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1. Introduction

On the 23rd November 2009, the LHC came alive for the experiments with

first proton-proton collisions delivered for physics at the beam injection

energy, i.e., for a centre of mass (CM) energy,
√
s, of 900 GeV. On the 30th

of November the beam energy was ramped-up to 1.18 TeV, thus setting

the world record for highest energy particle collider in the world at
√
s =

2.36 TeV, beating the Tevatron at FNAL by a narrow margin.

The LHC started its first real high-energy run on March 30th 2010 with

the beam energy ramped-up to 3.5 TeV, leading to proton-proton collisions

with
√
s = 7 TeV, and which was the start of the exploration of a new

energy regime for fundamental physics. The event was extensively covered

by the popular media, and the particle physics community was particu-

larly excited by this groundbreaking event. In particular the experiments

demonstrated they were ready for the much anticipated physics data run.

Experiments at the LHC collider that have collected data since then are

the “high luminosity” general purpose detectors ATLAS1 and CMS,2 the

heavy-flavor experiment LHCb,3 the heavy ion experiment ALICE,4 two

forward detectors TOTEM5 and LHCf6 and the Monopole and Exotica

search detector MoEDAL.7

The LHC continued its operation at
√
s= 7 TeV in 2011 and increased

the CM energy to 8 TeV in 2012, the last year of run 1. The integrated

This is an open access article published by World Scientific Publishing Company. It is
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luminosity collected by the experiments increased rapidly in the these first

years. E.g., CMS collected 36 pb−1, 5 fb−1, and about 20 fb−1 in 2010,

2011 and 2012, respectively.

Run 2 started in 2015 after a two-year shut-down and partial upgrade of

the LHC machine. The beam energy for this run was raised to 6.5 TeV, close

to the maximum nominal beam energy value of 7 TeV. Hence,
√
s in run 2

was 13 TeV, and opened a new window for searches of new physics (NP)

and precision measurements at the energy frontier. After the exploratory

2015 run, the main part of the integrated luminosity was collected in the

years 2016–2018 with a total of about 140 fb−1 each, for ATLAS and CMS.

Collecting data at increasingly higher instantaneous luminosity led to hav-

ing more proton-proton collisions within one bunch crossing of the beams,

so called pileup collisions. The average number of pileup interactions was

23 (32) in 2016 (2017–2018). LHCb takes data at a lower instantaneous

luminosity to reduce the impact of pileup events, and has collected a total

integrated luminosity of 3 fb−1 (6 fb−1) in run 1 (run 2).

2. QCD measurements

Hadrons consist of partons, which carry the charge of the strong force.

Collisions involving high pT phenomena can be treated in a perturbative

way. But by far most hadronic collisions at the LHC are so called soft

collisions in the non-perturbative regime.

The TOTEM collaboration, using forward detectors and a proton

spectrometer integrated with the beampipe, has measured elastic, inelas-

tic, diffractive and total cross-section at the available LHC CM energies

to date.8 The pp total cross section is measured in a range from
√
s

= 2.76 TeV to 13 TeV, obtaining a variation from (84.7 ± 3.3) mb to

(110.6± 3.4) mb, and the nuclear slope B of the elastic scattering is mea-

sured to be (20.36±19) GeV2 at the highest collision energy. During run 2

TOTEM and CMS jointly built a new proton spectrometer and now pro-

duce common physics studies (see, e.g. Ref. 9).

The precision of TOTEM allowed showing evidence for a non-

exponential elastic proton–proton differential cross-section at low |t| at

8 TeV.10 Another important result of TOTEM, made recently by com-

bining results with the D0 experiment at FNAL, is the first observation of

Odderon exchange, from the elastic scattering differences between proton-

proton and proton–antiproton data.11
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Fig. 1. (Left) The inclusive jet production cross sections as a function of the jet trans-

verse momentum pT measured in intervals of the absolute rapidity |y|. The cross section
obtained for jets clustered using the anti-kT algorithm with R = 0.4 is shown. The

measurements are compared with fixed-order NNLO QCD predictions (solid line) us-

ing CT14nnlo PDF and corrected for electroweak and non-perturbativce effects. From
Ref. 18. (Right) Dijet cross-sections as a function of mjj and y∗ = |y1 − y2|/2, for anti-

kT jets with R = 0.4. The dark gray shaded areas indicate the experimental systematic

uncertainties. The data are compared to NLO pQCD predictions calculated using NLO-
JET++ with pmax

T exp(0.3y*) as the QCD scale and the CT14 NLO PDF set, to which

non-perturbative and electroweak corrections are applied. The light yellow shaded areas

indicate the predictions with their uncertainties. From Ref. 19.

The LHCf experiment is designed to measures the very forward, at zero

degrees, emitted neutral particles, namely neutrons and π0s/photons, with

the goal to test Monte Carlo (MC) models that are used for cosmic ray

interaction studies. The LHCf data showed important deficiencies of the

presently used MC models,12,13 and was used to improve them. ALICE,

ATLAS, CMS and LHCb have all made detailed measurements on particle

multiplicities in soft collisions. In fact the first physics papers produced at

the LHC were soft QCD measurements with the data from the initial short

run at 900 GeV.14–17

The success of perturbative QCD has been demonstrated most convinc-

ingly with the measurements of inclusive jet cross sections for jet pT up to

and above 2 TeV. Results for the double-differential jet pT and di-jet mass

cross sections are shown in Fig. 1.18,19 The QCD calculations shown in the

figures describe the cross sections of the data over more than nine orders

of magnitude.

Perturbative QCD measurements can be used to derive information on
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the strong force e.g., the strong coupling constant αs and on the par-

ton distributions functions (PDFs) of the proton. PDFs are key ingre-

dients in predicting cross sections of all processes at a hadron collider, and

are traditionally extracted from experimental data such as lepton-hadron

scattering. In recent years perturbative QCD data from hadron colliders

have emerged as important information to extract PDFs, as, e.g., demon-

strated in Ref. 18. Most recent studies of PDFs use Tevatron and LHC jet

data in general PDF fits (see, e.g. Ref. 20), demonstrating their power to

constrain, e.g, the gluon distribution in the proton.

The strong coupling constant has been measured using various methods:

inclusive jet measurements, ratios from 3-jet to 2-jet events (R32), 3-jet

mass measurements, top production, transverse energy correlations and

more. As an example, the R32 method gives αs(mZ) = 0.1148±0.0014exp±
0.0018PDF ± 0.0050theory. Currently, the most precise αs(mZ) derivation

from LHC data is that from inclusive W and Z cross sections21 with about

1.6% uncertainty.

QCD data at the LHC are now used to make detailed jet and multi-

jet, forward jet, and photoproduction studies and to address more physics

topics, probing with increasing accuracy the perturbative QCD regime.

3. Electroweak measurements

The ATLAS and CMS detectors were designed to make high precision mea-

surements of electrons, muons, and missing transverse momentum in the

harsh high luminosity environment of the LHC. This level of performance

coupled with the large data samples available after a decade of running, has

resulted in measurements of electroweak observables at a precision that is

now surpassing that of previous lepton colliders. In addition, the study of

multi-boson final states now includes previously unmeasured processes that

involve the quartic couplings of the SM. These measurements, in concert

with those associated with the Higgs boson, provide numerous opportuni-

ties to test the electroweak sector of the SM.

The precision of W mass measurements at hadron colliders has now

surpassed that achieved at LEP. The ATLAS collaboration has reported

results with an uncertainty of 19 MeV22 and the LHCb collaboration has

achieved a total uncertainty of 32 MeV,23 dominated by statistics, based on

about a third of the collected data. The fact that the LHCb experiment has

reported a precision measurement of the W boson mass is remarkable, con-

sidering the limited angular acceptance and lower instantaneous luminosity
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Fig. 2. W boson mass measurements from LEP, LHC, and Tevatron experiments com-
pared with the SM expectation.24

of the experiment. The LHCb measurement features many systematic un-

certainties that are mostly uncorrelated with those of ATLAS and CMS,

which will be helpful in future combinations. A comparison with other

experiments, including the latest result from CDF, is shown in Fig. 2. Im-

proved results using run 2 data are expected from all experiments in the

future.

The Weinberg angle (θW ) is another central electroweak parameter that

has been measured at the LHC. ATLAS, CMS, and LHCb have mea-

sured the value of sin2(θW ) with a precision of 0.00036,25 0.00053,26 and

0.00106,27 respectively. The largest source of systematic uncertainty is as-

sociated with PDFs.

Weak boson production has been extensively studied by the LHC exper-

iments over more than a decade. Precision measurements of single W and

Z production, and of diboson production were performed during run 1 and

run 2 at CM energies of 7, 8, and 13 TeV. With the larger datasets made

available in run 2, more rare multi-boson production processes could also

be investigated. This includes vector boson scattering measurements and

triboson production measurements (see Fig. 3). Vector boson scattering

has now been observed at the LHC in the WW , WZ, ZZ, Zγ final states.

4. Flavour physics

The comprehensive program of flavour studies realized at the LHC, in par-

ticular by the LHCb experiment, has demonstrated that the LHC is an ideal
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Fig. 3. Vector boson scattering, vector boson fusion, and triboson production measure-

ments performed by the ATLAS experiment28 and compared with the SM expectation.

laboratory for flavour physics. Much interest is devoted to rare b-hadron

decays mediated by flavour-changing neutral currents (FCNC). In the SM

these decays are forbidden at tree level but can occur at loop level; a new

particle too heavy to be produced at the LHC can still give sizeable effects

when exchanged in a loop, thus providing sensitivity to shorter distances

or effectively higher energies. This is an indirect strategy to NP searches,

which nicely complements direct searches performed by ATLAS and CMS

and is particularly relevant in the absence of direct collider production of

new particles. The baryon asymmetry of the universe needs CP viola-

tion far beyond that provided by the SM. Precision measurements of the

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements and searches for pos-

sible inconsistencies in measurements of the angles and sides of the unitarity

triangles probe the CKM description of flavour-changing processes and the

mechanism of CP violation through the phase in the quark-mixing ma-

trix. Heavy-flavour physics also provides a unique laboratory for studying

the strong interaction. Many hadrons with nonstandard quantum numbers

that contain charm or beauty quarks have been discovered at the LHC,

opening up a very active area of hadronic-physics research.
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4.1. Rare B-meson decays and flavour anomalies

The study of rare decays is central to the LHC flavour program providing a

wealth of opportunities, including in charm and strange decays. The decay

B0
(s) → µ+µ− has been identified as a very interesting potential constraint

on the parameter space of NP models and is one of the milestones of the

flavour program. Within the SM, this decay is very rare as it is a FCNC

process with helicity and CKM suppression. Theoretically, it is reliably and

precisely predicted,29,30 with branching fractions B(B0
s → µ+µ−) = (3.66±

0.14)×10−9 and B(B0 → µ+µ−) = (1.03±0.05)×10−10. This decay is also

characterized by a very clean experimental signature and it has been studied

by all high-energy collider experiments in an effort that lasted almost forty

years. Experiments at the LHC have taken the lead in the analysis of

these decays, profiting from the very large B-meson cross-section and their

excellent muon reconstruction and identification. The combination of the

ATLAS, CMS and LHCb measurements using data collected between 2011

and 2016 gives B(B0
s → µ+µ−) = (2.69+0.37

−0.35) × 10−9 and no significant

signal for B0 → µ+µ−, leading to an upper limit of 1.9 × 10−10 at 95%

confidence level (CL).31 The two-dimensional compatibility with the SM

point is 2.1 σ (see Fig. 4, left). A recent CMS update32 based on the full

run 1 and run 2 data, provides the most precise measurements to date,

which are fully consistent with the SM, thus reducing the overall tension.

The CMS dimuon invariant mass distribution of the selected B0
(s) → µ+µ−

candidates in a region of high signal purity is shown in Fig. 4, right.

Much interest is devoted to exclusive semileptonic b → sℓ+ℓ− transi-

tions of the type B → Hsµ
+µ−, with Hs either a pseudoscalar or a vector

meson. In many extensions of the SM, new particles can contribute to their

amplitudes modifying the rates or angular distributions of the final-state

particles. These decays are characterised by branching fractions of typically

O(10−7), i.e., much larger than that of B0
(s) → µ+µ−. Contrary to the B-

factory experiments, which exhibit similar efficiencies for muons and elec-

trons, at the LHC measurements are performed in the dimuon final state,

as muons can be triggered and reconstructed much more efficiently than

electrons in the high-multiplicity hadronic environment. Measurements of

the branching fractions are performed as a function of q2 = m2
µ+µ− , the

dimuon invariant mass squared, to be able to exclude the regions around

the J/ψ or the Ψ(2S) resonances, where the rates are dominated by the tree-

level decays B → HsJ/Ψ(Ψ(2S)). The differential branching ratios dB/dq2
are measured in bins of q2 and are compared to theoretical calculations
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Fig. 4. (Left) Likelihood contours for the combination of ATLAS, CMS and LHCb in

the plane B(B0 → µ+µ−) vs. B(B0
s → µ+µ−) corresponding to 1 to 5 σ levels. The red

point shows the SM prediction with its uncertainties. (Right) CMS invariant dimuon

mass distribution of the selected B0
(s)

→ µ+µ− candidates in a region of high signal

purity (multivariate classifier> 0.99); the result of the fit is overlaid (blue solid line) and

the different background components are detailed in the caption.

−
− μ

μφ
→

Β

φ ψ ψ

−

−

−×

−

− ψ

ψ

Fig. 5. (Left) Differential branching fraction dB(B0
s → ϕµ+µ−)/dq2, overlaid with SM

predictions using LCSR at low q2,37,38 and LQCD at high q2.39 The J/ψ and ψ(2S)

regions are vetoed in the selection of the signal mode. (Right) P ′
5 observable as a function

of q2 measured by LHCb40 and compared with SM calculations from Refs. 41,42.

generally based on Lattice Cone Sum Rules (LCSR) or Lattice QCD

(LQCD). LHCb measured the differential branching fractions in several ex-

clusive transitions.33–36 As an example, Fig. 5, left, shows the differential

branching fraction dB(B0
s → ϕµ+µ−)/dq2,36 overlaid with SM predictions

using LCSR at low q2,37,38 and LQCD at high q2.39 In the q2 region be-

tween 1.1 and 6.0 GeV2/c4, the measurement is found to lie 3.6 σ below a

SM prediction based on a combination of LCSR and LQCD calculations.

 T
he

 F
ut

ur
e 

of
 th

e 
L

ar
ge

 H
ad

ro
n 

C
ol

lid
er

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 3
1.

18
.3

4.
94

 o
n 

09
/0

7/
23

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



Physics Results 59

Also for other exclusive decays, such as B → K(∗)µ+µ−,33,34 the branch-

ing fractions at low q2 lie generally below the SM predictions, which are

however affected by significant hadronic uncertainties.

Searches for NP can also be conducted from the analysis of the angular

distributions of the final state particles in semileptonic b → sℓ+ℓ− de-

cays. Measuring angular distributions is particularly interesting because it

is possible to construct optimised variables43 that depend less on hadronic

uncertainties associated with the transition form factors. A global fit per-

formed by LHCb to several angular observables in B0 → K∗0µ+µ− decays

results in an overall tension with the SM of about 3 σ.40 Figure 5, right,

shows a comparison of the data with one such optimized observable, the

so-called P ′
5 variable. A local discrepancy of about 2.5σ is measured in two

bins in q2. This discrepancy, however, should be taken with a grain of salt,

given that there is no complete consensus about the theoretical uncertainty

of the SM prediction.

LHCb has also performed tests of lepton flavour universality (LFU),

which is a central property of the SM, looking for deviations from predic-

tions in the ratios RH = B→Hµ+µ−

B→He+e− . Here, H denotes a K+ or a K∗0 (the

so-called RK and RK∗ ratios). These ratios are clean probes of NP be-

cause they are sensitive to new interactions that couple in a non-universal

way to electrons and muons. They are also precisely calculated because

hadronic uncertainties cancel in the ratios. In the SM, RH = 1 neglecting

lepton masses. The major challenge for this measurement stems from the

markedly different detector response to electrons and muons, leading, e.g.,

to different trigger and reconstruction efficiencies, and background levels.

Based on the total collected data, LHCb found deviations on RK from

LFU at 3.1σ for q2 ∈ [1.1, 6.0]GeV2/c4.44 Deviations were also measured

for RK∗ , based on the analysis of about one third of the sample,45 namely

∼ 2.2σ for q2 ∈ [0.045, 1.1]GeV2/c4 and ∼ 2.5σ for q2 ∈ [1.1, 6.0]GeV2/c4.

Lepton universality tests are also performed using tree-level b→ c tran-

sitions from the measurement of R(D(∗)) = B(B→D(∗)τντ )
B(B→D(∗)ℓνµ)

, with ℓ = µ, e.

This enables a comparison between muons (or electrons) and tau leptons.

A combination of R(D) and R(D∗) results from Belle, BaBar and LHCb is

in tension with the SM at the ∼ 3.2σ level.46

Although not significant individually, these deviations have generated

immense interest in the community because they can be interpreted coher-

ently, leading to the exploration of new interesting theoretical avenues.

However, more recently, LHCb performed an improved, simultaneous
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analysis of both RK and RK∗ using the full dataset.47,48 The two ratios

were computed in two q2 bins, thereby producing four independent mea-

surements. This new analysis did not confirm the previous tensions and

found results fully in line with the SM predictions. The main differences

arise from a better understanding of misidentified hadronic backgrounds

to the electron decay mode, determined at a tighter electron particle iden-

tification working point, and from the modelling of the residual hadronic

backgrounds.

The search for deviations from the SM continues!

4.2. Precision tests of the CKM framework

The CKM matrix is able to describe a large range of phenomena with only

four parameters, three angles and one phase, which is the only source of

CP violation in the SM. The physics impact of the precise determination

of these parameters is not so much in the determination of their absolute

values, given that the CKM matrix is not predicted, but rather in testing

the (in)consistency of the “ensemble” of measurements and how precisely

the SM description of flavour and CP violation holds. Extensive measure-

ments in K, D and B meson decays have been performed over the years by

many different experiments, mostly at B factories, at the Tevatron and at

the LHC, mainly by LHCb. At the current level of precision, all measure-

ments are consistent and intersect in the apex of the unitary triangle, which

geometrically describes the unitarity of the CKM matrix, indicating that

NP effects can appear at most as small corrections to the CKM description.

The golden SM benchmark is the CKM angle γ, which can be deter-

mined with negligible theoretical uncertainty entirely from tree-level pro-

cesses. Deviations between direct measurements of γ and the value derived

from global CKM fits would be a clear indication of NP. Most measurements

of γ utilize the fact that interference of B± → D0K± and B± → D
0
K±

can be studied in final states accessible in both D0 and D
0
decays. LHCb

performed a combination of several complementary γ measurements that

involve different intermediate neutral D-meson decays, including the LHCb

run 2 update from the highly sensitive B± → Dh±49 with D → K0
sh

+h−,

where h± is either a charged kaon or pion. From this combination, which

also includes measurements sensitive to charm mixing (see also Sec. 4.3),

LHCb finds50 γ = (65.4+3.8
−4.2)

◦ (see Fig. 6, left), which is the most precise

determination from a single experiment and is in excellent agreement with

the global CKM fit results.51,52
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−
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Fig. 6. (Left) One dimensional 1-CL profiles for γ from combinations using inputs from

B0
s , B

0, B+ mesons and all species together. (Right) Constraints for the charm mixing

parameters x and y. Contours are drawn out from 1 to 5 standard deviations.

4.3. Mixing and CP violation in charm

At the LHC, the charm cross-section is enormous; e.g., σ(pp → cc̄X) =

(2, 369 ± 192)µb at
√
s = 13TeV53 in the LHCb acceptance. This has al-

lowed LHCb to record the world’s largest dataset of charm hadrons to date

and to perform numerous high-precision measurements of their production

and decay properties. By now, the existence of D0-D
0
mixing is well es-

tablished. The mixing of charm flavour states can be described by two

dimensionless parameters, x ≡ (m1 −m2)/Γ and y ≡ (Γ1 − Γ2)/2Γ, where

mi(Γi) is the mass (width) of the appropriate D mass state, and Γ their

average decay width. LHCb determined x and y by performing a combina-

tion of measurements sensitive to γ and to the charm mixing parameters,50

thus including, for the first time, inputs from both B- and D-meson decays.

Figure 6, right, shows the results for x and y, which are the most precise

determinations to date. The precision on y is improved by a factor of two

over the current world average.

The discovery of CP violation in charm decays was another important

milestone of the LHC flavour program. The size of CP violation in charm

decays is expected to be tiny in the SM. However, this might be altered by

NP, even if theoretical predictions are difficult to compute reliably due to

the presence of low-energy strong-interaction effects. LHCb measured the

difference ∆ACP of the time-integrated CP asymmetries in D0 → K+K−

and D0 → π+π− decays.54 The measured value was found to differ from

zero by more than five σ, providing the first observation of CP violation in
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the decay of charm hadrons and prompting renewed interest in the charm-

physics community. The result is consistent with, although in magnitude

at the upper end of, SM expectations. More recently, at the 41st ICHEP

conference in Bologna, LHCb announced the first evidence for CP violation

in a specific charm hadron decay, D0 → π+π−, with a significance of 3.8σ.

4.4. Exotic hadrons and spectroscopy with heavy flavour

The LHC is an extremely rich laboratory for the study of heavy-flavour

spectroscopy. In 11 years of LHC operation, over 60 hadrons have been

discovered by ATLAS, CMS and LHCb; on average about one every two

months. This includes exotic states, such as tetraquarks and pentaquarks,

as well as many conventional hadrons. A major turning point in ex-

otic baryon spectroscopy was achieved when the LHCb collaboration re-

ported the observation of three significant pentaquark states, Pc(4312)
+,

Pc(4440)
+, and Pc(4457)

+, decaying to J/ψp in Λ0
b → J/ψpK− decays.55

Since then many other exotic hadrons have been observed by LHCb. These

include, for example, fully heavy tetraquarks with hidden flavour, such

as the X(6900) discovered in the J/ψJ/ψ mass distribution,56 or doubly

flavoured tetraquarks, such as the narrow doubly charmed T+
cc state decay-

ing to D0D0π+.57 These discoveries have generated a lot of interest and

the development of QCD-motivated models. However, no single theoretical

model (e.g., based on loosely bound molecules or on tightly bound compact

objects) can accommodate all of them, exposing our lack of understanding

of hadronic states.

5. Top physics

The top quark is the heaviest known elementary particle and the only quark

that decays before it hadronizes. The LHC, with its large collision energy

and very high instantaneous luminosity makes it a top quark factory: over

half a billion top quarks will have been produced during run 2. This large

sample of top quarks allows for high precision measurements of many of its

properties, for the measurement of rare production modes, and for searches

for very rare decays.

The precise measurement of the top quark mass is an important goal

of the LHC experiments as it allows for self-consistency tests of the SM

when combined with other precision electroweak measurements. Direct and

indirect measurements of the top quark mass have been performed: direct
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Fig. 7. Summary of several top-quark related production cross section measurements
by CMS, compared to the corresponding theoretical expectations.60

measurements reconstruct the top quark mass from its decay products while

the mass can also be measured indirectly using other measurements that

exhibit a mass dependence, like the production cross section. The best

single measurement of the top quark mass has been obtained by the CMS

experiment and yields a value of 171.77± 0.38 GeV.58

The main top quark production process at the LHC is pair production.

Top quarks can also be produced singly, in association with other particles

like photons, W bosons, or Z bosons. Evidence of the rare production

of four top quarks has also been reported by the ATLAS Experiment.59

Figure 7 shows various measured top production processes compared to

SM predictions. Overall, very good agreement is observed with theoretical

predictions.

The very large sample of top quarks produced by the LHC allows for

unprecedented sensitivity to extremely rare decays of the top quark, includ-

ing FCNC decays. Given that some of these rare decays are not predicted

by the SM to be observable at the LHC, an observation would signal NP.

Figure 8 displays the limits in the branching fraction obtained for a wide

variety of FCNC searches.61 No significant excess of events has been ob-

served up until now and some of the branching ratio limits extend to 10−5

at the end of run 2.
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Fig. 8. Summary of the current 95% confidence level observed limits on the branching

ratios of the top quark decays via FCNC to a quark and a neutral boson t→ Xq (X = g,

Z, γ or H; q = u or c) by the ATLAS and CMS collaborations compared to several NP
models.61 Each limit assumes that all other FCNC processes vanish.

6. The Higgs boson

Since the 2012 discovery by the ATLAS and CMS experiments of a new

particle with properties consistent with those of the SM Higgs boson, our

understanding of this particle has improved significantly. Using the data

collected during run 1, the experiments demonstrated that the spin of the

discovered particle is consistent with zero. Alternate spin-1 and spin-2 hy-

potheses were also tested and were excluded at a high level of confidence.

In addition, studies of its CP properties were consistent with a CP -even

state as predicted by the SM. These detailed studies of the Higgs boson

continued during run 2, where 30 times more Higgs bosons are predicted to

have been produced compared to the dataset available at the time of dis-

covery. This much larger dataset allowed for precision measurements of the

Higgs boson mass, of its production and decay rates, and of its couplings.

The Higgs boson mass is not predicted in the SM and must be measured

to obtain production and decay rate predictions. The mass has now been

measured by the ATLAS and CMS experiments with an uncertainty of
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Fig. 9. (Left) Observed and predicted Higgs boson production cross sections from the

ATLAS experiment.65 Higgs boson production processes are measured assuming SM val-
ues for the decay branching fractions. (Right) CMS signal strength parameters extracted

for decay channels (µf ) assuming the SM production cross sections.66 The thick (thin)

black lines indicate the 1 (2) σ confidence intervals, with the systematic and statistical
components of the 1 σ interval indicated by the red and blue bands, respectively. The

vertical dashed line at unity represents the predicted SM values.

approximately 0.1%. The most precise measurement of the Higgs boson

mass has been obtained by CMS and yields a value of 125.38±0.14 GeV.62

The natural width of the Higgs boson at a mass of 125 GeV is predicted to

be 4.1 MeV63 and while a direct measurement of that width is not possible

at the LHC, indirect measurements performed under certain assumptions

have been carried out. The most precise published measurement is ob-

tained by using the ratio of on-shell to off-shell production cross sections

and yields a value of 3.2+2.4
−1.7 MeV.64

The main production and decay processes of the Higgs boson have been

investigated using the run 2 dataset and measurements are shown in Fig. 9

for the production65 and decay rates,66 respectively. Overall, a very good

agreement with SM predictions is observed. The results of these mea-

surements can be combined in order to extract the couplings of individual

particles to the Higgs boson. The results of such a fit by the ATLAS ex-

periment65 is shown in Fig. 10, left.

One of the main physics goals of the future High-Luminosity LHC will

be to study the shape of the Higgs field potential through the measurement
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Fig. 10. (Left) Reduced coupling strength modifiers and their uncertainties per particle
type with effective photon, Zγ and gluon couplings.65 The horizontal bars on each point

denote the 68% confidence interval. The scenario where Binv. = Bu. = 0 is assumed is

shown as solid lines with circle markers. (Binv. and Bu. denote branching fractions for
decays to invisible and other undetected particles.) The p-value for compatibility with

the SM prediction is 61% in this case. The scenario where Binv. and Bu. are allowed

to contribute to the total Higgs boson decay width while assuming that κV ≤ 1 and
Bu. ≤ 0 is shown as dashed lines with square markers. The lower panel shows the 95%

CL upper limits on Binv. and Bu. (Right) The expected and observed limits on the ratio

of experimentally estimated production cross section and the expectation from the SM
in searches using different final states and their combination.66 The search modes are

ordered, from upper to lower, by their expected sensitivities from the least to the most
sensitive. The overall combination of all searches is shown by the lowest entry.

of the self-coupling of the Higgs boson. This is done by searching for double

Higgs production in a variety of final states determined by the Higgs decay

modes. With the run 2 dataset, the sensitivity that has been achieved by

ATLAS and CMS has exceeded previous projections. The current limits at

95% confidence level from the CMS collaboration66 are shown in Fig. 10

(right), and the associated 95% limits on the Higgs self-coupling parameter

κλ bound the range between −1.24 and 6.49.

7. Direct Searches for New Physics

Searches for NP is one of the main topics of the LHC experimental pro-

gram. In this section focus is on the direct observation of new particles and
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interactions at the LHC. The palette of proposed theoretical scenarios for

NP is very rich. Examples are supersymmetry, extra dimensions, quantum

black holes, vector-like fermions, new gauge bosons, hidden valley phenom-

ena, leptoquarks, heavy neutrinos, particles from the dark side,... Over

the last years the community got, at times, confronted with suggestions of

potential signals, creating excitement for a short time. One such occasion

was a putative new resonance at a mass of 750 GeV in early 2016, observed

with a significance of about 3σ in the first data collected at 13 TeV. This

led to a flurry of about 500 theoretical papers within less than six months,

up and until that it became clear that additional collected data did not

confirm it. To date no evidence for any new particles or new interactions

has been conclusively established, alas. In the following we will discuss

some examples of conducted searches.

7.1. Supersymmetry

Supersymmetry (SUSY) is a concept proposed to solve the hierarchy prob-

lem, provide DM candidates, set the stage for the grand unification of all

forces, and more. At the start of the LHC it was anticipated that SUSY

was just around the corner waiting to deliver spectacular signals of decays

of heavy new particles in the detectors. Interesting events were found, but

not more than what could be explained by SM background processes. If

realized in Nature, the LHC could have found ample evidence by now, un-

less the mass scales involved are larger than present sensitivities or the

signatures difficult to isolate.

SUSY searches are conducted in ATLAS and CMS by exploring regions

of signatures that correspond to decays of heavy new (SUSY) particles.

There is a large variety of possible searches, which typically include signa-

tures like large missing transverse momentum, corresponding to an escaping

invisible stable lightest SUSY particles (LSP), isolated leptons and a num-

ber of jets. Backgrounds are estimated with data-driven techniques, and

an optimal sensitivity to a signal is often obtained making use of machine

learning techniques. So far no significant excess has been found in any of

the SUSY analyses, and the results are mostly interpreted in terms of limits

on so called Simplified ModelS (SMS),67,68 a language designed to facilitate

the interpretation of the experimental results. In Fig. 11, SMS limits are

shown for searches for gluinos and for light quark SUSY partners versus

the neutralino mass, excluding masses up to about 2 TeV.

Despite the null results so far, SUSY will remain a strong candidate for
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χ∼

χ∼→→

χ∼

χ∼→→

Fig. 11. (Left) Mass limits for a simplified model of gluino pair production with gluino
decays to pairs of bottom quarks and the LSP. (Right) Mass limits for a simplified model

of first or second generation squark pair production with squark decays to a quark and

the LSP. The solid (dashed) lines correspond to the observed (median expected) limits.
Limits are shown for two scenarios: production of eight degenerate squarks, or of a single

squark. From Ref. 69.

searches for NP, but the preferred region is starting to narrow down.

7.2. Dark Matter

The nature of dark matter is one of the most intriguing open questions in

fundamental physics today. If dark matter is caused by a particle, the SM

does not deliver a candidate to play that role. If dark matter has more

than only gravitational interactions, e.g., a weak interaction with the SM

particles, it can be produced in the high energy collisions at the LHC. Pro-

duced dark matter would not be detected directly in the experiments, but

via a large missing transverse momentum. These searches rely on the pres-

ence of additional initial state radiation, such as jets, gauge bosons, heavy

quarks, etc. If the new interaction with the SM particles is as expected me-

diated by a new boson also interactions with only incoming and outgoing

SM particles contain information for the search. To date, no evidence of

dark matter production at the LHC has been observed. Figure 12 shows

present limits in interaction strength and dark matter mass, compared to

underground direct dark matter experiment limits.

Searches for dark matter are also conducted in other channels such as

invisible Higgs decays, light dark matter (mDM < 1 GeV), axion/axion-

like particles and more. Interestingly, a decommissioned LHC magnet has

been used by the CAST experiment to track the sun for axion to photon
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Fig. 12. A comparison of the inferred limits with the constraints from direct-detection
experiments on the (Left) spin-dependent WIMP-neutron cross section and (Right) spin-

independent WIMP-nucleus cross section in the context of the (Left) leptophobic axial-
vector or (Right) vector mediator simplified model. Each shaded region represents the

union of the exclusion contours of the individual analyses listed in the legend, where

more than one result contributes. The results from this analysis are compared with
limits from direct-detection experiments. LHC limits are shown at 95% CL and direct-

detection limits at 90% CL. The comparison is valid solely in the context of this model,

assuming a mediator width fixed by the dark matter mass, a DM coupling gχ = 1, quark
coupling gq = 0.25, and no coupling to leptons. LHC searches and direct-detection

experiments exclude the shaded areas. Exclusions of smaller scattering cross sections

do not imply that larger scattering cross sections are also excluded. The resonance and
Emiss

T +X exclusion regions represent the union of exclusions from all analyses of that

type. From Ref. 71.

conversions in the strong ∼ 9T magnetic field over a length of 9.26 m,

and has produced world-leading limits.70 The hunt for dark matter will

continue in future LHC runs!

7.3. Long Lived Particles

The absence of clear evidence for any sign of New Physics at the LHC so

far has recently led to an expansion in new search directions. One such new

direction is the search for particles that are stable long enough to allow them

to travel macroscopic distances, from at least a few mm to several meters or

even much further. These so called long-lived particles (LLPs) require new

reconstruction methods and search techniques.72 Many searches for LLPs

have been conducted in recent years. A few examples from ATLAS, CMS

and LHCb are searches for heavy neutral leptons,73 displaced muons,74

displaced jets,75,76 multicharged particles,77 disappearing tracks78 and R-

Parity Violating SUSY decays.79 Figure 13, left, shows limits from searches

for a Higgs boson decaying into low mass LLPs in various decay channels.

A particular search is that for magnetic monopoles, i.e., particles that
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Fig. 13. (Left) The 95% CL observed exclusion limit from different CMS hadronic

long-lived particle analyses on the branching fraction of the SM Higgs boson, h, to two
neutral long-lived particles, X, shown as a function of the long-lived particle’s proper life-

time. (Right) Magnetic monopole mass limits from CDF,80 ATLAS81,82 and MoEDAL

searches83–85 as a function of magnetic charge for various spins, assuming Drell-Yan
pair- production mechanism and a beta-independent coupling. The MoEDAL projection

for LHC run 3 assuming a 30 fb−1 integrated luminosity and combined NTD and MMT

data is superimposed.

carry a hypothetical magnetic charge, which is quantized and, according

to Dirac, one magnetic charge unit corresponds to 137/2 times the elec-

tric charge unit of the electron. Such studies can be conducted by the

LHC general detectors. However, the largest span in the magnetic charge

versus mass space is covered by the MoEDAL experiment. MoEDAL is

specially tailored for searches of exotic long-lived particles with a larger

than elementary charge. This experiment consists of layers of plastic sheets

through which the highly charged particles will literally “burn their way”

(Nuclear Track Detector NTD), and aluminum rods that will slow down

and stop the stable monopoles and can be unveiled by tracking the rods

through a precision SQUID (Magnetic Monopole Tagger MMT). Figure 13,

right, shows a summary of the limits set by CDF, ATLAS and MoEDAL.

Direct searches for BSM physics will continue to be a high activity

of research at the LHC in the next 10–20 years; it needs really only one

convincing significant deviation from the SM or a new observed particle to

lead the way in the New Physics world.
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