tonic channels are also exploited at the LHC, since it is the most precise wsydy the hadronic
decays of Z and W bosons, not available in the inclusive production dire targe dijet backgrounds.
The performed measurements in the W+dijet sample [39, 49] yield the oliserah the diboson sig-
nal. Separation of the Z and W in the hadronic channel is not possible desdlition, and therefore
this final state is able to measure the mixture of WW and WZ events. The resulaggegement with
the observation, and the analysis has also tested the W+dijet backgvwdurgk interest was mentioned
above. Finally it should be remarked that WZ has been also measured inlyhleptonic channel [50]
which provides the topology of three charged leptons B which has a large relevance in searche
for new physics, in particular supersymmetry, and therefore the wadeliag of the kinematics in this
diboson process is a fundamental part of the program.

In conclusion, it should be remarked that even if the LHC is intended to wisdbe physics
beyond the SM, measurements of the know processes has producedntea@sting results, some to
confirm the observations at previous colliders, but also new resultsvdratnot previously accessible.
In this sense, and as summarized in Fig. 6, the impressive agreement otthigremeents provides a solid
base on which the experiments are building the tools and confidence fobskevation of unexpected
results, when higher precision or new final states are reachable intthe da

4 Measurements on bottom and charm hadrons

The spectroscopy of hadrons has been a fundamental source mhation in particle physics, since it
has allowed to detect effects beyond the reachable energy scale emd girovides the only direct way
to understand quarks and QCD at low energies.

The case of heavy flavour hadrons, which include at least a bottohmaomoquark, is of a broader
interest due to the higher masses involved that allows to perform moreaéetheoretical calculations
related to the properties of the hadrons. With the measurements in hadotrospepy, it is possible to
perform several classes of studies, as the properties of bound statdsction of new states, measure
branching ratios and interference effects. All of them provide informadimout possible BSM physics
or improve the knowledge about partons in confinement states.
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It should be remarked that in order to perform studies with hadrons, #dsled to reconstruct
them. This sets a very different approach to the ones described ab@ddn the hadrons are just
merged together in jets that are related to the original partons. The goal phyls&cs with hadrons
is to explicitly identify the interesting objects. This is achieved in several st€ps:first consists in
the identification of the detected particles, as pions, kaons and more commooihs rand electrons.
Some of these objects are (pseudo)stable and are identified as track#ar Sometimes the nature of
the particle is also inferred by using specifically designed detectors, lotién cases the nature is just
assumed as part of the reconstruction process.

After the detected particles are identified, they are combined to reconstroitter” particles that
may have decayed into them. The usual method is to reconstruct the invaaaastof several identi-
fied objects and find events in which they are coming from another partiate éopossible continuous
background) as a resonant excess. Those events associatedcaymglgarticle may be used to ex-
tract information about the particle, apart from the direct identification efrticle itself in the mass
distribution. Furthermore, the particles identified this way via its decay ptsdnay be further used to
reconstruct other partental particles in a recursive reconstructibaltbas the full identification of the
decay chain of the original particle.

With these tools and the goal of measuring the hadron properties in mind, Beekperiments
have been able to identify hadrons, some of them completely unknown.x@mgke is the observation
by ATLAS of the new exited statg,(3P), belonging to the bottomonium family decaying ift(lS/2S)
by the emission of a photon [51]. The mass distribution showing the resesg@noduced by the new
state is shown in Fig. 7 centered at a mas$®530 + 0.005(stat)+ 0.009(syst) GeV. Also the CMS
experiments was able to find th — EbﬂrjE state, which has been the first baryon and fermion four
at the LHC, and with a mass 6945.0 + 0.7(stat)+ 0.3(syst] £+ 2.7(PDG) MeV [52].

However, and as expected, it is the main experiment focusing in heawpuflahysics, LHCb
with its larger samples with higher purity who is able to measure the propertiedtofibhadrons with
higher precision. Specially about the recently discovered baryonaHich this experiment has already
relatively large samples with high purity selection. The measurements,fd2,” and=,” documented
in [53] required very detailed understanding of the detector momentunssaalerder to get the most
precise mass measurements in the World.

Additionally the LHCD is also leading the effort in searching for rare deadyknown hadrons.
These decays are of interest for its possible sensitivity to new interaatiariging quarks because they
include loop diagrams or interesting vertices that could be affected byowmrkaffects. Among the rare
decays, one of the most attractive one®ig B® — uu since it is associated to a well-controlled anc
easily identifiable final state. Additionally, the branching ratio is very smalékpected to be enhanced
in several of the possible BSM extensions. This explains the intensivehstea this signal in the last
decade at the Tevatron, where exclusion limit approached the SM etipactaowever, the large sample
collected by the LHCb experiment allowed to get evidence of the decay, sitindicance o8.5¢, for
By that is in good agreement with the SM value [54]. The decay3ftrsearched in the same analysis
is also in agreement with the SM, but significance of the excess is smalleabEeace of discrepancy
has set strong limits on possible new physics affecting the decay, confith@ngegative results from
direct searches at the other LHC experiments, as described in seciods98

Another interesting decay under study28 — K* ., whose branching fraction in the SMis not
that small but whose kinematics is sensitive to the presence of new ph@siess the forward-backward
asymmetry as a function of the invariant mass of the muons, measured by[BHGind observed to be
in agreement with the SM calculations.

All these measurements confirm the good performance of the detectdrsaioy hadron physics,
although the measurements are not bringing information about the possiblepBics, but setting
stringent constraints on the way the new physics may modify the interactioed&euarks.
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photon. A clear state at 10.5 GeV is observed in bothprojection of the mixing asymmetry of the combined
decays, compatible with being thg(3P) state of the probability function for the sample.

bottomonium family.

4.1 Mixing and oscillations

Within the properties of hadrons, one that has become of large releigtinag of the mixing of neutral
mesons, in which the flavour eigenstates differ from the mass eigenstatiingléo a change in its nature
according to the quantum mechanics rules. These oscillations are welllstelfiis thek®, B and BY
and are starting to become accessible forfile

In the case of thé3’, the LHCb samples are reaching unprecedent precision and evedipgov
new channels of observation. Figure 8 shows the result of the oscilldborike very pure sample
of B — Dzt as a function of the decay time [56]. As it can be observed, the measuiearen
well reproduced by the expectation obtained taking into account the caiopad the sample used to
compute the raw asymmetry.

In the case of theD?, the oscillations are now becoming accessible thanks to the large samg
specially at the LHCb. Its study is strongly motivated since charm is the ontypgquark in which
mixing and CP violation are accessible. It can also provide surprisesisis@previously unexplored
region. The study of the mixing and oscillations for th&is done by exploiting the interference betweer
the mixing and the double-Cabibbo-suppressed decays. The samelcpeovide a right sign and a
wrong sign set of candidates that are used to perform the measurenheniirst set is not sensitive to
the mixing and therefore provides a perfect reference sample.

In order to reduce uncertainties in the production, the inffidistate is tagged by using the decay
product of theD* — D%r,. Using all these events, it is possible to measure the mixing and the LH
has provided the first observation from a single measurement, with a sgnuéof 9.4 [57]. The result
is in good agreement with previous measurements, but the increased aigrefis another proof of the
reach available at the LHC even for studies of low-mass objects.

4.2 Measurements of the CKM matrix and CP violation

As remarked several times, the main goal of the studies in flavour physicsngesstigate the details
of the fermion families, specially the relationship among them. In the case of Hr&gjuhe relation
between the flavour eigenstates (from the point of view of the weak itk@nqand the mass eigenstates.
is given by the so-called CKM matrix [58] which is expected to be unitary (waifamilies are included)
and that can be parameterized with three mixing angles and one complex phasenitary condition
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allows the representation of combinations of elements in rows and columns wiatine as a triangle
whose area is related to the CP violation in the family mixing.

The goal is therefore to identify the processes that are sensitive to catiobis of elements in
the matrix and extract the associated information about the matrix and the tridfigdameasurement
of single elements in the matrix is associated to processes that are notadisenvhadron physics.
However, that is not a complete limitation, as proben by the large set of rastiitslast decade related to
the CKM and CP violation parameters. Still, certain measurements are newly ctsormthe LHC. As
an example, the LHCb experiment has measured the angging the tree process&™ — DK+ [59]
which has the advantage of being very clean: as we mentioned befocespes with loops are sensitive
to new physics, so the values measured at tree level are dominated bpl$ghgsics. The measured
value,y = (71.177%%)° is in agreement with the World average, with comparable uncertainty.

Other interesting result from the LHCDb is the study of CP violation in charmleeg-4hody de-
cays of B mesons [60], that are sensitive to transitions between the rulsth@d generation. The
observed asymmetry is interesting because it is opposité in 7~ (enhacement foB~) with respect
to Kt K~n* (enhacement foB™) and it seems to be enhanced locally for some kinematics regions.

In the case of the mixing, one of the most important channéis— J/¢¢ since it is sensitive
to new physics affecting the CP violation. Measurements [61] agree withMhexBectations, and they
were also used to obtain the first measurement of the width difference ofabke eigenstates which is
not compatible with zeroAT', = 0.116 + 0.018(stat)+ 0.006(syst) ps!).

Finally, the last open topic for CP violation is its study in charm decays, wrastbken measured
by the LHCb collaboration [62] to be significantly different from zeropaexpected result since most of
the SM-based predictions suggest almost no violation. Although calculatrerdifficult and the usual
estimations may underestimate the value, the measured value, confirmed &xptraments, seems a
bit large, which may be pointing to some BSM effects.

As with most of the discrepancies observed, more data is heeded to mowalsnowledge, but
theoretical development is an additional requirement to quantify the ledidafreeement observed anc
before its origin is further investigated.

5 Results on the top quark

In the hadron physics described in the previous section, one quarkiis/estigated: the top. Being the
most massive of the quarks (and of any observed fundamental paittislélard to produce and also it
does not hadronize but directly decays into a W and a bottom quark. Adglitipits exceptionally high
value of the mass makes him the best candidate to be related to new physisstsdy is mandatory
and one of the big goals of the LHC program: the top quark may lead the patBNbdBysics, in the
same way as heutrinos are leading the path in non-collider results.

At the LHC the dominant process to produce a top quark is QCD pair-ptiothuthat has a large
cross section. In fact the LHC is the first machine that is able to produapiemis at high rate, allowing
detailed studies to be performed. This also applies to other production nismisaas that of single-top
andtW production, the latter being available at the LHC for the first time. In facptioeuction cross
sections of processes involving top are so large that it is also a very cotmae&ground in many types
of searches, which is an additional motivation for studying its properties.

The study of the top quark at the LHC follows a similar strategy developedwatibn: channels
are identified with the number and type of leptons in the final state. Dependirigad, events are
analyzed to extract all available information in a sample as clean as possddéioAally all channels
are considered, in order to investigate all possible events and the peesfetiscrepancies with respect
to the SM expectations.

206



Events

LHC RESULTS HIGHLIGHTS

> 250F TS
F I T I [ N B i
c i ] S ¢ .
r ATLAS tagged e + jets ] o T ATLAS Preliminary
14000 Preliminary —- Data . = 2000 ]
- - ! it . =R i 1
120001~ Ldt=4661b Waijets E o I J.L dt=471" ]
toonob I Multijets E " 150 .
F Il Other ] i —eo— Data ]
2 y ' = L ]
8000p7 w7z uncenainty ] 1000 h [ ttsignal B
7 7 - Multijet background -
6000 %%I . r ﬂ ] g ]
" % 50:_ : k _:
C ] Coe ]
2000 y ) ]
0 1 2 3 4 >5 qOO 200 300 400 500 600 700
Number of jets m, [GeV]

Fig. 9: Distribution of the number of jets in events with Fig. 10: Invariant mass distribution for three jets form-

an electron or positron, a b-jet and signific#jt**as  ing a top candidate in fully-hadronic of top-pair pro-

measured by ATLAS at 7 TeV. Sample composition isduction events. Measurement by ATLAS at 7 TeV. Ex-

split into the main components. pectations for the top-pair signal and the multijet back:
ground (histograms) are shown and compared to th
data (dots).

5.1 Measurements of the top-pair production cross section

The first property to be measured for the top quark is the productios sezsion in the main mechanism
(pair production) and the simpler channel: the semileptonic events in whioh ihargood identified
lepton and at least one jet tagged as coming from a bottom quark. Restatebtained for the sample
collected at 7 TeV by ATLAS, giving a cross section laf5 + 2(stat)+ 17(syst)+ 3(lumi) pb [63].
Distribution of the number of jets is presented for events with an electron in,Sgding the clear
signal yield for high jet multiplicities.

It should be noted that the semileptonic events apply only to electrons andspmurto ther
lepton that is considered aside. That channel has also being studiedtsmeery important for the
possible new physics related to the third generation and the measurementbdliéee in [64]) are
found to be in good agreement with the expectations. Additionally the all-hadohannel has also
being investigated [65] in order to confirm the expectations. These twmnelmused the invariant mass
distribution of the top quark candidates, as shown in Fig. 10, in order tratepthe large backgrounds.
It should be remarked that the lack of precision for these channelsimabgsiriven by the systematic
uncertainties affecting the background or the acceptances.

On the other extreme, channels containing two leptons (electrons and npuovisle the cleanest
signature. At the Tevatron this channel was not precise because lmvibeyield, but the LHC has
proven this is no longer an issue with the single most precise measuremeatob#s section from the
dilepton channel at CMS [661,61.9 + 2.5(stat)"2 3 (syst)+ 3.6(lumi) pb, again at 7 TeV.

All these channels provide experimentally independent measurementsgobthetion cross sec-
tion that have been combined [67] to give a valud 03.3 + 2.3(stat)+ 9.8(syst) pb. The combination
has also proven the good consistency among the different channdlseaimeb experiments. In addition
to these results at 7 TeV, the two collaborations are working on getting a sinaifargowith the data col-
lected at 8 TeV and measure the top-pair production cross section, witessst is to test the model at
higher energies but also to open the possibility of performing ratios ofjesefand even double ratios
with the addition of the Z-boson production cross section) which will enbdhe sensitivity to BSM
physics. The first measurements of the cross section at 8 TeV are¢eepof68] and [69].
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However it should be remarked that the large samples of top events arallalsing new sets
of studies that were not available at Tevatron: measuring SM quantitieg egants containing top
quarks. Those provide good tests of the SM, but also a useful framerfirm precise measurements.
One example is the extraction af from the top-pair production cross section [70], which leads to
competitive value because it is determined in an energy regime that has enlpdeessible to a reduced
amount of measurements.

Besides of the total production cross section, the experiments are megadiffémential cross
sections [71, 72]. These studies provide very stringent test of the i8Magtions and of the modeling
in simulation. In addition the sensitivity to possible discrepancies is enhasioed, such discrepancies
could appear in tails of distributions, as expected from possible new ghysid not affect the bulk of
them in any visible way.

The results of the measurements does not present any significanpdiscyeand good agreement
is observed, which increases the confidence on the predictive péwles theoretical tools. These are
going to be fundamental when larger samples are investigated, as thoseechiie2012 at 8 TeV, since
precision will be much larger and the challenges and sensitivity to new phiysieases to previously
unknown levels.

5.2 Measurement of the properties of the top quark

Until more data is available for detailed studies of the production mechanismyitemtdata samples
allow the measurement of the properties of the top quark to an unpredgméeision. The first one is
the determination of the mass, since it ia a parameter that determines many ofiegtips, and its high
value is already a motivation by itself.

The LHC experiments are exploiting the experience at the Tevatron aatt@eaely measuring the
mass of the top quark with very advanced techniques: template fits, jet talibirzsitu and similar.
In addition the measurements are performed in several samples that amohateéned, even to get a
combined LHC result, as summarized in Fig. 11 and documented by the cotiaheri@3]. It should be
remarked that the achieved precision will be very hard to improve, but stiliniiss of the top quark is
a relevant quantity of study at the LHC. Specfically larger samples will alifferdntial measurements
of the mass, 8i/;/d.X, which provides additional information and constraints.

In addition to the direct measurement of the mass, the LHC experiments amaedsoiring the
mass indirectly from the measured cross section and the comparison to thetitted@xpectations.
The value extracted from this [74, 75] is not as precise as the directunesasnts, but the comparison
provides a new handle to find inconsistencies in the theory predictiongt{arefore opening the way
to possible BSM physics). The results are in good agreement, confirmingphessive performance of
the SM predictions for top production and properties.

Additionally to the mass there are other several quantities that have beeuretes the top at
the LHC by CMS and ATLAS. As an incomplete summary, here are briefeatas to them:

— Electric charge

Within the SM there is a fixed expectation for the electric charge of the topkqu@r3 of that of
the positron). However, some models would allow a charge of -4/3 (sam¢ wihitsh is still fully
compatible with the observed decays since the inclusive measurements iddatethe charge of the
lepton from the W boson and that of the bottom quark, specially due to theutlitfis to measure the
latter.

However performing studies of the charge asasociated to the bottom @umatkthe jet) and the
pairing of jet and W boson to identify the ones coming from the same top, it Elpgedo obtain sen-
sitivity to the charge of the top quark. Even with limited luminosities, analyses bywbheollabora-
tions [76, 77] by testing the two models again sensitive distributions are émgltite alternative value
beyond any reasonable doubt.
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— Mass difference for top and antitop

CMS has measured the mass difference between the quark and the &ntiension of the top [78],
which provides a stringent test of the CPT invariance in Nature and ofab&lde compositeness of the
top quark state. The result is in agreement with the SM expectation in whighitheo difference.

— Polarization and spin correlations

Due to the short lifetime of the top quark, its decay happens before aelwdtige spin. This allows to
perform studies related to the spin that are not available to any other.quark

In pair production the polarization of the top quark is investigated by usingnigée between
the quark and the lepton. Measurements by CMS in the dilepton channehifid¥y ATLAS in the
lepton+jet sample [80] has confirmed that the polarization is in agreement witBMhexpectation: top
quarks are produced unpolarized.

However, the SM predicts that even if the quarks are not polarizedpihg af que quark and anti-
quark are correlated. The degree of correlation as measured by ®\iri Relicity basis i9.40™7) 52 [81],
in perfect agreement with NLO SM predictions, which sets additional caingtrto possible anomalous
production, i.e. BSM physics.

— Helicity of W from top decays

Due to the characteristics of the coupling of the W boson to fermions, wecetkpd helicity of the W
decaying from top quarks to be fully determined. This property is paraipetein different components
that are accessible by studying the angular ditributions between the leptotHe W boson and the top
quark in the W rest frame.

Measurements performed by the two collaborations [82, 83] are in agneevite the SM expec-
tations and the results are used to set limits on anomalous couplings betweerbtsohvand the top
quark, basically testing the V-A structure of the weak coupling of the onfirlqin which it is directly
accessible.

— Forward-Backward asymmetry in top-pair production

In top-quark pair production a stricking assymetry was observed atavatron regarding the foward-
backward production of the quarks, which a clear preference of iheuark to be produced in the
direction of the proton (and the antiquark in that of the antiproton).

Although this is somewhat expected, the observed value is much larger ghiib @ predictions.
Some uncertainties involved in the calculations may be large but the effect enalgd produced by
some unknown effect, specially because the effect increases with tiseofrthe produced pair.

At the LHC the available energy and production yield motivates a more preicidg of the effect.
However, the symmetric initial state prevents the realization of exactly the sansireesent. On the
other hand, the matter-dominated initial state introduces differences in tioityatistributions of the
quark and antiquark that is related to the distribution studied at the Tevagpeniments.

The measurements of the asymmetry for the quadity] = |y:| — |y;| performed by the two
experiments [85, 86] show good agreement with the SM expectationsoutdshe remarked this does
not exclude the Tevatron result, since there are no final model explamergsymmetry. However, the
LHC results exclude some proposed models and adds some additional itdorthat is very useful
for this subject, that is a good candidate to be one of the hot topics for tbming years, specifically
regarding top physics.

— Study of t¢ + X production

Since the pair production cross section of top quarks is so large, it lsasileepossible to start studying
the properties of the top quark with the associated production of additidaj@tte, usually radiated
from the top. Sizes of the current datasamples do not allow detailed studilbe most interesting

processes, as the production of a pair of tops and electroweak hdsmrairrent studies are showing
the possibilities for the future running.

209



O. GONZALEZ

LHG Mye caombination - June 2012, Lm1 =35pb'-49f’ —_ t-channel ‘smgle top qu‘ark producllo‘n
TS Zot0, ers | TLAS + OMS PreliminaryNs = 7 TeV -'é = CMS prefiminary, 5.0 ' ]
95 g" 16 0 O sy —— 169.3x4.0+ 4.9 ° 5 ®  CMS,1.17/156fb"
’ —_—— 174.5+ 0.6+ 2.3 10°F v oosen E
A CDF75fb' ]
— = 1749+2.1+ 3.9 ]
Pttty 1755+ 4.6+ 4.6 _ 1
i ——t 1731+ 21+ 27 10 E g NLO QCD (5 flavour scheme) E
s theory uncertainty (scale ® PDF) E
—— 733x12+2 ]
17ssxt.2xay Campbell, Frederix, Maltoni, Tramontano, JHEP 10 (2009) 042 _|
0= 1726+04+15 g
LHG June 2012 - 1733205+ 1.3 1E NLO+NNLL QcD -
- theory uncertainty (scale ® PDF) 3
Tevatron July 2011 4 1732+ 06108 3 Kidonakis, Phys.Rev.D 83 (2011) 091503 ]
| | | | _1sta‘1 )L (syst) ]
150 180 170 180 190 0 2 4 6 8 10

a5 Vs [TeV]

Fig. 11: Summary of the more relevant measurementd-ig. 12: Measurements of the single-top production
of the top-quark mass at the LHC, including the com-cross section in the t-channel by CMS at 7 TeV anc
bined from the two experiments and the comparison8 TeV. For comparison, measurements at the Tevatrc
with the best Tevatron combination. experiments are also shown.

On the other hand, other processes that have not been studied in detdileady reachable for
accurate comparison with the SM predictions. Two examples are given hyrdldection of jets in
association with a top pair [87] or even the production of bottom jets [88gs&measurements are in
good agreement with expectations and are setting strong constraints on thigonsatictions in regions
that were not investigated before.

In summary, the LHC has been proven ds@factoryallowing a high rate of produced top quarks
to perform very detailed measurements of its properties. It is expecteththptecision of these will
increase with the future samples, providing information and constraints fdelsoelated to the less
known of the quarks in the standard model. Therefore it is not an exatijme to claim that particle
physics has already entered in the era of precision in top-quark physics

5.3 Single-top production

A very important topic regarding top production is thatswrigle topthat is dominated by electroweak
production of top quarks. The process, observed at the Tevatiemdt being studied in detail until the
arrival of the LHC, in which the available yields allow accurate comparisahedheory.

In the production of single top there are traditionally three channels uraesideration: the
t-channel (via a W exchange) which is the one with the highest crossmsactibsensitive to the bottom-
quark content of the proton, the s-channel (via virtual W production) \& production, which was
not observed at the Tevatron. From them, the t-channel is relativelytease studied at the LHC
and current results have reached a good precision and even alleparhte sudies of the quark and
antiquark production. Figure 12 show the measurements at CMS at 7 @8/TaV [89] and comparison
with Tevatron measurements. Similar studies has been produced by ATLi&kSsimilar reach and
conclusions [90]. Additionally, results on the s-channel were able tbrs#$ on the process that are
around 5 times the SM predictions [91]. However, the current analyss dot include the full data
available. With more data the results will become much more relevant. It shoubdtbd that the
s-channel is more sensitive to possible anomalous production of particles.

Regarding the third channel, the associated production of a W bosontapdjaark, both exper-
iments reached the level of evidence using the 7 TeV sample [92, 93]. @derwed distributions are
in agreement with the SM expectations, but more data is needed to perfounatccomparisons. The
8 TeV data should allow the observation and first precise measuremenis pfdbess, although the
analysis is a bit challenging due to the harder conditions.
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| Vtb direct measurements |

November 2012
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Fig. 13: Summary of all the direct determinations of the CKM elemiptat the Tevatron and LHC experiments
from single-top production.

Once the production of single-top events has been established, the tthdynallows to provide
information about the electroweak couplings of the top quark, specificabiytd the sensitivity of the
production mechanism to the CKM eleménj, ruling the coupling between the top quark, the botton
quark and the W boson. Several determinations of this quantity have leeiemnped at Tevatron and
LHC, as summarized in Fig. 13.

In conclusion, studies of the single-top production are starting to reacbcisipn that will put
the SM under test in the unexplored sector of electroweak physics withumig Without doubt, this
will also contribute in the next years to complete the picture we have of thik gisaa key piece of the
SM and its link to its possible extensions.

6 Results on heavy-ion collisions

Although the main goal of the LHC is to understand the interactions at the highegies (or shortest
distances), this collider also allows to produce extreme conditions in termsafyedensity, pressure
affecting baryonic matter. This is achieved by colliding heavy-ion nuclei iaghe case of lead. The
main goal is to try to study the strong interaction at lower levels, i.e. investigatepts as confinement,
thermal phenomena, chiral symmetry and so on, more closely related to thidamnaffecting quarks
and gluons in the early universe than the clean parton-parton collisioaiyustudied at the LHC when
colliding protons.

Also in the case of the LHC the increase in energy represents a big stegrdoin studies of
heavy-ion collisions: the experiments at RHIC were intended to discoveprtiction of strongly-
interacting perfect fluid. The LHC experiments shall characterize théslefahis new class of matter
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with the increased precision. For that, one of the most useful quantitiesatliites flow, defined as the
second momentum of the azimuthal distribution of produced patrticles. Itinsnary important physics
information because larger values of the quantity indicates the presentscosity in the medium at
the early times after the collision. Such values were observed at RHICyaAdLICE [94], confirm-
ing the expectations from hydrodynamic models. Adiditionally, ALICE has nreasthe elliptic flow
and production yields (and ratios) for specific particles, as e.g. in [$5jtifiled via its sophisticated
detector subsystems. Some of the results are a bit unexpected, as tbedrededuction of baryons
with respect to pions, which may be pointing to some presence of hadrec&ttering, an effect never
observed. Other interesting measurements have already been perforitredcollaborations with the
aim of quantifying the characteristics of the collisions, as studies of higttkar harmonics (as in [96]),
or particle correlations, and the studies related to the measurements sdnsitieeChiral Margnetic
Effect [97] which is a fundamental study in the heavy-ion program at.tH€ after the first hints at
RHIC.

However, most of the current studies in heavy-ion collisions are moreipgito the confirmation
of the results found at RHIC in order to tests new tools and fix a solid base beypnd in terms of
energy and sizes of data samples. In fact, it is in terms of hard probes ofgated medium where the
LHC experiments have clearly go beyond previous experiments.

ATLAS was the first one presented a result on jet quenching [98], inlndme expect dijet events
produced from hard parton interactions in lead-lead collisions are vdgb&s assymetric production
of jets: opposite to a produced jet with large transverse momentum it is nigghstoaward to find a
second jet, as in the usual proton-proton collisions. In fact a factorstigresion in central collision
is observed, very independent of the jet momentum. This is explained by¢kenze of a strongly
interacting medium which affects more one hard parton than its companiorthearefore giving the
impression of disappearence of jets.

In addition to jets, it has been very common the use of hard photons assprbbiee medium.
Photons are transparent to the medium, so they are perfect to quargifysedin jet quenching in the
production ofy+jet, as in [99]. However, photons may also be coming from the hadrong imédium,
or in the final state, so they represent as small limitation that the LHC experimagtavoid with the use
of more massive probes that were not available at RHIC: the weak ®os€amrently the experiments
have been focusing on detecting the presence of those bosons, whilebla data samples does not
allow its use as actual probes, e.g. in Z+jet production. However, thetitgt®f leptonic Z bosons by
CMS [100] and ATLAS [101] have already allowed the first differenti@asurements to characterize
the production of these ideal probes, completely insensitive to initial statdoohization and for which
the medium is transparent. Studies of the W bosons have also been perfa62gand have already
provided interesting confirmation regarding proton-neutron differ@nisaspin effect yields a reduced
asymmetry in charge with respect to proton-proton collisions at the samgyeper nucleon. Again
larger samples are needed for more detailed studies, but the LHC is pedhilsgootential in heavy-ion
collisions.

Another area in which the LHC allows to reach much further than RHIC is tdg efiheavy-
flavour production. As in the case of proton-proton collisions, the pibisgibf identifying secondary
vertices allows specific studies to be performed. In fact ALICE has shimgreat capabilities with the
reconstruction of open-charm mesons, D mesons [103] which arenhonicely observed but also used
to perform measurements, like the one shown in Fig. 14, which probes nifiencation of suppression
for open charm in central collisions, in good agreement with more inclisiwgies. The aim of using
open-charm mesons (and perhaps B mesons) is that they bring theilipsdiquantifying differences
in the energy loss in the medium between heavy or light quarks and eversgluon

But the identification of heavy-flavour states is much more powerful in th@tditeresonances,
specifically for the quarkonia states. They have a long history of beimtjestin heavy-ion collisions
due to their clean signature and the big theoretical/phenomenological krgawbedthem. Regardless
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Fig. 14: The nuclear modification factor with respect Fig. 15: Invariant mass of dimuon pairs measured by

to proton-proton measured in lead-lead collisions forCMS in the region of theY family as produced in

D mesons in the most central events as measured byeavy-ion collisions (dots and red-line fit). Compari-

ALICE. Data (black dots) are compared to the nuclearson to the data from proton-proton collisions normal-

modification factors of charged particles (open circles)ized to theY(1S) peak (blue dashed line) shows the

and non-prompy//+ from CMS (squares). sequential suppression of the family in heavy-ion col-
lisions.

of being colourless they are sensitive to the medium since they rely on they doce to keep the
two quarks bounded. In fact these states are affected by scredfengand they become an actual
thermometer of the medium: the larger the radius of the system (larger for &gtags than 1S)
the larger the screening. Therefore we expect to obsesagaential suppresioor meltingwithin the
quarkonia families: less bound states are more suppressed than thoaeethaire bound. This has
been clearly observed in measurements by CMS [104] fofitHamily, as shown in Fig. 15. Clearly
the excited states are affected more in relative terms than the ground stateavhgaring reasults from
lead-lead collisions with those of proton-proton at the same energy peromucThis is an additional
confirmation that a strongly interacting medium is created in the relativistic Fieawollisions at the
LHC.

It should be noted however that even if the qualitative picture seems theaquantitative details
do not completely fit, so further measurements and theoretical developmiériis needed in order to
fully understand the generated medium. Such kind of studies are alreddgé) as the measurements of
J /v suppresion by CMS [105] (in central rapidities) and ALICE [106] (imfard rapidities), probing
the nice complementarity between experiments. However the agreement inpgiressiion does not
apply to the observation by CMS tha(2S) is less suppressed than the) for transverse momenta
larger than 3 GeV, something not confirmed by the ALICE measurements.

In conclusion the heavy-ion program of the LHC experiments is alreadyiging interesting
results bringing the field to unexplored areas with a new energy regimeamgaossibilities, like the
use of new available tools and probes. The propects for the future, witmef analyses of the data,
including the 30 nb! collected for proton-lead collisions (as the previews in [107, 108]), velph
towards the ultimate goal of the program: detailed characterization of QCBdéhenatter by means of
precise measurements from heavy-ion collisions at LHC.
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7 Searches for the SM Higgs boson

The SM structure and its implications in the description of the Universe is luasix presence of a field,

known asHiggs fieldthat is responsible for the symmetry breaking giving rise to the electromagmetic

weak interaction and also to give masses to the weak bosons. In thispracsgle degree of freedom
is translated into a scalar partictbe Higgs bosonthat should be observed and whose coupling to tr
fermions are introduced in such a way that these last ones acquire thesntfzesisare forbidden by the

symmetry before it gets broken.

This particle is therefore the missing keystone of the SM and it was extgnsarched for in
previous colliders without success. The good performance of the SMgdyr motivated the existence
of the particle, and the measurements and fits from pre-LHC colliders pdiatadmass of around
100 GeV [109].

Under this situation, the LHC started collecting the data that should providedigh¢ existence
of this boson and eventually find it. This was the most important search fdirshgears of the LHC
experiments and for this reason it deserves a full section describinghiigsas and the strategy to
follow in order to observe the presence of the boson and also the relatstirements wich are aiming
to confirm whether the observed resonance actually matches the pregayiiected for the SM Higgs
boson.

7.1 Strategy to search for the boson at the LHC

Before the LHC had collected enough data for being competitive in seaafhtbe Higgs boson, the
results from LEP and the Tevatron were the richest source of informdtdact, LEP had excluded at
95% C.L. the SM Higgs boson below 114 GeV and its measurements had ouestitae mass of the
Higgs to be around 100 GeV.

In the case of Tevatron, the direct searches were excluding a Higgegd 65 GeV, leaving the
available regions to be clearly separated into two: The low-mass regiomdsses between 115 and
160 GeV, that was very strongly motivated. The second region, with vekathigh masses beyond
170 GeV, was less motivated, but still not discarded, specially consgdtérat the motivation was as-
suming negligible effects from possible BSM physics (or more complex Higgelspd

The first step therefore for the LHC was to look into these two regions aridgi2011 all channels
were considered to investigate all the mass ranges. For low masses, hltheutpcay is dominated by
that to bottom quarks, the involved channels were those having the Higggidg into ZZ (in 4 leptons)
or vy, with some information from the WW; 7~ andbb decays in all accessible production modes
For high masses the most useful channels were those involving decay¥\Witand ZZ in all posible
signatures. With this approach the two experiments presented results emBac1¥ 2011 with the
data collected at 7 TeV. The results presented at that time led to a completsi@xciithe Higgs boson
in the high-mass region (up to more than 400-500 GeV) and most of the low-onas leaving alone a
small window around 125 GeV.

In that window the exclusion was not possible because both experimengsexcess, not com-
pletely significant but enough to prevent exclusion of the presenceSil &liggs boson. the excess
was appearing in several of the channels Naturally, the presenceesbaance in the most motivated
channels to detect the SM Higgs boson was a clear suggestion that sorhvieas the responsible for
the excess, so all the focus from that moment was to intensively searalpéssible boson with a mass
around 125 GeV whose properties were close to those expected favithiiggs boson.

This effort was designed to be applied to the 8 TeV data collected righttafteNinter in 2012
and the idea was to maximize sensitivity in the two most sensitive channels at $s{4rapton ZZ and
~v) and also look at the complementary channels (WW;~ andbb) that could provide some further
sensitivity and also some additional information regarding the nature of teenbanore couplings
involved.
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Fig. 16: On the left, 95% C.L. limit on the ratio of the cross sectiorithe SM expectation for the production
of a Higgs boson as a function of its mass as obtained by ATLABetime of ICHEP-2012. Observed limit is

compared with the expected limit (in absence of such a peYtéd the uncertainty intervals. On the right, the
local p-values for a similar study in several analyses by CM®oth cases a very significant excess is observe
around 125 GeV that is interpreted as observation of a neticlgatikely the SM Higgs boson.

In parallel more analyses were still considered in order to complete the gactewven those that
were looking (and excluding) the presence of a SM Higgs boson attégiaehigher masses.

All these analyses are described in the following sections.

7.2 Analyses for the discovery (ICHEP-2012 results and afterwars)

At the time of ICHEP-2012 the size of the available data at 8 TeV was compai@lthat collected
at 7 TeV, allowing already enough sensitivity to perform statements on tenbdoth collaborations
presented results in the main channels on #8912, and they confirmed the presence of a new boson
the discovery {o) level. The presented results are summarized by the plots in Fig. 16, wieawstlits
from the statistical analyses of the studies are shown.

The measurements performed at 8 TeV also increased the precision owthledge of the boson
and in general tend to confirm its nature as that of the SM Higgs bosonr ibgeovements to the
analyses and the addition of the data that was provided by the LHC duririgr2@e brought additional
support for this hypothesis. However, some questions are still to betigates! and further data would
allow more precise measurements in the future. Here we will discuss somerobtkeaelevant results
bringing to the current knowledge about the boson dicovered at a a5 &GeV.

In the case of CMS, th& — ~+ search [110] is performed by using several categories of diphot
(for inclusive production mode) and two categories for tagging VectmweB Fusion (VBF) processes.
It should be noted that VBF is very important because it is sizable (mostiulseche leading Higgs
production occurs via loops) and it involves different couplings thamtreinant mechanism, e.g. itis
very important for fermiophobic models.

With all those categories, the analysis is able to achieve a significant exXce$s with a yield a
bit higher than expectation.

In addition to that, the 4-lepton search was dealt in this collaboration with thefw@skinematic
discriminant that accounts for the fact that the Higgs boson is a scaliarkifid of tools have made that
this analysis [111] is the central reference for measuring the propeftibe boson, as described below.
As shown in Fig. 17 the channel has very little background and the sigolglddy observed in spite of
the low yield. The significance of the excess at a mass of 126 GeV is vdryditgough in this case the
yield comes a bit lower than the SM expectation, but still in agreement.
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Fig. 17: On the left, the mass distribution of 4 leptons in eventsctetefor the Higgs search at CMS. Data (dots)
are compared to the background expectation (solid histegjrand a Higgs signal with.(H)=126 GeV (red line).
On the right, local p-values associated to the same analysisa clear excess for a Higgs mass around 125 Ge'

In addition with the most sensitive channels, CMS has put a lot of effatt®@secondary channels
which are giving additional constraints about the boson, with a small sétysit6pecifically, the WW
decay also suggests the existence of a boson, but with a yield on the Id&¢t 52]. Ther "7~ shows
clear limitations on the size of the data sample and although the result is compatib&eShithHiggs, it
is also in agreement with the background-only hypothesis [113]. A similaclasion is extracted from
the decay into bottom quarks [114], in which the Higgs need to be obsartled production associated
with a weak boson, in order to keep the dijet background under relaledimaits. The studies of diboson
production described in section 3.4, specifically in the semileptonic chammelsde a solid support to
the search of the boson in this decay channel. In any case, more dateowidlgostronger constraints on
the fermionic decay channels, currently compatible with the existence of thli§§4 boson but with
small significance.

From the ATLAS side, also several updates came after ICHEP-20bgjtg further confirmation
to the signal and, as in the CMS case, higher precision in the results. Ti&atpsearch [115], per-
formed with several categories, has lead to a very strong signal, whichaghes the level of being very
high when compared to the SM expectation with a signal strength value apprga factor of 2 (being
1 the SM prediction). Dedicated studies of this value in a per-channel #aassnot indicate anything
striking, but uncertainties in those cases are large since it is the combinattoenowhich is bringing
the high significance of the signal. Plot on the left of Fig. 18 shows theiamamass distribution of
diphotons in which the resonance at a mass around 125 GeV is cleartyethse

As in the diphoton search, the 4-lepton channel in ATLAS gives a signamgth higher than
the expectation, although in this case in agreement with the SM value (and wi@MBeresult). The
study of this final state [116] is performed by exploiting the kinematical ptaseof the decay products
from a spin-0 particle. As shown in the plot on the right of Fig. 18, the signelearly observed with
a reasonable amount of background, which leads to this channel as itheefie@ence to measure the
properties of the boson, as in the case of CMS.

Regarding the complementary channels, ATLAS also puts a big effort ce tith similar con-
clusions to those obtained by CMS. In the case of the decay into bottomsqdarK, sensitivity has not
yet reached the level to allow quantitative statements about the boson to be Tedother two chan-
nels [118, 119] give higher yields than expected, but still with large taicties. In the case af 7,
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Fig. 18: On the left, invariant mass of two photons in the search fer iggs decaying into diphotons per-
formed by ATLAS. The fitted background is subtracted in that plelow in order to enhance a resonant exces
close to 125 GeV. On the right, invariant mass distributiéd teptons in events selected for the Higgs search ¢
ATLAS.Data are compared to the background and a signal hgsat withm (H)=125 GeV.

the value seems to be high in the case of the main production channel, but imnBi associated
production with a weak boson (VH) the signal strength is clearly on the log/[&it9]. It is too early to
be considered a problem since the uncertainty is still large enough totbev8M value withinlo.

7.3 Post-discovery goals: measuring the properties

As described in the previous section, a new boson has been obsedvisl properties are compatible to
those expected from the Higgs boson of the SM. With the additional analgspdture is getting more
complete, but precision needs to be improved to extract further conctusion

One of the goals in the incomimgpst-discoveryears is the measurements of all the propertie:
This has been already started, and some answers are already pragiseglwill discuss here.

The first set of results is the comparison of the signal strength for tlewadeshannels that have
been investigated. The results are summarized in the plots of Fig. 19. As nehtiothe previous
section, values are not completely matching the expectations from the SMggudare not significantly
discrepant. More data will be needed to reduce the uncertainty and irategbigssible anomalies in the
production and decay mechanisms. Explicit disentangling of the couplingstsley are fully compati-
ble with the SM expectations, as in [120].

After the production mechanism has been checked, the first obviopentydo measure is the
mass of the found resonance. Dedicated studies has been perforthedvad collaborations using the
most sensitive channels. In the case of CMS, the last study has bemhdrathe 4-lepton sample and
provides a mass value of(H) = 126.2 + 0.6(stat)+ 0.2(syst) GeV [121]. In the same analysis, studie:
of the spin and the parity leads to the conclusion that the data clearly faaquuse scalar versus a
pseudoscalar. Additionally, data is not precise enough to distinguish éxetspén-0 and spin-2 particles
in this channel.

In the case of ATLAS, the results presented in [122] show some tenstaebe the masses ex-
tracted from the 4-lepton and the diphoton channels. In the first caski@ ebm(H) = 123.5 +
0.9(stat) £ 0.3(syst) GeV is obtained. For the second, the valuenigdd) = 126.6 + 0.3(stat) +
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Fig. 19: Signal strength in the several channels sensitive to a Higgen with a mass close to 125 GeV in
CMS (on the left) and ATLAS (on the right). SM prediction slibe centered at 1, which is compatible with the
measured values and with the combined average.

0.7(syst) GeV, in better agreement with the measured value at CMS using tipto#-lshannel. This
discrepancy will require some further investigation and perhaps data tmderstood. It should be
added to the issue that the signal strength values as measured by ATLoA®S temhigher than the SM
expectations.

In addition to the mass measurement, studies of the spin and parity has algoebleemed by
ATLAS [123]. They are similar to those by CMS, but more complete since mébion is also extracted
from the H — ~+~ analysis. This has allow to add more sensitivity to the distinction between sipd-0
spin-2 particles.

7.4 Other searches for SM-like Higgs and within models of new physics

Even though a boson that is a good candidate to be the Higgs as predidtesl 8y has been found,
other analyses looking for SM-like Higgs bosons are still of interest. Tha mativation is that they
may be sensitive to scalar resonances with a mass larger than that of dime dsosmaller but with lower
production cross sections.

Most of these searches are following very closely the searches f@Nheliggs at the corre-
spondent masses, since they inherit from analyses performed bieédpeson was observed. They are
naturally diverging from the optimal search for the SM Higgs, in order t& foo similar particles, but
not with exactly those properties of the SM Higgs. Many searches hagieeformed by ATLAS [124]
and CMS [125] and have computed limits for possible presence of partidestts SM-Higgs alike,
since no hint for a resonant scalar has been seen.

Furthermore, several BSM theories include the modification of the Higgersevhich implies
that other Higgs particles may be present in Nature, even with the presighesSM one. The suggested
discrepancies in the Higgs properties add further motivations for this Kimtbdels. Note we discussed
them here even if searches for BSM physics are included in sectiord® an

As usual in searches for new physics, supersymmetric models are thattnastive to be con-
sidered. In the case of Higgses, Supersymmetry (SUSY) requiresdbere of at least five Higgses,
one basically like that predicted in the SM and others that are relevant dheitgroperties: charged
Higgses and Higgses with enhanced couplings to bottom quarks lepdons. This later case motivated
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the search for a Higgs decaying intd 7~ interpreted in SUSY models. Lack of any observed sign:
bring the experiments to use the results [126,127] to set constraints in B¥ Safameter space.

In addition, searches for charged Higgs have been performed intorlib®k for their presence in
decays of the top quark. CMS has focused onsttolannel [128], looking for an anomalous presenc
of 7-based decays with respect to other leptonic channels. Limits were sstvferal models due to
the good agreement of the data with the W-only-decay hypothesis. In sieeofaTLAS, one of the
investigated channel wa8* — ¢s [129], in which the presence of a dijet resonance not peaking
the mass of the W boson will be identified as a signal. In addition, we expeutes igeld due to the
competing channel that is purely hadronic (assuming that the charged Hiégay preferably into that
channel). Data does not confirm these expected anomalies, so additittsabre set for this kind of
model.

Aside for the basic SUSY models, other extensions of the SM incorporatdicatidns of the
Higgs sector and therefore they have been searched for. Themgaasepossibilities here, and several
classes of Higgses show up. However, we should emphasize that stimeeofield topologies that may
have been missed due to kinematic selection, as it is the case of Higgses withdeasnias the dimuon
resonance search in [130]) which may be produced just as boogextotue to their own couplings.
Other possible exotic particle in the Higgs sector is the presence of dobétged particles whose
searches, as the one in [131], have not reported any visible disciepédth respect to the expected SM
backgrounds.

In conclusion, no significant hint of alternative or extended Higgs settas been found to com-
plement the boson observed at a mass around 125 GeV. However, ésindbimply that the physics
beyond the SM is out of reach, since the Higgs sector is well known &iging very elusive particles.
For this reason, searches of new particles have been performeceivtizyly of the discovery of the
possible Higgs, as discussed in the following sections.

8 Searches for new physics

As it has been discussed before, the LHC is intended as a machine to oimgdtion about new physics
beyond the SM. The possibility that the Higgs boson has been found dbesly confirm the validity
of the SM, but also its limitations that should be investigated to find even morectamswers about the
structure of the Universe at the smallest distances.

Finding these answers at the LHC requires a huge effort in order &r tlog many possibilities,
and therefore corners of the parameter space. This makes the sqacch very broad field of inves-
tigation. In this report we just summarize the most interesting searches obad# tteveloped at the
LHC.

Within the searches for BSM physics, the models involving SUSY are strangtivated due to
their good theoretical performance to solve the SM limitations. Specifically thblidg of the parti-
cle spectrum, in order to have a supersymmetric partner to each SM pattimles a very reach phe-
nomenology that translates into many analyses investigating several tyipes sfate topologies. Those
are discussed in section 9.

On the other hand, there are well-defined alternatives to supersymmetrdsnioat also provide
possible explanations to the issues of the SM as the full description of thverdei In the following
subsections we focus on summarizing the searches for these alternatigls mo

8.1 Searches for unknown high-mass resonances

When looking for new physics, the more direct approach is to look fdigbes that are not included in the
SM spectrum. For that, the search for resonances decaying into dédextdlwell-known particles is the
simplest approach. Some of these resonances are naturally predicxtenisi@ens of the SM, specially
with the addition of new interactions. Figure 20 show the invariant mass oftdileas measured by
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Fig. 20: Invariant mass distributions of electron-positron (lafi)d dimuon (right) in dilepton events collected by
ATLAS. Data (dots) are compared with the SM predictionsisbistograms) and some expectations for BSM
resonances (lines).

ATLAS when looking for a massive resonance that would appear aakaipahose distributions. The
comparison of the data with the SM expectation show very good agreenteregsuits [132] (and [133]
for CMS) are used to set limits on the production cross section for resesaand lower mass limits on
possible Z-like particles in the order of 2.5-3 TeV.

Similar to the lepton search, the production of dijet resonances has alsocdmegdered, as in the
CMS result documented in [134], in which special treatment has beearpexdl in order to separate
between resonances decaying into gluons or into quarks (or a mix). Atesioase, a good agreement
has been observed, but the main issue is how to handle the huge baakgtdhe lower invariant mass,
that forces to reject events even at the trigger level.

This has been the testing analysis of a new technique, adliedscoutingwhich allows to collect
interesting events passing around the trigger limits. The idea is to collect eateathigher rate but
storing only the final reconstructed objects, which allows the reductioreafata content per event. This
permitted CMS to trigger and perform studies for lower invariant masses witipetitive results [135]
even with a reduced datasample of 0.13'b

When looking for resonances, the presence of neutrinos is not a limitatidrthe search is also
extended to the use of thieinsverse massf a lepton and théZ'ss, defined as

MT = \/2 . pT,g . Ejr’giss' (1 — COS Aqbg’l,)

to investigate the presence of new resonances decaying into a chgrggeddad a neutrino. In the case
of a resonance, this variable shows a Jacobian peak that is on top obthdmackground. The current
results, as those in [136], do not show any hint of such type of streictund limits on production of
W-like particles has been set.

However, when we talk about limits on very massive W-like particle, a posdéitay channel is
into a top and a bottom quark, which is not allowed for the W. This was invéstday ATLAS [137]
and found no sign of a resonance decaying into those quarks, ameimtntly of the number of the
identified b-jets. It should be noted that the searches of this kind ofaeserhave become very powerful
at the LHC due to the available energy for producing high-mass resesdecaying to the most massive
particles in the SM spectrum. This is also confirmed in the study of resondacaging to weak bosons,
which are predicted to appear in several BSM theories. A result by A has taken advantage of the
trilepton final state to look for resonances decaying into WZ [138], piogid very competitive result,
although usually this kind of search is performed with semileptonic or fullydr@drchannels to make
use of the larger branching ratio.
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In fact, the energy at the LHC is so large and the possibility for produasgrance so large,
that very massive object could appear and the decay products willdstdahy which may lead to dijet
(e.g. from W) merged into one reconstructed jet. This has been turned lieioedit to enhance signal,
by using merged jets to tag the presence of hadronically decayed bagmnsesult of the analysis by
CMS [139] shows the good performance of the boosted-jet tools. Wmately no sign of new physics
was found.

A similar analysis by ATLAS looking for a resonance decaying into ZZ in theilsgtonic chan-
nel [140] also exploits the merged jet topology to increase acceptanceytonassive resonances and
set a much constraining limit than that accessible by the obvious dijet topology.

Among the searches for resonances indicating BSM physics, one compioristthe studies of
possible excited states of fundamental particles, which could be relatedvtphmesics (e.g. contact
interactions or internal substructure). This is the case for the seaesttitéd muon states decaying into
a muon and a photon as the one by ATLAS [141] looking for the Drell-Yadpction of a muon and an
excited muon. The results are in good agreement with SM predictions for ttedisoriminant variable:
the invariant mass of the two muons and the photon, which allows to set striiigés in the possible
scale for such a excited state to exist.

In addition to the searches for resonant states in the two-body decaysgthmasses accesibles
at the LHC allows the searches for more complicated topologies, with moretolhjethe final state.
One example is the search for boosted resonances decaying into thre€hjetsearch performed by
CMS [142] assumes pair-production of these objects, and therefoidethés to study three-jet ensam-
bles whose transverse momentum is large but the corresponding massawagy pbak structure related
to a decaying resonance. The requirement of large transverse momalttws the reduction of the
combinatorial background, for which the mass and the transverse momeuiliushow a correlation.
Although the result of the analysis does not show hints of any possildeagese, the used technique car
be used in other searches in the future. In the current case, limits ane thet existence of resonances.

Another alternative that is open at the LHC is the cascade decay with initigiveasbjects se-
quentally decaying into states. A very syummetric case considered at Ché&tsoon the pair produc-
tion of objects (e.g. technicolour particles) decaying into pairs of partielgs 6ther lighter state in the
technicolour spectrum) which decay into dijet. This process will lead to ahtBgelogy in which there
are resonant peaks in four dijet masses, two 4-jet masses and piertiep8-jet mass in case the original
pair-production occurs from the decay of a single-produced partidlethis information is combined
into an artificial Neural-Network to enhance signal-like topologies. Theltefl43] show that there is
no peak structure on top of the combinatorial background coming frorallyguroduced 8-jet events
and limits has been set for models motivating this kind of signature.

8.2 Searches for leptoquarks

One special case of pair-produced resonances that are motivatedficption models iseptoquarks
particles having both lepton and baryon numbers. They are detected videbay into a lepton and a
quark, which gives a resonant peak in the invariant mass (in the caseafed leptons) or significant
excess inEMsSrelated variables (in the case of neutrinos).

Since these patrticles carry colour, they are pair-produced with a lapge-section, giving rise
to clean signatures due to the leptons in the decay. Furthermore, they atsa tieh phenomenology,
since these particles could be of different classes (scalar, vectbalsmappear in different generations,
although they are usually not mixing fermions of different families.

The basic analyses, mostly oriented to the first two generations are easitifiédeby the kind
of lepton, which determines the generation we are focusing. SearchASUAS [144] show good
agreement with the SM expectations for #gj and uujj final states. These results are used to st
limits that are going beyond previous searches of these particles.
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Since the first generations are not providing hints of leptoquarks, iavis@ channels with neu-
trinos, searches have also been focused on the third generatior mlegtons and bottom quarks are
expected. Specifically the search by CMS [145] with the use of b-jets ixph® sensitivity given by
the scalar sum of the transverse momenta of the decay products. The aesin good agreement with
the SM expectations, and they are used to set limits on the leptoquark produmriicalso on the pro-
duction of scalar tops within R-parityRp)-Violating SUSY models (see details in section 9.3), giving
an explicit proof that searches of new physics are usually sensitivevéra classes of models bringing
similar final states, an in similar areas of the phase space.

8.3 Extradimensions and graviton searches

The extensions of the SM do not only consider the extension of the panietéram or the interaction
sector. Several models introduce the modification of the structure of thetdriby incorporating addi-
tional dimensions, that would be microscopic and whose existence may etdarge scale difference
between the electroweak interaction and gravitation. The idea is that thamewsdons will be forbiden
to the SM particles and effects, while gravity expands in all the available dimensitie signatures will
be striking with the production of gravitons (producing Iarl@%‘sssince they escape detection) and S
particles, leading to single-photon (monophoton) or single-jet (monojet)dgias,

These have been looked for by the collaborations. As an example, Ahla&%ooked for events
with a photon with large transverse momentum that is accompanied Withﬂéﬁ’@% which is the most
significant variable to identify the presence of new physics [146]. Gapdement is observed with
respect to the SM expectations for this signature, dominated by undeteetddbesons (neutrino de-
cays) in association with a photon. Also some background contributiongeprdue to detector effects
generating artificial kinematics looking like the signal.

Furthermore, ATLAS and CMS have also looked for the monojet topology, [1148]. Although
the main motivation for this signature is the production of gravitons producassiociation with quarks,
there has been an increase use of this kind of search for studyingoithection of invisible particles (as
generic Dark Matter candidates) in a model-independent way, being the§etcing theE{F”‘SS produced
by initial-state radiation. This keeps a small fraction of the total signal, but altovlook for hard-to-
detect particles that may be copiously produced at the LHC collisionsoltidibe remarked that this
makes a strong case when compared to the more clean monophoton sigmsiuite:are more sensitive
to other classes of models.

The results of the monojet searches has also found good agreeemetiteviM predictions.
Figure 21 shows th&]"'s* distribution of the ATLAS analysis [147], that has also been used to set lim
in the production of gravitino from the decays of squarks and gluinos.

Another possiblity related to extra-dimensions and accessible productgmavifon is that par-
ticles may appear as Kaluza-Klein towers which sequentally decay into lesévenabjects. Specifi-
cally, gravitons may appear as diphoton resonances, which is an ea@ntidy signature, but it suffers
from large backgrounds. Anyway, they have been investigated byHi@edxperiments, as the analysis
in [149], and no hint of such a resonance has been found on top dfggheton high-mass spectrum, as
shown in Fig. 22, which also includes the expectation from a resonartbeses predicted by Randall-
Sundrum models and the expected effect due to a more generic modelngchadlitional dimensions.

8.4 New physics in the top sector and new generations

As discussed before, the top quark is usually suggested as the primdiglata to open the path towards
new physics. Its large mass and coupling to the Higgs, which are the basititags related to the loose
ends of the SM, make this quark a very attractive place to search foepauries with respect to the
SM expectations, Since the first step to fix the hierarchy problem is to hpagrger canceling the top-
induced corrections to the Higgs mass, such a partner should be abféhelh.HC independently of its
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nature. Although the most obvious choice is a SUSY partner (see sectipml@ePnative options have
been made, including the possibility of the existence of a very mas$igederation.

One option considered by ATLAS [150] is the search for the pair-pctdn of a top partner
having an electric charge of 5/3 (of that of the positron). Appearingvers¢ models, the decay into a
top quark and a W boson allows to have good acceptance with same-sigiomilemd also to use the
hardness of the event (scalar sum of transverse momenta of final)lgediscriminating variable. No
significant discrepancy has been observed with respect to the lowtegf@M background.

As a general rule, the existence of additional generations (containirogical or exotic particles)
that would contain coloured particles more masive than the SM ones leads/tbusy final states in
terms of multiplicity and of energy. This is used in the optimization looking for this kihitbpolo-
gies, being very common the requirement of hard events or with rare caotioliied objects (same-sign
leptons, leptons and b-jets in high multiplicities and similar requirements). Therpesfl analyses
searching for a¥ generation, as those in [151,152]. All searches have brought tidusion that there
are no hints for the existence of & 4eneration (in the reachable masses) nor of any new physics t
may look like massive particles regarding busy final-state topologies.

8.5 Searches for very exotic signatures

The lack of success to find hint of straightforward BSM physics has tpepossibility that Nature is not
as predictable as we might think and the new physics may appear in some eneeaxotic signatures

than those considered for the theoretically-motivated BSM final states. hBlided to the study of

final states that could have escaped the more traditional selection ordraseatels less related to the
confirmed SM predictions, which bring to new classes of final states.

One option that has been considered is the production of microscopichubeskat the LHC colli-
sions. Some generic properties of them from quantum gravity providerglemiles of final-state expec-
tations: high multiplicities and democratic treatment of objects. The search fdinkli®f events [153]
was performed by exploting that the scalar sum of transverse enepgitteefSM background presents
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a shape that is independent of the multiplicity. Therefore the lower multiplicitptevare used to get
the shape that is compared to the data with high multiplicities. Good agreemergdrastiserved and
limits in a model-independent approach are set.

Other rare topology that is not commonly considered is the presence ofiVexgparticles that
may escape even the trigger selection. Some of these particles appearal sendels as quasi-stable
particles. In this context, searches for charged massive particlesjBldpby CMS [154] or more ded-
icated searches like the stable chargino using track-disappearandd.BBAL55] are good examples
of the possibilities beyond the usual approaches and how the deteatarsed with non-standard event
reconstructions to look for unexpected classes of particles. In thishadldsalso mention the search
for magnetic monopoles (as that by ATLAS in [156]), whose existencerig steongly motivated due
to the electric charge quantization and as part of the electromegnetic unificatie need for specific
reconstruction of the events (since these particles are not electriceshad behave very differently
inside magnetic fields) add some complication to the analysis, but still the reiliergrcompetitive
when compared to direct searches because of the possibility to produnenith high cross section at
the LHC. In any case no hint for production of monopoles has beemadzsand further data will help to
increase the sensitivity, specially with the addition of the dedicated experforahis (MoEDAL [8]).

In conclusion, after the first datasamples provided by the LHC collisions been analyzed, no
discrepancy with the SM prediction has been found that could be coadider a significant hint of
new physics or particles beyond the SM spectrum. The future runningedfHIC at a higher energy
and higher luminosities, discussed in section 10, should provide more irtformuen the possible BSM
physics.

9 Searches for supersymmetry

In SUSY models the particle spectrum is at least doubled [157], bringingcd pwssible processes that
could distort the measured values with respect to the SM expectationsnddegen the considered
process, the final state to be investigated is different, providing a riaingphenology.

However, since at the LHC the initial state is based on partons, the domirahtgtion mech-
anism is usually the production of coloured superpartners. In usuatlsydtey are produced in pairs
since R-parity R p, a quantity being 1 for particles and -1 for superpartners) is cordehvaddition, the
conservation o2 p implies that the lightest SUSY patrticle (LSP) is stable and a Dark Matter candide

These basic properties allow to make general analysis in searches$df Bhich focus on spe-
cific parts of the spectrum. In addition, this also brought a new way of ireBng the results which
are based on “simplified models” which provide well-determined processeabé given final states.
This has simplified the interpretation of the results in terms of the possible thebreticlels. On the
other hand, the more traditional, “full model”, approach are still advamagéo interpret results from
different analysis and experiments within a common framework.

Independently of the model the most basic search for SUSY is to look fanets"'ss. The latter
being a hint of the stable LSP, and the jets appearing as the decay profluaotsured superpartners,
which are the ones associated with larger production cross sectiosksgund gluinos. These analyses
are just dependent on the reconstruction ofﬁ]ﬁl—*ﬁs and they try to quantify its presence with variables
that are less sensitive to misreconstruction. In addition several categogiénvestigated in order to be
sensitive to different kind of SUSY processes. The categories aalysdentified by the hardness of
the event (withE!"'sS or momenta of jets), the multiplicity of jets, or the multiplicity of b-jets.

The analyses by the collaborations, as those in [158, 159], do notatmpgignificant discrepancy
with respect to the expected backgrounds. Results are used to set limitgtial $gpes of models, and
are typically excluding the presence of squarks (of the first genegtéomd gluinos below 1-1.5 TeV.

In the case of massive squarks, it is feasible to produce gauginogé¢hateer but still hard to
produce directly from the proton collisions. These gauginos may decaptonie with large transverse
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momenta which simplify the identification of the events at the trigger and recctistidevels. Both
collaborations have searched for SUSY events in final states with lejgtsand significanE}"‘SS[mO,
161] and the results shows good agreement with the SM expectation. Resdtiseen used to set limits
on the production of SUSY patrticles that produce leptons in the final stas@ould be noted that the
studies with leptons include thelepton (as in [162]) since they provide increased sensitivity to the ca
of Higgsino-like gauginos.

When one consider leptons in the final state, the presence of multileptonsenaagdod hint of
SUSY due to the reduced SM backgrounds. Specially when there asstitieee leptons and significant
E?iss, which is the golden final state detecting the production of a pair of chaayidoneutralinos
decaying leptonically or even production of scalar leptons. The baakgrof these kind of studies [163,
164] is dominated by diboson (or multiboson) production in which leptons arddbay products of the
massive weak bosons.

Again, the presence of leptons is fundamental is some areas of the parameter space since
gauginos may not be as “flavour symmetric” as the corresponding SMbobkoany case, no significant
excess has been observed and the results are used to set limits on tletipnoof gauginos. It should be
noted that this kind of final state is sensitive to a different area of the ShBameter space, so they are
complementary to the search of events in which coloured superpartegpsagiucted and sequentially
decay into SM particles.

9.1 Gauge-mediated Supersymmetry breaking

After the simplest topologies have been investigated and report negesiviésrregarding the existence
of SUSY, other models providing significant differences in the final stagesl to be considered. A
qualitative change is set by models in which SUSY is broken in a hidden sewlotommunicated via

gauge interaction [165], since the LSP is the gravitino and the phenomgriépgnds on the next-to-

lightest SUSY particles (NLSP) because most of the decays go priferalthat particle.

In the cases where such particle is a scalar lepton, usually the sc¢dta final state contains
leptons that are easy to identify. Searches by both collaborations [@Bestiow good agreement with
expectations in several types of final states.

Other case that is very relevant is when the NLSP is a neutralino, dedaying gauge boson
(usually a photon) and the gravitino. This is also a relatively simple final stiatee the presence of
photons helps to make the event selection much cleaner. The analystursgéoc diphoton ano”J%“ss
by CMS [168] observed a good agreement between the observeddateeaexpected SM backgrounds,
as displayed in Fig. 23, where ti"'ss distribution in events with two photons is shown, including som
possible signals to explicitly shown the sensitivity to a signal in this variable.

Even if the considered final state in models with gauge-mediated SUSY bgea#gable to avoid
limits set for MSSM-inspired searches, the results are not showing amificgont discrepancy that could
be attributed to the production of SUSY particles.

9.2 Natural SUSY and third generation squarks

After the studies of the more obvious SUSY final states, the obtained limits aragnthe SUSY
scale to high values so it starts to approach the decoupling with respectdteti@weak scale. Since
the motivation for SUSY is to fix problems at this latter scale, new concepteqtéred to keep the
connections between the two scales and, at the same time, avoid the currerftéimitaore inclusive
final states.

In this sense the two obvious things is first to keep the neutralino (or dgniyas the LSP in
order to have a Dark Matter candidate that is stable and weakly coupledn@®g we need the lightest
scalar top to be light enough to keep the divergences in the Higgs masslks asypossible. This means

m(t) < 400 GeV. This expression also requires a gluino not far from 2 TeV to aveidomg correction
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on the scalar top mass. With these requirements, all other SUSY particles negravalue, since
their influence is much smaller. Therefore current limits on general seserie avoided.

However, this “natural” SUSY becomes only completely natural when otheerpartners are
associated to the needed ones. For this reason it is not uncommon to lealighékscalar bottom quarks
or scalarr (as mentioned above). Additionally, the LSP could be a family of degenegaigginos of
several classes. It should be noted that in spite of the reduced numfegperparticles involved, the
possible final states are very complex due to the involvement of the thirdagemeof fermions.

For example, with the described spectrum, it is feasible to have gluino-padugtion as the
process with higher cross section. These gluinos decay into quarkE%l?r‘d In the case the scalar
bottom is available, the gluinos may give rise to final states contaiﬁgﬁiﬁs and four bottom quarks,
that may be identified as b-jets. This topology is very clean due to the rebackdrounds and therefore
sensitivity may be enhanced by the b-jet requirements, allowing some adtitonawith respect to the
more inclusive limits, where the limitation was the huge backgrounds. The stustyldy ATLAS [169]
shows no hint for anomalous production of multi-b-jets and signifi@ﬁs, a selection sensitive to this
final state. Limits in SUSY and other models are set. Regarding the interpretastiould be noted
that this analysis is also sensitive to the decay into top quarks, since atsoofbom-quarks appear in
the final state.

On the other hand, the case of top and scalar top quarks produced imia gtaduction is much
richer than just the presence of b-jets, due to the large multiplicity of W bodbis possible then to
identify the events containing four top quarks and signifioﬁ?ﬂtss in several approaches and with very
challenging final states for the SM expectations: analyses in this topic JI1IDare testing the SM
predictions in very specific corners of the phase space, and splgificeegions that were not tested
before. Even there the SM predictions provide a very good descripfitimeomeasurements, which
translates into further contraints to SUSY production.

Even if the use of gluino-mediated production allows the use of striking sigstit is more
attractive the direct production of squarks of the third generation whielhose strongly motivated
to be relatively light, according to “naturalness”. Therefore experimpet®rmed searches of scalar
bottom quarks as that in [172] in which the identification of b-jets is fundarhémteeduce the SM
background. In addition, searches for direct production of scataigtarks [173—176] still provide
enough complexity in the final state to allow several classes of searchissis Been in summary plots
as that displayed in Fig. 24, containing the exclusion areas from seseznalhes of direct production of
scalar top.quarks.

As the summary plot shows, the several assumptions on the decay andtikisefitoe final states
allows to exclude large areas of the parameter space. But in summary, ke lalaservation of hints
for scalar top quarks just bring the scale for SUSY (in this case givahdynass of the scalar top) to
higher values, similarly of the results in more inclusive searches. Tldf@eems that SUSY may not
show up in the most obvious way to fix the issues of the SM and particle physics

9.3 Searches forR p-Violating SUSY

Although usually it is assumed th&ts is conserved because it directly provides a Dark Matter candida
it is obvious that there is no reason a priori why that quantity needs to seoeed. By relaxing the
conservation condition it is possible to avoid many of the most stringent limitse sy are usually
obtained with the requirement oS, which is inspired by the assumption of conserviRg. In
addition, the phenomenology becomes much richer due to the possibilities inettteusp and in the
possible interactions. For example with the presence of unusual ressniarthe final state (likg, —
eft).

One general characteristic of tih&--Violating signatures is that since all the superpartners dec.
into SM particles, the final state usually is related with high multiplicity of objects,jiiamaving many
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Fig. 24: Summary of the limits for scalar tops from
Fig. 23: Distribution of theEsSin diphoton events as the available analyses by ATLAS, drawn in the neu-
measured by the CMS collaboration. Data (dots) ardralino (LSP)-stop plane according to the assumption
compared to the SM predictions (solid histograms) andof all the channels.
to possible models of new physics (lines).

different types of them. This also brings the fact that basically every $iade is available inRp-
Violating SUSY due to the rich phenomenology.

As reference analyses, we should mention the multilepton searches, lag &TatAS [177] look-
ing for anomalous production of events containing 4 or more leptons haithmey mrgeE¥‘SS or large
energy activity (quantified via the concept of effective mass). Redderagreement with the small SM
expectations has been observed.

Other typical search in the context Bf>-Violating models is the search for resonances decayir
into two leptons of different type, as the one performed by ATLAS in [1W8¢h considers the case of
e, et andur resonances. No hint of such states was found and limits were set in thaneteodels.

It should be noted that the open possibilities in this set of models have theddedwantage that the
application of the limits is very reduced in comparison with the parameter space.

A last analysis that needs to be discussed is the search for events iwmntaurtileptons and
identified b-jets, that has been investigated by CMS [179]. The interdbtsofearch is not only about
possible presence of new physics, but also since it is sensitive toaterysM processes, whose obser
vation is as interesting as the search for BSM physics. This includes sotie afsociated production
of top quark and weak bosons mentioned in section 5.2. Although no hirgvefphysics has beeen
observed, the analysis already probes the sensitivity to the rare Sklggescthat should be investigatec
in future datasamples collected at the LHC.

10 Future of the LHC experiments and physics

After the running ended in March 2013, the LHC accelerator is currentlysihutdown period which is
needed for maintenance and repair work which will allow the running atitffeekt energy and luminos-
ity conditions. This shutdown will last until 2015 and it is also used by the raxyats for additional
improvements and work.

The plan after the shutdown is to run for a few years at nominal energpdply 13 TeV) and
collect a sample of 100 ftd . Afterwards a new shutdown is expected to bring the luminosity to tt
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design value and run for a few more years (2019-2022) to collect adalit850 flbo ! at a center of mass
energy of 14 TeV.

Afterwards a third shutdown will bring the machine to a Phase-2 upgratimthaallow to collect
additional 3000 fb'! along the next decade. All these data will allow accurate studies for partiok
interactions observed during the first runs of the collider. An alternatiVée to upgrade the LHC so it
may be able to reach higher energies and set a new frontier on the intedegeergy scales.

In addition to the improvements by the accelerator, the experiments are gettthgtceupgrade
their components in order to exploit the possibilities the several stages oH@enlill provide. ATLAS
and CMS will need to face new challenges in terms of collection rate, luminogityaatiation and are
therefore working on improvements for the DAQ and trigger selection,agfag of the internal parts of
the detectors and replacements of the parts that may be limiting factors in the igquimaises.

In the case of ALICE, the main goal is to have the best possible detectthdaun after the
second shutdown, in order to get all the reachable information aboue#wy ion program of the LHC,
hopefully understanding the Quark-Gluon Plasma with unprecendemtzagcand being able to provide
enough information for the theoretical characterization of its propertieis. niot completely clear yet
whether ALICE will be present in the LHC running beyond 2022,

The case of the LHCb is special due to the reduced need for luminositypl@hes to collect
5 fb~! after the current shutdown and then collect 50'flduring the main part of the main run of the
current LHC. As in the case of ALICE, it is not clear whether LHCb willgresent in future improve-
ments of the LHC projects, either in terms of luminosity or of new energy regimes.

To summarize, the LHC is planning the future runnings with improved perfaceanorder to
provide large amount of data that will yield to important measurements duringgtiezal stages of the
accelerator. The expected program and the results from the experianeraw/aited from the particle-
physics community to confirm and improve the results already obtained at tBeand described in
previous sections.

However, it should be remarked that even the current datasample apeatitling important and
relevant results, as reported on the web pages of the experiments [180]

11 Overview and conclusions

The LHC experiments have finished a very sucedkful | with very important milestones and discov-
eries in all the topics planned for the program. Confirmations of the SM &p@ts, measurements of
heavy-flavour and top quark physics and results related to heavylisians have clearly overrule most
of the previous achievements due to the new energy frontier, the gofmdrpance of the accelerator and
the detectors and also to the high quality of the studies.

In the part dedicated to searches for new particles, which is the main fogb&l bHC, the current
results already made the first big discovery by finding of a new bosoimndnavmass of 125 GeV. For
other possible particles expected in extensions of the SM, new limits havaégdighly increasing the
constraints for BSM physics.

The properties of the new boson has been measured in the currerdndalasnd they seem to
confirm that this boson may be the long-awaited Higgs boson expected itatidasd model, the last
missing piece of this theory. Further studies are on-going, and othersgviitifurther running of the
LHC, in order to increase the precision of the measurements and confiraxtraésn.

Expectations for the future running in 2015 at 13 TeV are getting highertinvétincrease in reach
for possible new particles and also the improved precision of the measusemigim the larger data
samples expected. Specifically, precision measurements of the propétliesew boson and of other
observations that have been accessible at the LHC keep the focusldi@hesults as the more-likely
door to the new discoveries in the second half of this decade.
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