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1. Introduction

2. Higgs Physics
The investigation of the properties of the discovered scalar particle not only allows to establish
it as the Higgs boson. In case of deviations from the SM properties the Higgs measurements also
give indirect hints to beyond the SM physics. Thus the precise determination of the Higgs couplings
allows for tests beyond the scales that are directly reachable at the experiment and/or complements
direct searches [3]. The Higgs boson mass, which in the SM is a fundamental parameter and not
given by the theory, has to be measured at highest possible accuracy, as it feeds back in the uncertainty on the SM Higgs couplings. Furthermore, it allows for a self-consistency test of the SM at
the quantum level, and its value is related to the stability of the electroweak vacuum [4]. In BSM
theories, in which the Higgs mass value can be calculated, its knowledge can be exploited to test parameter relations, see e.g. [5] for a recent discussion. Using the data sample collected at the c.m. energies of 7 and 8 TeV, corresponding to an integrated luminosity of 25 fb−1 , ATLAS has provided an
improved measurement of the Higgs boson mass derived from a combined fit to the invariant mass
spectra of the Higgs decays into photon pairs and into ZZ ∗ , which subsequently decay into four leptons. The measured value of the Higgs boson mass is mH = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV
[6], cf. Fig. 1 (left). Based on the data samples collected at 7 TeV c.m. energy, corresponding to
an integrated luminosity of 5.1 fb−1 , and at 8 TeV with 19.7 fb−1 , CMS measures the mass of the
+0.13
Higgs boson to be mH = 125.03+0.26
−0.27 (stat) −0.15 (syst) from the high-resolution γγ and ZZ channels
[7], Fig. 1 (right).
A Higgs boson with mass around 125 GeV allows for decays into many different SM final
states. The fits to the experimentally extracted signal strength parameters give access to the Higgs
2
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The discovery of the Higgs boson by the LHC experiments ATLAS and CMS [1, 2] entailed
an intense experimental activity in order to determine the properties of the discovered particle.
Although the Higgs boson looks very SM-like, there is still room for interpretations within theories
beyond the SM (BSM), especially that the dark matter (DM) content of the Universe can only be
understood in terms of BSM physics. While so far no direct sign for new physics (NP) has been
detected the experiments continue their search for supersymmetric (SUSY) particles and exotic
states, in more and more refined analyses. The SUSY searches not only cover the search for
coloured sparticles, the squarks and gluinos, but also for the electroweak SUSY partners. In the
exotic sector a strong experimental activity pushes up the limits for new particles. Indirect hints
for BSM physics may arise from the measurements in the Higgs, gauge and top sectors. With the
accumulation of data and the development of new experimental strategies, the measurements of the
Higgs properties become more and more precise. Thus first evidence for the Higgs couplings to
fermions has been provided. Moreover, an upper limit on the total width of the Higgs boson has
been given that is four times the SM width, an accuracy that would have been thought impossible
to be achieved before the start of the LHC. In the gauge sector the experimental results allow for
consistency tests and the search for anomalous triple and quartic couplings. Top physics has been
covered in a joint session together with working group 5 on Heavy Flavours, to which we refer for
more details.
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Figure 1: Left: Value of −2 ln Λ reported by the ATLAS experiment as a function of mH for the individual
H → γγ and H → ZZ ∗ → 4l channels and their combination. For details, see [6]. Right: Scans of the test
statistics q(mH ) versus mH for the combination of the γγ and 4l CMS analyses. For details, see [7].

boson couplings. The strategy that is presently adopted is to assume, that the signal arises from
a single resonance, that the narrow width approximation can be applied, to decouple production
and decay, and finally, that the tensor structure is the same as in the SM and only the coupling
strength is allowed to be modified [8]. The improvements on the coupling measurements since the
Higgs boson discovery show an increasing consistency with the SM predictions. The couplings
to the gauge bosons, γγ, ZZ and WW , have been established. The experiments also have first
evidence for Higgs decays into fermions. The fermionic decays are more difficult to access due
to large backgrounds or small branching ratios. The combination of the CMS results in the H →
bb̄ (see also Fig. 2 (left)) and H → ττ channels under the assumption of SM Higgs production,
reveals strong evidence for the direct coupling of the Higgs boson to down-type fermions with
an observed (expected) significance of 3.8 (4.4) standard deviations [10]. The ATLAS experiment
finds evidence for the direct decay into fermions at the 3.7σ level from the combination of the H →
bb and H → ττ channels with a signal strength of µbb,ττ = 1.09±0.24 (stat) +0.27
−0.21 (sys) [11, 12, 13],
cf. e.g. Fig. 2 (right). Upper limits on the decays into µ µ have been given, showing no significant
excess over the background [14, 15]. Their further investigation will be interesting at the next run of
the LHC and its high-luminosity option. The associated production of a Higgs boson with a t t¯ pair
directly probes the top Yukawa coupling. Because of the small cross section and large backgrounds,
it is difficult to access. The CMS combination of all t t¯H channels results in an observed 95% CL
upper limit of 4.3 on the signal strength modifier µ = σ /σSM for mH = 125.7 GeV [16]. In the
t t¯H → bb̄ channel ATLAS reports an observed 95% CL upper limit on the signal strength of 4.1
times the SM expectation for mH = 125 GeV [17].
Due to the smallness of the SM Higgs total width for a 125 GeV Higgs boson, Γ ≈ 4.4 MeV,
it cannot be accessed via a lineshape measurement. The CMS experiment has presented first constraints on the total width, using the on-shell and off-shell Higgs production and decay into ZZ
3
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Figure 2: Left: Local p-values and corresponding significance (measured in standard deviations) for the
background-only hypothesis to account for the observed excess of events in the CMS data. Details can be
found in [9]. Right: ATLAS expected (dashed) and observed (solid) 95% confidence level V H(bb̄) cross
section upper limits, normalised to the SM Higgs boson production cross section, as a function of mH for all
channels and data taking periods combined, details given in [11].

√
[18]. Based on the data collected at s = 7 and 8 TeV with, respectively, 5.1 fb−1 and 19.7 fb−1
integrated luminosity, an upper limit on the Higgs boson width of ΓH < 22 MeV at 95% confidence level (CL) has been derived, which is 5.4 times the expected SM value at mH = 125.6 GeV,
cf. Fig. 3 (left).1
The CMS and ATLAS collaborations also have performed measurements in the context of
BSM Higgs physics. Thus ATLAS and CMS presented results on the search for neutral Higgs
bosons of the Minimal Supersymmetric Extension of the SM (MSSM) [20, 21, 22], on interpretations within the 2 Higgs Doublet Model Extension (2HDM) of the SM [23, 24, 25], on searches
for light pseudoscalars of the Next-to-Minimal Superysymmetric Extension of the SM (NMSSM)
[26, 27] and on charged Higgs searches [28, 29, 30, 31]. ATLAS showed results for doubly charged
Higgs boson searches [32], on an invisibly decaying Higgs boson [33] and for the flavour changing
neutral current (FCNC) decay t → cH(γγ) [34]. The CMS collaboration reported their findings
in the context of an SM extension with a singlet field [35], on rare Higgs decays into Zγ [36],
on H → γ ∗ γ → µ µγ [37] and on invisible Higgs decays [38]. New results have been shown on
the search for the resonant production of Higgs pairs in the decay channel X → HH → γγbb at
√
s = 8 TeV using 19.7 fb−1 integrated luminosity [39]. For the investigated mass range between
mX = 260 and 1100 GeV upper limits at 95% CL on the cross section between about 4 and 0.4 fb
have been extracted, cf. Fig. 3 (right).2 Neither ATLAS nor CMS find any deviations from the
Standard Model predictions in the BSM Higgs searches. While this narrows down the parameter
1 In the meantime also ATLAS provided an observed (expected) 95% CL upper limit on Γ

SM
H /ΓH

in the range 4.8-7.7
(7.0-12.0) [19].
2 ATLAS has recently published results on resonant and non-resonant Higgs boson pair production in the hh → γγbb̄
final state at a c.m. energy of 8 TeV and an integrated luminosity of 20.3 fb−1 [40].
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Figure 3: Left: Likelihood scan of Γ/ΓSM , details given in [18]. Right: Expected and observed 95% CL
upper limits on the cross section times branching ratios σ (pp → X) × BR(X → HH → γγbb), from [39].

space for possible BSM extensions, there is still plenty of room for a variety of new physics models
that are compatible with the Higgs results. This has been exemplified for the parameter space of the
2HDM [41], where two regions are still allowed, one corresponding to the SM limit and the other
one given by the wrong-sign scenario with Higgs couplings to down-type quarks having opposite
sign compared to the couplings to massive vector bosons.
Various spin-parity hypotheses have been tested by the LHC experiments and have been excluded in favor of the SM J P = 0+ hypothesis [42, 43, 44]. The techniques used in the determination of the Higgs quantum numbers can also be exploited to test for Higgs anomalous couplings as
pointed out in [45].
The last step in the experimental verification of the Higgs mechanism will be the determination
of the Higgs self-couplings [46]. Although the determination of the trilinear Higgs self-coupling
in Higgs pair production at the LHC will be challenging, a lot of activity has started to investigate possible strategies to extract this coupling from di-Higgs production, see [47] and references
therein. The measurement will certainly require high luminosity.
From the theoretical point of view the interpretation of the Higgs results in a rather modelindependent approach can be performed by the introduction of an effective Lagrangian, in which
the leading effects beyond the SM Lagrangian arise at the dimension-6 level. There has been going
on a quite intense discussion on what are the operators that constrain Higgs physics, see e.g. [3, 48]
and references therein. At this workshop, the parametrisation in terms of BSM primary effects was
presented, which allow to constrain all possible interactions at the dimension-6 level [49]. There
are 8 primaries related to Higgs physics, 3 related to triple gauge couplings and 7 related to Z-pole
measurements at LEP. The Lagrangian can be used to derive the constraints on all BSM processes
arising at the dimension-6 level from the BSM primaries.
5
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Standard Model Production Cross Section Measurements
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Figure 4: Left: The data/theory ratio for several Standard Model total and fiducial production cross section
measurements performed by ATLAS, corrected for leptonic branching fractions. All theoretical expectations
were calculated at NLO or higher. Details are given in [50]. Right: Exclusion limits for the parameter κ0W at
95% CL, using the photon pT as observable, see [56] for details.

3. Electroweak Physics
In the session dedicated to gauge boson physics talks were presented on single and multi-boson
production in QCD and electroweak (EW) processes as well as the measurement of a rare decay
channel Z → 4l cross section.
Di-boson (W /Zγ, WW , W Z, ZZ) production at the LHC is of great importance as it allows for
fundamental tests of the electroweak sector, probes New Physics through anomalous triple gauge
couplings and constitutes an irreducible background for the Higgs searches. Studies of di-bosons
from Higgs decays on the other hand give access to the Higgs properties, its couplings to gauge
bosons, its mass and width as well as to its spin-parity quantum numbers, cf. Sec. 2. The diboson search is performed by looking for an excess at high di-boson invariant mass (when it can
be reconstructed) or boson transverse momentum. The di-boson data from the LHC and Tevatron
experiments are in general consistent with (next-to-)next-to-leading order ((N)NLO) SM predictions as shown for example in Fig. 4 (left), and new stringent limits are set on the contributions
from effective dimension-6 operators. However in some channels such as W +W − production discrepancies of up to 2 standard deviations started to appear when the precision of the measurements
increased (typically to better than 10% for the total cross section) [51]. Therefore, in order to reach
the accuracy achieved in the experiment and to be able to properly interpret the experimental data,
the theory predictions for the processes must be as precise as possible. Three theory contributions
reported on the status and the progress on vector boson pair production [52], multi-boson production in weak boson fusion [53] and W +W − production via subleading processes [54]. In particular
the impact of the NLO EW corrections was predicted to reach up to 20% in the energy range that
corresponds to the highest momentum scales accessible at 8 TeV at the LHC [52].
A particularly interesting channel for the understanding of the electroweak symmetry breaking
(EWSB) mechanism is the production of the Higgs boson through vector boson fusion. The process
is characterized by the presence of two forward-backward quark jets with low hadronic activity in
6
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4. Supersymmetry
One of the motivations for SUSY is the possible solution of the hierarchy problem which
entails SUSY scales that are in reach of the LHC. In particular coloured sparticles, gluinos and
squarks, are copiously produced in pp collisions. Until now, no discovery of SUSY particles has
been announced, and the experiments have started looking for signatures from compressed spectra,
events with higher jet and lepton multiplicity and for long-lived particles, with the aim to investigate
all possible corners of the parameter space in order not to miss any sign of new physics. The SUSY
searches can be divided in signatures originating from R-parity conserving and R-parity violating
(RPV) theories. In case of R-parity conservation the SUSY particles are produced in pairs and
decay into the lightest SUSY particle (LSP) which is stable. These events are characterized by
missing transverse energy ET and many high transverse momentum, pT , jets and leptons. In Rparity violating set-ups on the other hand the SUSY particles can be created singly without missing
ET final states. Depending on the produced sparticle the decay chains can be long or short and
involve different multiplicities of jets and leptons. The searches are categorized according to the
number of jets and leptons in the final states. The strategy for the estimation of the background
is to rely as little as possible on simulations and to exploit data-driven methods. For the latter
control regions are defined where little or no signal is expected, the background is measured in
these control regions and extrapolated to the signal region. Due to the large number of parameters
in SUSY theories, a model-independent search is not possible. Instead the results are interpreted
within specific models like e.g. the minimal supergravity (mSUGRA) inspired constrained MSSM
(CMSSM), the phenomenological MSSM (pMSSM) or simplified models (SMS).
The objects that ATLAS uses in its inclusive searches for squarks and gluinos are jets, btagged jets, leptons, taus, photons and missing ET . New results were reported on the search for
multi-jet events with exactly two same-sign leptons or at least three leptons, using data collected at
√
s = 8 TeV and corresponding to an integrated luminosity of 20.3 fb−1 [57]. In order to extend
the sensitivity also b-quark jets, missing ET and other observables were utilized. No deviations
from the SM were observed and new or significantly improved exclusion limits were set on various
SUSY models with the lightest squark being of the first, second or third generation, allowing for
R-parity conservation or violation. See e.g. Fig. 5 (left) for the exclusion limits placed on direct
sbottom production in a simplified model interpretation. In another newly presented search [58]
R
√
with diphoton events and large missing pT at s = 8 TeV and L = 20.3 fb−1 , besides model7
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between (rapidity gap). The properties of this process were studied in a similar environment by
measuring the EW production of the Z boson [55].
Vector boson scattering (VBS) processes require high luminosity (O(100 fb−1 )) and a high
c.m. energy for a precise investigation. Di-boson production through VBS and the tri-boson production are sensitive to the non-Abelian structure of the weak interaction and to the unitarisation
mechanism at high di-boson mass related to the EWSB mechanism. With the data collected at 7
and 8 TeV first insights can be gained, however, and a search for the quartic anomalous gauge couplings can be performed. First experimental limits on the dimension-8 parameters parametrising
anomalous WW γγ and WW Zγ quartic gauge couplings have been set by CMS in the search for
WW γ and W Zγ production [56], cf. Fig. 4 (right).
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Figure 5: Left: Observed and expected exclusion limits on direct sbottom production with mχ̃ 0 = mχ̃ ± /2,
1
1
[57]. Right: Expected and observed 95% CL lower limits on the gluino mass as a function of the neutralino
mass in the GGM model with a bino-like lightest neutralino NLSP, from [58].

independent limits, lower limits were set on the gluino and wino masses under the hypothesis of
general gauge mediation (GGM), cf. Fig. 5 (right). In [59] a model-independent approach was
presented, which exploits topologies involving isolated electrons, photons and muons, as well as
jets, including b-jets and missing pT . Based on 697 classes with a Standard Model expectation
√
greater than 0.1 events at s = 8 TeV and a total integrated luminosity of 20.3 fb−1 , no significant
deviation from the SM has been found.
The CMS inclusive searches are characterized by final states involving 0-lepton, 1-lepton, 2√
lepton, multi-lepton and photon signatures. The data sample collected at s = 8 TeV, corresponding to an integrated luminosity of 19.5 fb−1 has been divided into three jet multiplicity categories
with 3-5, 6-7 and ≥ 8 jets [60]. Extending the SUSY parameter space explored by searches in
the all-hadronic final state, the observed numbers of events are consistent with the expected SM
background evaluated from the data. The results are interpreted in the context of simplified models,
and squark masses below 780 GeV as well as gluino masses of up to 1.1 − 1.2 TeV are excluded at
95% CL for LSP masses below 100 GeV, as shown in Fig. 6.
The cross sections for chargino, neutralino and slepton production at the LHC are smaller than
for coloured sparticle production, but lead to clean signatures. From the CMS collaboration results
were presented on the search for electroweak charginos, neutralinos and sleptons using leptonic
final states [61], chargino and neutralino production in final states with a Higgs boson [62] and
finally EW higgsino production in channels with two Higgs bosons decaying into b quarks [63].
All results are based on data samples recorded at a c.m. energy of 8 TeV corresponding to integrated
luminosities of 19.3 fb−1 to 19.5 fb−1 . In the search with 4b in the final state [63], due to a slight
excess in the observed number of events compared to the estimated background no exclusion for
any higgsino mass value is obtained, cf. Fig. 7. The ATLAS experiment has exploited 1 lepton
(+bb), 2 lepton/2τ, 3 lepton (e, µ, τ) and 4 lepton signatures to search for charginos, neutralinos
and sleptons, in decay chains that can be W , Z or Higgs-mediated as well as slepton, respectively,
8
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stau mediated. In [64] limits were set on the masses of the lightest chargino, the next-to-lightest
neutralino and sleptons (cf. Fig. 7 (right)) for different lightest-neutralino mass hypotheses in SMS
based on searches in final states with two leptons (electrons and muons) and missing pT using
√
20.3 fb−1 of data at s = 8 TeV.
Third generation squarks are interesting as due to large mixing they can be substantially lighter
than the remaining squarks. They can be produced either directly in pp collisions or from gluino
decays. Both ATLAS and CMS have presented a variety of searches for stops and sbottoms. No
excess in the data with respect to the SM expectations has been observed and exclusion limits have
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1
smuon production, from [64].
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Figure 8: Left: ATLAS 95% CL exclusion regions in the mχ̃ 0 − mt˜1 plane, for details see [68]. Right: CMS
1
95% CL exclusion regions in the mχ̃ 0 − mt˜1 plane, in the t˜ → t χ̃10 and t˜ → cχ̃10 decays, from [69].
1

Giving up the assumption of R-parity conservation, the LSP can decay into SM particles. The
final states are then characterized by multi-leptons and multi-jets without missing ET signatures. In
case of very small couplings the LSP can have a long lifetime. Also in R-parity conserving models
long lifetimes are possible, e.g. for a gluino if the squarks mediating its decay are heavy, or in
gauge-mediated SUSY breaking (GMSB) scenarios, where a weak coupling between the next-tolightest SUSY particle and the gravitino can lead to stable sleptons or delayed photons. Two main
classes of particles exist: lepton-like or hadron-like particles. The latter are color-charged and
hadronize to form R-hadrons with quarks or gluons. The signatures for stable massive particles
involve slowly moving particles with high momentum, anomalously high ionization energy loss
and a large time-of-flight. They may lead to displaced vertices or disappearing tracks. Both LHC
experiments have probed a wide range of RPV and long-lived particle signatures. No excess over
the SM has been observed.
In order to properly interpret the SUSY searches and derive reliable exclusion limits, the theory community must provide precise predictions for SUSY particle production and decay, including
higher order corrections, not only for inclusive quantities, but also for differential distributions. Results on squark pair and squark-antisquark production at NLO including the full mass dependence
and combined with NLO decays into quarks and neutralinos at the fully differential level have been
presented at this workshop and shown that differential K-factors cannot in general assumed to be
flat [70]. Taking finally the entity of the LHC results on Higgs and SUSY physics (together with
results from DM measurements) and interpreting them within various BSM scenarios, they can
10
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mχ∼0 [GeV]

been placed. Still stops can be rather light, in particular in scenarios where the stop is so light that
it decays via the flavour-violating two-body decay into charm and the lightest neutralino [65, 66]
or via the four-body decay into a bottom quark, the lightest neutralino and a fermion pair [67]. A
summary on the limits on third generation squarks reported by ATLAS and CMS in sample final
states is shown in Figs. 8 (left) and (right).
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provide quite relevant constraints on viable NP scenarios. Two such interpretations were presented
during the session. By performing multi-parameter scans over the MSSM parameter space, the
authors reported new regions consistent with the existing data and characterized by a moderately
heavy higgsino or bino-higgsino mixed neutralino [71] or a light bino [72] as the DM candidate.

5. Exotic Physics
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Figure 9: Left: Observed (solid) and expected (dashed) 95% CL upper limit on the cross section from
the production of a bulk graviton decaying into boson pairs in their leptonic final states combined with the
all-hadronic channel [73]. Right: ATLAS exclusion limits in the compositeness scale (Λ) versus the excitedlepton mass (ml ∗ ) parameter space for the electron channel. The filled area is excluded at 95% CL. No limits
are set in the dark shaded region ml ∗ > Λ where the model is not applicable. Figure from [74].

the context of e.g. DM production, large extra dimension models, supersymmetry or Higgs decays
into invisible particles. While no significant excess has been observed, the limits on the various
11
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Besides supersymmetry there exists a plethora of NP extensions that address different aspects
of the flaws of the SM like e.g. the hierarchy problem or the absence of a viable DM candidate.
Using the data collected at the 7 and 8 TeV run of the LHC corresponding to O(20 fb−1 ), the LHC
collaborations have examined a series of signatures and interpreted them in the context of various
exotic NP models. No significant deviation from the SM expectations has been found and limits
have been placed. Thus searches have been conducted for heavy resonances in di-lepton and lepton
plus missing ET channels, for excited quarks in γ plus jets final states and for leptoquarks leading
to bottom plus τ and top plus τ signatures. Another class of analyses investigates resonant di-boson
production, where the well known W /Z boson masses and the good kinematic reconstruction can
be exploited to suppress backgrounds. They allow to place upper limits e.g. on models with an extended gauge sector, on SMS with heavy vector triplets, on techni-hadrons, on neutral resonances
as they appear e.g. in bulk graviton or Randall-Sundrum models. The combination of the leptonically decaying gauge bosons with the all-hadronic channel leads to the exclusion limits shown in
Fig. 9 (left). Searches with mono-jets, mono-photons or mono-W /Z’s allow for interpretations in
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6. Outlook
The next run of the LHC at a c.m. energy of 13 TeV will allow for more detailed analyses and
extend the reach to higher physics scales. It will push the precision on electroweak physics and
provide further insights in the underlying theory of particle physics.
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