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1. Introduction

In the first 3 years of running both the LHC and its experiments achieved performances beyond
expectation, allowing the particle physics community to produce a wealth of high quality results in
a very short time.

1.1 Accelerator

In 2010 and 2011 the LHC collided two proton beams, each consisting of 1380 bunches of
protons spaced by 50 ns, at a centre-of-mass energy of 7 TeV. Each bunch consisted of up to
1.45× 1011 protons, leading to a peak luminosity of 3.7× 1033 cm−2s−1. In 2012 the centre-of-
mass energy was raised to 8 TeV and the improved focussing allowed for a higher bunch intensity
and a peak luminosity of 7.7× 1033 cm−2s−1 with the same bunch spacing. After the shutdown,
the LHC will restart operation in 2015 with the aim to reach the nominal centre-of-mass energy of
14 TeV and a peak luminosity of 1034 cm−2s−1 with less intense bunches at 25 ns spacing.

1.2 Experiments

The results presented in the following sections were obtained by the experiments ATLAS,
CMS and LHCb: 3 of the 4 main experiments at the LHC. ATLAS and CMS are general purpose
detectors with 4π coverage and cylindric geometry. Although most detector components are based
on different technologies, they have similar structure and performance: a coverage up to a pseudo-
rapidity (η) of about 5 in both beam directions, vertex resolution of 15 µm, energy resolution of
O(1%) for electrons and of O(10%) for pions with a transverse energy of 100 GeV and momentum
resolution of less than 5–10% for muons with a transverse momentum up to 1 TeV. The LHCb
detector was build specifically for the needs of b physics and it covers therefore only the forward
region between 2 and 5 in η . Its vertex resolution is better than the one of ATLAS and CMS and
additional components provide particle identification for electrons, pions, kaons and protons, while
ATLAS can only distinguish between electrons and pions and CMS has no specific detectors for
particle identification.

1.3 Challenges and results

In spite of the lower centre-of-mass energy and double bunch spacing with respect to the
design, the LHC could almost reach the design peak luminosity by increasing the bunch intensity
and by improving the focussing. This lead to an increase in the number of simultaneous proton-
proton collisions (pile-up) in each event, which in 2012 went up to 40 with an average value of 21.
At the LHCb interaction point the peak luminosity was reduced to keep the pile-up to a lower level.
Coping with pile-up has been the main challenge for the experiments, but their excellent vertex
resolution allowed for a good separation between the different collisions.

Between March and July 2013 ATLAS, CMS and LHCb published a total of 76 refereed
articles and 125 new preliminary results were presented at conferences, many of which include
also the high pile-up data collected in 2012.
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Figure 1: Invariant mass distributions for (a, c) D0 ! K�K+ and (b, d) D0 ! ⇡�⇡+ muon-
tagged candidates for the two magnet polarities. The result of the fit is overlaid, showing the
contribution from signal, combinatorial background and D0 ! K�⇡+ reflection. Underneath
each plot the pull in each mass bin is shown.

for the two magnetic field polarities, which indicates that the detection asymmetry related
to the magnetic field is at most O(10�3).

Table 1: Unweighted raw asymmetries (in %) for the D0! ⇡�⇡+, D0! K�K+ and D0! K�⇡+

decays for the two magnet polarities. The mean value is the arithmetic average over the two
polarities. The uncertainties are statistical only.

Magnet up Magnet down Mean
Aunweighted

raw (K�K+) �0.33±0.23 �0.22±0.19 �0.28±0.15
Aunweighted

raw (⇡�⇡+) �1.18±0.40 �0.35±0.34 �0.77±0.26

�Aunweighted
CP 0.85±0.46 0.13±0.39 0.49±0.30

Aunweighted
raw (K�⇡+) �1.64±0.10 �1.60±0.08 �1.62±0.06

5

Figure 1: Invariant mass distributions for D0→K−K+ (a, c) and D0→ π−π+ (b, d) muon-tagged candidates
for the two magnet polarities. Underneath each plot the pull in each mass bin is shown [1].

2. Flavour physics

Recently many precision measurements in the field of flavour physics were published not only
by LHCb, but also by ATLAS and CMS. Old tensions with the theoretical predictions were solved,
new ones appeared and in general a better knowledge of the Bs mesons was obtained.

2.1 Search for direct CP violation in charm mesons

A search for direct CP violation in D0 → K+K− and D0 → π+π− decays was performed
by LHCb using data corresponding to an integrated luminosity of 1.0 fb−1 collected in 2011 at a
centre-of-mass energy of 7 TeV. D0 mesons produced in inclusive semileptonic b-hadron decays
to the D0µX final state were selected and the charge of the accompanying muon was used to tag
their flavour. Muon detection and effective production asymmetries between D0 and D̄0 cancel in
the difference between the KK and ππ asymmetries, reducing the systematic uncertainty on the
result. Furthermore data with different magnet polarity were analysed separately (see Fig. 1) and
averaged. The difference in the CP-violating asymmetries between the two decay channels, which
corresponds to the difference in direct CP-violation asymmetries with negligible corrections, was
measured to be [1].

∆ACP = (0.49±0.30stat±0.14syst)% (2.1)

This result does not cofirm the evidence for direct CP violation in the charm sector previously
reported in other analyses.

3



Latest results from the LHC Lucia Masetti

0.25

CDF

LHCb

ATLAS

Combined

SM

0.20

0.15

0.10

0.05

0
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

68% CL contours
( )

HFAG
PDG 2013

LHCb   1.0 fb—1+ CDF  9.6 fb —1 + ATLAS  4.9 fb 1+ D     8 fb— —1

D

The presence of a K+⇡� system in an S-
wave configuration, due to a non-resonant con-
tribution or to feed-down from K+⇡� scalar
resonances, results in additional terms in the
di↵erential angular distribution. Denoting the
right-hand side of Eq. 1 by WP, the di↵erential
decay rate takes the form

(1 � FS)WP +
9

32⇡
(WS + WSP) , (7)

where

WS =
2

3
FS sin2 ✓` (8)

and WSP is given by

4

3
AS sin2 ✓` cos ✓K + A

(4)
S sin ✓K sin 2✓` cos�+

A
(5)
S sin ✓K sin ✓` cos�+ A

(7)
S sin ✓K sin ✓` sin�

+A
(8)
S sin ✓K sin 2✓` sin� .

(9)

The factor FS is the fraction of the S-wave
component in the K⇤0 mass window, and WSP

contains all the interference terms, A
(i)
S , of the

S-wave with the K⇤0 transversity amplitudes
as defined in Ref. [26]. In Ref. [7], FS was mea-
sured to be less than 0.07 at 68% confidence
level. The maximum value that the quanti-
ties A

(i)
S can assume is a function of FS and

FL [11]. The S-wave contribution is neglected
in the fit to data, but its e↵ect is evaluated
and assigned as a systematic uncertainty us-
ing pseudo-experiments. A large number of
pseudo-experiments with FS = 0.07 and with
the interference terms set to their maximum
allowed values are generated. All other param-
eters, including the angular observables, are set
to their measured values in data. The pseudo-
experiments are fitted ignoring S-wave and in-
terference contributions. The corresponding
bias in the measurement of the angular observ-
ables is assigned as a systematic uncertainty.
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Figure 1: Measured values of P 0
4 and P 0

5 (black
points) compared with SM predictions from
Ref. [11] (blue bands).

The results of the angular fits to the data are
presented in Table 1. The statistical uncertain-
ties are determined using the Feldman-Cousins
method [27]. The systematic uncertainty takes
into account the limited knowledge of the angu-
lar acceptance, uncertainties in the signal and
background invariant mass models, the angu-
lar model for the background, and the impact
of a possible S-wave amplitude. E↵ects due
to B0/B0 production asymmetry have been
considered and found negligibly small. The
comparison between the measurements and the
theoretical predictions from Ref. [11] are shown
in Fig. 1 for the observables P 0

4 and P 0
5. The

observables P 0
6 and P 0

8 (as well as S7 and S8)
are suppressed by the small size of the strong
phase di↵erence between the decay amplitudes,
and therefore are expected to be close to zero

4

Figure 2: Left: 68% confidence level (CL) contours in the (φs, ∆Γs) plane, showing the mea-
surements from single experiments and their combination; the thin rectangle represents the SM pre-
diction [http://www.slac.stanford.edu/xorg/hfag/osc/PDG_2013/#BETAS]. Right:
Measured values (black points) of the form-factor independent observable P′5 in the decay B0→ K∗0µ+µ−,
compared with SM predictions (blue bands) [10].

2.2 First observation of direct CP violation in Bs mesons

The direct CP-violating asymmetry in B0
(s)→ Kπ decays was measured by LHCb using data

corresponding to an integrated luminosity of 1.0 fb−1 collected in 2011 at a centre-of-mass energy
of 7 TeV. After correcting the raw values for instrumental and production effects, the asymmetries
were measured to be

ACP(B0
s → K−π

+) = 0.27±0.04stat±0.01syst (2.2)

ACP(B0→ K+
π
−) = −0.080±0.007stat±0.003syst, (2.3)

leading to the first observation of direct CP violation in Bs mesons and the most precise measure-
ment to date in B0 [2]. These results allow for a stringent test of the relation between the two
asymmetries in the Standard Model (SM) [3] and show no discrepancy from the prediction.

2.3 Measurement of the Bs CP-violating phase

LHCb performed the single most precise measurement to date of the Bs CP-violating phase
φs, the decay width difference between the light and the heavy mass eigenstates ∆Γs = ΓL−ΓH

and their average Γs, using flavour tagged B0
s → J/ψK+K− and B0

s → J/ψπ+π− decays selected
from data collected in 2011 at a centre-of-mass energy of 7 TeV corresponding to an integrated
luminosity of 1.0 fb−1. A combined unbinned maximum likelihood fit to both event categories
yielded [4]

φs = 0.01±0.07stat±0.01syst rad (2.4)

Γs = 0.661±0.004stat±0.006syst ps−1 (2.5)

∆Γs = 0.106±0.011stat±0.007syst ps−1. (2.6)

A similar measurement using flavour tagged B0
s → J/ψK+K− events was performed by ATLAS

based on 4.7 fb−1 of data at a centre-of-mass energy of 7 TeV [5]. The available measurements and
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Figure 2: Invariant mass distribution of the selected B0
(s) !

µ+µ� candidates (black dots) with BDT > 0.7. The result
of the fit is overlaid (blue solid line) and the di↵erent
components detailed: B0

s ! µ+µ� (red long dashed line),
B0 ! µ+µ� (green medium dashed line), combinatorial
background (blue medium dashed line), B0

(s) ! h+h0�

(magenta dotted line), B0(+) ! ⇡0(+)µ+µ� (light blue dot-
dashed line), B0 ! ⇡�µ+⌫µ and B0

s ! K�µ+⌫µ (black
dot-dashed line).

with a significance of 4.0 standard deviations (�), while
the significance of the B0 ! µ+µ� signal is 2.0�.
These significances are determined from the change
in likelihood from fits with and without the signal
component. The median significance expected for a
SM B0

s ! µ+µ� signal is 5.0�.
The simultaneous unbinned maximum-likelihood fit

results in

B(B0
s ! µ+µ�) = (2.9+1.1

�1.0(stat)+0.3
�0.1(syst)) ⇥ 10�9 ,

B(B0 ! µ+µ�) = (3.7+2.4
�2.1(stat)+0.6

�0.4(syst)) ⇥ 10�10 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The

correlation between the branching fractions parame-
ters of both decay modes is +3.3 %. The values of the
B0

(s) ! µ+µ� branching fractions obtained from the fit
are in agreement with the SM expectations. The invari-
ant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

As no significant excess of B0 ! µ+µ� events
is found, a modified frequentist approach, the CLs

method [38] is used, to set an upper limit on the
branching fraction. The method provides CLs+b, a
measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CLb,
a measure of the compatibility with the background-
only hypothesis, and CLs = CLs+b/CLb. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60 MeV/c2, leading to a total
of 72 search bins.

An exponential function is fitted, in each BDT bin,
to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.

In each bin, the expected numbers of signal and
background events are computed and compared to
the number of observed candidates using CLs. The
expected and observed upper limits for the B0 ! µ+µ�

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90 % CL 95% CL

Exp. bkg 3.5 ⇥ 10�10 4.4 ⇥ 10�10

Exp. bkg+SM 4.5 ⇥ 10�10 5.4 ⇥ 10�10

Observed 6.3 ⇥ 10�10 7.4 ⇥ 10�10
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Figure 3: Di-muon invariant mass distribution of B0
(s)→ µ+µ− candidates (black dots). The fit results and

the different components are overlaid. Left: LHCb [12]. Right: CMS [13].

their combination are summarised in Figure 2 (left), all measurement are in agreement with the SM
prediction.

2.4 New observables in b→ sµµ

All experiments recently performed differential branching fraction measurements and angular
analyses of the decay B0→ K∗0µ+µ− with K∗(892)0→ K+π−, based on the full data sample col-
lected in 2011 at a centre-of-mass energy of 7 TeV. This flavour-changing neutral current process is
particularly interesting because in extensions of the SM new particles can modify the angular dis-
tributions of the decay products. All results agreed with the SM prediction within the uncertainties
[6, 7, 8].

In the newest LHCb analysis, based on the same data sample, the form-factor independent pa-
rameters defined in [9] were measured as a function of the invariant dimuon mass q2, using folding
techniques [10]. Agreement with the SM predictions was observed in 23 of the 24 measurements,
while a local discrepancy of 3.7σ was observed in the interval 4.30 < q2 < 8.68 GeV2/c4 for
the observable P′5 (see Fig. 2 (right)). An interpretation of the experimental deviation in terms of
physics beyond the Standard Model was provided in [11].

2.5 Observation of B0
s → µ+µ−

Searches for the rare decays B0
s → µ+µ− and B0 → µ+µ− were performed by the LHCb

and CMS experiments based on the complete datasets collected in 2011 and 2012 at centre-of-
mass energies of 7 and 8 TeV (corresponding to 3 fb−1 for LHCb and 25 fb−1 for CMS). Events
were selected using boosted decision trees (BDT) and the number of candidate B0

s → µ+µ− and
B0→ µ+µ− events were extracted simultaneously via an unbinned maximum likelihood fit to the
mµµ distribution (see Fig. 3). While no significant evidence for B0 → µ+µ− was found, both
experiments observed an excess of B0

s → µ+µ− candidates with respect to the expectation from
the background-only hypothesis with a significance of 4.0σ and 4.3σ , respectively [12, 13].
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Figure 4: Comparison of previous results, the latest CMS and LHCb results, the combined value, and the
SM prediction (vertical line) for the time-integrated branching fraction BR(B0

s → µ+µ−) (left) and BR(B0→
µ+µ−) (right) [14].

A preliminary combination of the results was performed, yielding the first observation of
B0

s → µ+µ− and the following values of the branching fractions (see Fig. 4):

BR(B0
s → µ

+
µ
−) = (2.9±0.7)×10−9, (2.7)

BR(B0→ µ
+

µ
−) = (3.6+1.6

−1.4)×10−10 (2.8)

3. Top quark physics

The LHC can be considered a top quark factory: millions of top quarks were produced in
2011 and 2012, allowing not only for precise measurements of the pair and single production cross
sections, but also of many properties of this particle. In the following results concerning the Wt
associated production and the top quark mass will be presented.

3.1 First observation of Wt associated production

While the single top production in the t-channel has long been established, the first evidence
for Wt associated production was published by ATLAS in 2012 using data corresponding to an
integrated luminosty of 2 fb−1 at a centre-of-mass energy of 7 TeV [15] and the s-channel produc-
tion is still being searched for (see Fig. 5 (left)). CMS recently reported the first observation of Wt
associated production in an analysis based on 12 fb−1 of data collected in 2012 at a centre-of-mass
energy of 8 TeV. Events with two leptons and a jet originating from a b-quark were fed to a boosted
decision tree that was used to separate the signal from the background. The amount of signal was
extracted from a binned maximum likelihood fit of the BDT distribution (see Fig. 5 (right)). The
observed excess of Wt events was used to quantify the cross section and the CKM matrix element
|Vtb| to [16]

σWt = 23.4+5.5
−5.4 pb (3.1)

|Vtb| = 1.03±0.12exp±0.04th. (3.2)

3.2 Measurement of the top quark mass

Several measurements of the top quark mass in top-pair events were performed by ATLAS
and CMS, the latest ones of which reached a precision close to the one of the Tevatron experi-
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Figure 5: Left: Summary of ATLAS measurements of the single top production cross sections in various
channels at a centre-of-mass energy of 7 TeV compared to a theoretical calculation based on NLO QCD
complemented with NNLL resummation. For the s-channel only an upper limit is shown [15]. Right:
Distribution of the BDT discriminant for data and simulation in the signal region used for the CMS Wt cross
section measurement [16].

Figure 6: Summary of the latest ATLAS mt measurements, compared to the CMS and Tevatron combina-
tions [18].

ments. The latest measurements by ATLAS made use of the template fit method and were based
on the complete 2011 dataset. In the lepton+jets channel the top quark mass was extracted in a
3-dimensional fit simultaneously with global scale factors for the jet energy scale (JSF) and b-jet
energy scale (bJSF), whose uncertainties are quoted separately in the result [17]. In the dilepton
channel the m`b estimator was used, defined as the lowest average mass of the two lepton-b-jet pairs
out of the two possible assignments of the b-jets to the selected leptons [18]. The latest results are
summarised in Figure 6 and compared to the CMS and Tevatron combinations. A measurement
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Figure 7: Left: Predicted tt̄ cross section at NNLO+NNLL [20], as a function of the top-quark pole mass
using five different NNLO PDF sets, compared to the cross section measured by CMS assuming mt = mpole

t
[21]. Right: Top quark mass measured by CMS in a 2D analysis (simultaneous determination of the jet
energy scale) as a function of the invariant tt̄ mass [23].

was recently performed by CMS in the all-jets channel using 3.5 fb−1 of data at a centre-of-mass
energy of 7 TeV. The mass was reconstructed for each event employing a kinematic fit of the jets
to a tt̄ hypothesis. A combination with previously published measurements in other decay modes
by CMS yielded [19]

mt = 173.54±0.33stat±0.96syst GeV. (3.3)

The top quark pole mass mpole
t can be extracted directly from the tt̄ cross section to avoid

the theoretical uncertainties on the top quark mass in the Monte Carlo (MC) simulation. The most
precise measurement of this kind was performed by CMS using 2.3 fb−1 of data at a centre-of-mass
energy of 7 TeV by comparing the measured cross section with the theoretical prediction [20] as
a function of mpole

t for a fixed valuse of αs = αs(MZ), as shown in Figure 7 (left). The obtained
measurement [21]

mpole
t = 176.7+3.8

−3.4 GeV (3.4)

is compatible within the uncertainties with the MC-based ones and with a similar measurement by
ATLAS [22].

Further preliminary results by CMS include a measurement of the dependence of the top quark
mass on the event kinematics (see Fig. 7 (right)) [23], the extraction of the top quark mass from the
lifetime of the B-hadrons produced in the decay of the top quark [24]

mt = 173.5±1.5stat±1.3syst±2.6pT (t) GeV (3.5)

and the measurement of the difference between the masses of the top and of the antitop quark [25]

∆mt =−272±196stat±122syst MeV, (3.6)

which was found to be compatible with zero, as expected from CPT -invariance.
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Figure 8: Left: Diphoton invariant mass distribution with each event weighted by the S/(S+B) value of its
category, for the multivariate CMS H → γγ analysis [27]. Right: Differential H → γγ cross section as a
function of the diphoton pT measured by ATLAS [28].

4. Higgs boson physics

The discovery at the LHC of a particle compatible with the Higgs boson prediced by the
Standard Model was announced in July 2012. Since then the precision of the signal strength
(µ = σ/σSM) measurements was improved, more decay and production channels were investi-
gated and properties of the new particle, such as spin and parity were tested for compatibility with
the Standard Model prediction. An overview of the current status is given below.

4.1 Measurement of H→ γγ signal strength and differential cross section

ATLAS and CMS measured the signal strength for H → γγ using the complete dataset col-
lected in 2011 and 2012 by performing a fit in the distribution of the diphoton invariant mass mγγ

(see Fig. 8 (left)). The selected events were separated into several categories chosen to optimise
the sensitivity. The measurements by ATLAS [26] and CMS [27] yielded

µ = 1.55+0.33
−0.28 and (4.1)

µ = 0.78+0.28
−0.26, (4.2)

respectively. Furthermore ATLAS recently presented the first differential cross section measure-
ment in the diphoton channel, based on 20 fb−1 of data at a centre-of-mass energy of 8 TeV (see
Fig. 8 (right)). In general a good agreement between the unfolded data distributions and the MC
predictions was observed [28].

4.2 Measurement of H→ ZZ and H→WW signal strength

A mass fit in the invariant mass of the leptons m4` was used by ATLAS and CMS to measure
the signal strength in the H → ZZ∗ → 4` channel (see Fig. 9 (left)). The events selected from
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Figure 10: Left: Transverse mass distribution for events passing the full selection of the H →WW anal-
ysis for different-flavour final states with at least two additional jets [26]. Right: Observed and expected
significances of the H→WW signal for each Higgs mass hypothesis [30].

the full 2011 and 2012 dataset were separated into categories dominated by different production
mechanisms. The following values of µ were obtained by ATLAS [26] and CMS [29], respectively:

µ = 1.43+0.40
−0.35, (4.3)

µ = 0.93+0.29
−0.25. (4.4)

The local probability p0 to obtain the measured value of µ under the background-only hypothesis
was quantified as a function of the Higgs mass mH , as shown in Figure 9 (right). Each experiment
excluded the background-only hypothesis by more than 6σ .
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channels and their combination. Left: ATLAS [26]. Right: CMS [31].

Similarly, the H →WW signal strength was measured on the same dataset by dividing the
events into categories dominated by different production (see e.g. the expected constribution for
the vector boson fusion production mechanism (VBF) in Fig. 10 (left)) and decay modes and per-

forming a fit in the transverse mass mT =
√
(E``

T +Emiss
T )2−|~p``T +~Emiss

T |2. The signal significance
as a function of mH is shown in Figure 10 (right). For mH = 125 GeV, the signal strength was
measured to be

µ = 0.99+0.31
−0.28, (4.5)

µ = 0.72+0.20
−0.18 (4.6)

for ATLAS [26] and CMS [30], respectively.

4.3 Measurement of the Higgs boson mass

The H → γγ and H → ZZ analyses provided also measurements of the Higgs boson mass
and a combination of the two values was provided by each experiment. The corresponding profile
likelihood ratio distributions are shown in Figure 11. The minima of the combinations were found
at

mH = 125.5±0.2stat
+0.5
−0.6syst GeV and (4.7)

mH = 125.7±0.3stat±0.3syst GeV (4.8)

for ATLAS [26] and CMS [31], respectively. The apparent discrepancy between the ATLAS mea-
surements in the two channels was investigated and the values were found to be compatible within
8%.
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Figure 12: Left: Summary of the V H with H → bb̄ signal strengths measured by ATLAS in different
channels and datasets and their combination [32]. Right: Summary of the signal strengths (black points)
measured by CMS for different decay modes of the Higgs boson and their combination (vertical line) [31].

4.4 Measurement of the H→ bb̄ signal strength

The discovery of the Higgs boson was made in the decays into vector bosons. However, to
confirm that the new particle is indeed the Higgs boson predicted by the SM, the coupling to the
fermions need to be measured. Both ATLAS [32] and CMS [33] provided first results on the full
2011 and 2012 dataset for Higgs boson produced in association with a vector boson (VH) and
decaying into a pair of b-quarks. ATLAS and CMS found the following values for the signal
strength (see Fig. 12 (left)):

µ = 0.2+0.7
−0.6 and (4.9)

µ = 1.0±0.5. (4.10)

4.5 Combination of the Higgs boson signal strength

While ATLAS only combined the signal strengths measured in decays to vector bosons to [26]

µ = 1.33+0.21
−0.18, (4.11)

CMS also included the fermionic decays (see Fig. 12), obtaining [31]

µ = 0.80±0.14. (4.12)

4.6 Measurement of the Higgs boson couplings and properties

The different production channels provide a first insight into the coupling of the new particle
to vector bosons (via the VBF and VH channels) and to the top quark (via the loop in the gluon-
gluon-fusion channel, ggF). Both experiments performed a 2-dimensional fit to both signal strength
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20 10 Kinematic discriminants

mZ2, fully describe the kinematic configuration of a four-lepton system in its center-of-mass
frame, up to an arbitrary rotation around the beam axis. These observables provide significant
discriminating power between signal and background, as well as between alternative signal
models. A matrix element likelihood approach is used to construct kinematic discriminants
related to the decay observables [20, 32].

Figure 8: Illustration of the production and decay of a particle H, gg(qq) ! H ! ZZ ! 4`,
with the two production angles q⇤ and F1 shown in the H rest frame and three decay angles
q1, q2, and F shown in the Z1, Z2, and H rest frames, respectively.

In addition to the four-lepton center-of-mass frame observables, the four-lepton transverse mo-
mentum and pseudorapidity are needed to completely define the system in the lab frame. The
transverse momentum of the four-lepton system is used in the analysis as an independent ob-
servable because it is sensitive to the production mechanism of the Higgs boson, but it is not
used in the spin-parity analysis. The four-lepton rapidity is not used because the discrimina-
tion power of this observable for events within the experimental acceptance is limited.

Kinematic discriminants are defined based on the event probabilities depending on the back-
ground (Pbkg) or signal spin-parity (JP) hypotheses under consideration (PJP ):

Pbkg = Pkin
bkg(mZ1, mZ2, ~W|m4`) ⇥ Pmass

bkg (m4`), (4)

PJP = Pkin
JP (mZ1, mZ2, ~W|m4`) ⇥ Pmass

sig (m4`|mH), (5)

where Pkin is the probability distribution of angular and mass observables (~W, mZ1, mZ2) com-
puted from the LO matrix element squared, and Pmass is the probability distribution of m4` and
is calculated using the parameterization described in Section 12.1. Matrix elements for signal
are calculated with the assumption that mH = m4`. The probability distributions for spin-
zero resonances are independent of an assumed production mechanism. Only the dominant
qq ! ZZ background is considered in the probability parameterization.

For the alternative signal hypotheses, nine models have been tested, following the notations
from Refs. [42, 43]. The most general decay amplitude for a spin-zero boson decaying to two
vector bosons can be defined as:

A(H ! ZZ) = v�1
⇣

a1m2
Ze⇤1e⇤2 + a2 f ⇤(1)

µn f ⇤(2),µn + a3 f ⇤(1)
µn f̃ ⇤(2),µn

⌘
, (6)

Figure 14: Left: Illustration of the production and decay of a Higgs boson [29]. Right: Expected (blue
triangles/dashed lines/uncertainty as green band) and observed (black circles/solid lines) confidence level by
ATLAS for alternative spin–parity hypotheses assuming a signal from a Higgs boson with JP = 0+ [34].

categories and compared the individual results in the different decay channels with the expectation
from the SM. The results are shown in Figure 13 and they show, within the still large uncertainties,
a good compatibility with the SM.

One of the unique features of the Higgs boson as predicted by the SM is its scalar nature, that
can be tested in distributions of the production and decay angles as well as of the invariant masses
(see Fig. 14 (left)). Several alternative hypotheses have been tested: a pseudoscalar, a vector, an
axial vector, and a graviton-like tensor with minimal couplings. All hypotheses could be rejected
in favour of the SM scalar as shown in Figure 14 (right).
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Figure 15: Left: Observed and expected 95% CL upper limits on the WπT cross section as a function of the
mass of the technipion πT [37]. Right: Observed 90%CL limits on χ-nucleon cross sections, compared to
previous limits set by direct dark matter detection experiments and by the 7 TeV monojet analysis [39].

5. Searches for physics beyond the Standard Model

The unprecedented centre-of-mass energy of the LHC was exploited to perform many searches
for new heavy particles predicted by extensions of the Standard Model. Supersymmetry (SUSY)
is the most prominent class of these models and specific searches were performed in different
regions of the parameter space. The results of more general signature based searches were instead
interpreted in terms of many different exotic models. Unfortunately so far none of the searches
lead to an evidence for new particles and many exclusion limits were set on a vast range benchmark
models. Only very few examples of recent results from signature based and from SUSY searches
are presented below.

5.1 Signature based searches

Signature based searches are ideally model-independent and their results are presented in a
way that allows for later re-interpretation in terms of new models. Since none of the searches lead
to a significant excess of events above the background-only hypothesis, benchmark models were
chosen in order to express the exclusion limits also in terms of e.g. the mass of a new particle.

A search for a dijet resonance produced in association with a leptonically decaying W or Z bo-
son was performed by ATLAS on 2012 data corresponding to an integrated luminosity of 20 fb−1.
The observed distribution of the invariant dijet mass m j j was found to be in good agreement with
the background expectation and upper limits on the ρT →V πT cross section (with V =W,Z) in the
low scale technicolor (LSTC) model [36] were set as a function of the technipion mass mπT (see
Fig. 15 (left)), which translate into a lower mass limit of mπT > 180 GeV at 95% CL [37].

In the hypothetical production via heavy particles, the much lighter intermediate decay prod-
ucts have a strong Lorentz boost and the final ones are collimated in a small cone. Therefore many
searches use special tagging techniques to reconstruct hadronic decays of heavy bosons or of top
quarks. Two recent analyses making use of these techniques were performed by CMS and ATLAS
searching for W or Z tagged dijet resonances and for dark matter pair production with single W or Z
tagged jets, respectively. Both searches used data at a centre-of-mass energy of 8 TeV correspond-
ing to an integrated luminosity of 20 fb−1 and in neither of them a significant excess was observed
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Figure 16: Summary of ATLAS searches for vector-like T quarks: the regions excluded with 95% CL in
different analyses are overlaid.

with respect to the background-only expectation. CMS set upper limits on the cross section for
resonances decaying to qW , qZ, WW , WZ, or ZZ final states, which were interpreted e.g. into the
exclusion of the W ′, a heavy partner of the W boson up to a mass of 1.73 TeV at 95% CL [38].
ATLAS set limits on dark matter (χ) production in events with hadronically decaying W or Z boson
and large missing transverse momentum. In the case of constructive interference between up-type
and down-type contributions, the results set the strongest limits on the χ-nucleon cross section (see
Fig. 15 (right)) [39].

Searches for the pair production of heavy up-type (T ) or down-type (B) quarks decaying pref-
erentially to third generation SM particles were performed using data collected in 2012 at a centre-
of-mass energy of 8 TeV corresponding to an integrated luminosity of 20 fb−1 for CMS (T -quark
only) and of 14 fb−1 for ATLAS. The decays T → tH, tZ,bW and B→ bH,bZ, tW were considered
and no assumptions were made on the branching fractions. All kinematic distributions were found
to be compatible with the background-only hypothesis and upper limit were set on the production
cross section as a function of the mass of the heavy quarks and of the decay branching fractions
(see Fig. 16) [40, 41, 42, 43, 44]. The discovery of a SM-like Higgs boson strongly disfavours the
existence of a fourth generation of chiral fermions, but weak-isospin singlets, doublets or triplets
of vector-like quarks (VLQ) for which both chiralities have the same electroweak couplings, that
appear in many extensions of the SM such as little Higgs and extra dimensional models, are com-
patible with the Higgs measurements. The cross section limits were interpreted as mass limits for
specific models (fixed branching fraction values), but masses of the T quark below 687 GeV and
of the B quark below 350 GeV could be excluded independently of the branching fraction values.

5.2 SUSY serches

After probing and excluding large parameter regions of the constrained Minimal Supersym-
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metric Standard Model (CMSSM), the searches performed by ATLAS and CMS are now mov-
ing towards simplified and natural SUSY models. Particularly interesting is the extension of the
searches for the pair production of scalar top partners t̃1 towards masses mt̃1 below the threshold
for the decay into real top quarks. The decay t̃1 →Wbχ̃0

1 is the dominant process in the region
mb +mW < mt̃1 −m

χ̃0
1
< mt , while for even lower values of mt̃1 −m

χ̃0
1

the dominant decay channel
is cχ̃0

1 . Using 20 fb−1 of data collected in 2012 at a centre-of-mass energy of 8 TeV, CMS searched
for pairs of t̃1 decaying to Wbχ̃0

1 in single lepton events with jets and large missing transverse
energy [45]. On the corresponding dataset ATLAS performed a search for pairs of t̃1 decaying
to Wbχ̃0

1 in events with two leptons [46] and two analyses to search for the decay into cχ̃0
1 using

either a monojet topology or charm-tagging techniques [47]. All analyses found a good agreement
between data and background-only expectations and set limits in the (mt̃1 , m

χ̃0
1
) plane as shown in

Figure 17.

6. Conclusion

The LHC and its experiments achieved great performance in the first 3 years of running, which
allowed for a very high number of publications. In flavour physics an unprecedented precision was
reached, previous tensions could be reconciled with the SM predictions, but a new exciting one ap-
peared. The properties of top quarks could be investigated for the first time with very large statistics
and a better understanding of the simulation is now the next step needed for further improvement.
After the spectacular discovery last year, Higgs physics is already entering the phase of precision
measurements, including e.g. differential cross section measurements and angular analyses. The
many searches for physics beyond the Standard Model could not find any new particles and very
stringent limits were set on a large variety of benchmark models.

At the moment the accelerator, the detectors and the analysis software are being upgraded to
cope with the new running conditions starting in 2015. The sensitivity to heavy exotic particles will
be extended towards higher masses by the centre-of-mass energy of 14 TeV, while the higher peak
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luminosity will make the experimental conditions harsher due to the higher pile-up. Many precision
measurements are still in preparation on the existing data and new analyses will be prepared to be
ready for discovery of the new physics “around the corner” right after the restart.
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