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Abstract. The CMS experiment at the Large Hadron Collider at CERN collected a dataset
of 19.5fb−1 during 8 TeV proton-proton operation. A large number of groundbreaking
results were obtained from the analysis of this dataset, among them the discovery of the
Higgs boson and precision measurements of important Standard Model parameters, for
example the mass of the top quark. Subtle processes like the production of a Z boson by
fusion of two W bosons have been measured for the ﬁrst time. Moreover, many searches
for physics beyond the Standard model have been carried out, both in the context of
supersymmetry and beyond, which often provide tight constraints in model parameter
space. This brief summary is a a short overview of the most important recent CMS
results at 7 and 8 TeV.

1 Introduction
Since the start of the LHC proton-proton operation in 2010, the Compact Muon Solenoid√(CMS) detector has been operating
√ with increasing eﬃciency. The initial center-of-mass energy of s = 7 TeV
was raised in 2012 to s = 8 TeV. The peak instantaneous luminosity of 7.5 · 1033 cm−2 s−1 approached the design value of 1034 cm−2 s−1 , ensuing 20 to 50 simultaneous interactions per bunch
crossing (pile-up). The resulting challenge for event reconstruction was met by sophisticated algorithms and calibration procedures designed to mitigate eﬀects from pile-up. These allowed to keep
the detector performance approximately
constant over the full data-taking period. In total, CMS ac√
cumulated a total of 19.5 fb−1 at s = 8 TeV.
Using this high quality dataset, the Higgs boson was discovered as ﬁrst announced jointly by
the ATLAS and CMS experiments on July 4th , 2012. This milestone completes one of the major
goals of the LHC experiments and establishes the mechanism that generates the masses of elementary
particles in the Standard Model (SM). One focus of the CMS experiment therefore are precision
measurements in the Higgs sector, where deviations from the SM might help uncover the origin of
electroweak symmetry breaking. In parallel with the new particle discovery, the CMS experiment has
kept expanding our knowledge of frontier particle physics with several new precision measurements
of electroweak physics observables and of the properties of the top quark. Furthermore, a rich physics
programme is carried out in order to test models of physics beyond the SM, comprising searches for
supersymmetry and many more exotic theories.
This document is organized as follows. Section 2 describes brieﬂy the experimental environment.
The ﬁnal results of the 8 TeV data taking period on properties of the Higgs boson are reviewed in
a e-mail: robert.schoefbeck@cern.ch
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Figure 1. An overview of the CMS detector, showing the outer muon chambers (white) embedded in iron (red),
the calorimeter system (ECAL, in green, and HCAL, in orange) and the tracker in the core of the central barrel.

Sec. 3. Recent precision measurements of the strong coupling constant, in the electro-weak sector
and of the top quark mass are described in Sec. 4. Finally, a summary on results of supersymmetry is
given in Sec. 5.

2 The CMS detector and event reconstruction
CMS uses a right-handed coordinate system in which the z axis points in the anticlockwise beam
direction, the x axis points towards the center of the LHC ring, and the y axis points up, perpendicular
to the plane of the LHC ring. The azimuthal angle φ is measured in the x-y plane, and the polar angle θ
is measured with respect to the z axis.
The CMS superconducting solenoid, 12.5 m long with an internal diameter of 6 m, provides a
uniform magnetic ﬁeld of 3.8 T. The inner tracking system is composed of a pixel detector with three
barrel layers at radii between 4.4 and 10.2 cm and a silicon strip tracker with 10 barrel detection layers
extending outwards to a radius of 1.1 m. This system is complemented by two endcaps, extending the
acceptance up to |η| = 2.5. The momentum resolution for reconstructed tracks in the central region
is about 1% at pT = 100 GeV/c. The calorimeters inside the magnet coil consist of a lead tungstate
crystal electromagnetic calorimeter (ECAL) and a brass-scintillator hadron calorimeter (HCAL) with
coverage up to |η| = 3. The quartz/steel forward hadron calorimeters extend the calorimetry coverage
up to |η| = 5. The HCAL has an energy resolution of about 10% at 100 GeV for charged pions.
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Figure 2. (a) One dimensional scan of the test statistic versus the hypothesized Higgs boson mass mH for the
γγ (green) and 4l (red) ﬁnal states separately and for their combination (black). (b) Summary of the ﬁts for
deviations in the coupling for the LHC XS WG benchmark models [5]. For each model, the best ﬁt values of
the most interesting parameters are shown, with the corresponding 68% and 95% CL intervals. (c) Summary of
the ﬁts for deviations in the coupling using the SM loop induced couplings, expressed as function of the particle
mass.

Muons are measured up to |η| < 2.4 in gas-ionization detectors embedded in the ﬂux-return yoke of
the magnet. A full description of the CMS detector can be found in Ref. [1].
Particles in an event are individually identiﬁed by the particle-ﬂow reconstruction [2]. This algorithm reconstructs each particle produced in a collision by using an optimised combination of information from the tracker, the calorimeters, and the muon system, and identiﬁes them as either charged
hadrons, neutral hadrons, photons, muons, or electrons. Muons are reconstructed by ﬁnding compatible track segments in the silicon tracker and the muon detectors [3] and are required to be within
|η| < 2.1. Electron candidates are reconstructed starting from a cluster of energy deposits in the ECAL
that is then matched to the momentum associated with a track in the silicon tracker [4].

3 Combination of measurements of properties of the Higgs boson
Following the discovery of a scalar particle at 125 GeV in the ZZ ∗ and γγ channels announced in
Ref. [6, 7], the CMS experiment has used the whole datasets collected in 2011 and 2012 to verify in
detail that the observed characteristics of that particle are in agreement with the SM predictions for
the Higgs boson [8–13]. Results from the combination of several CMS measurements [14] are shown
in Fig. 2. The best ﬁt Higgs boson mass as measured in the γγ and ZZ ∗ decay channel is found to be
+0.13
mH = 125.03 +0.26
−0.27 (stat.) −0.15 (syst.) GeV

where the ﬁnal detector calibration and alignment are used in the event reconstruction. The precision
is dominated by the statistical uncertainty. For the 1D scan of the test statistics as a function of the hypothesized Higgs boson mass shown in Fig. 2a, event yields obtained in the diﬀerent analyses tagging
speciﬁc decay modes and production mechanisms are found to be consistent with those expected for
the SM Higgs boson. Moreover, the combined best-ﬁt signal strength, relative to the SM expectation,
is found to be
μ/μSM = 1.00 ± 0.09 (stat.) +0.08
−0.07 (theo.) ± 0.07 (syst.).
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In Fig. 2b, ﬁt results of various coupling strength modiﬁers as deﬁned in Ref. [5] are shown. Best
ﬁt values for modiﬁers of the Higgs coupling to the vector bosons κV , the fermions κ f , the ratio of W
boson and Z boson couplings λWZ , the ratio of couplings to up-type and down-type fermions λdu , the
ratio of couplings to leptons and quarks λlq , the eﬀective gluon coupling κg and the total branching
into beyond-the-SM channels BRBS M are shown in Fig. 2b. No signiﬁcant deviation with respect to
the SM is found.
Figure 2c shows ﬁts for deviations in the coupling for a generic ﬁve-parameter model [14] assuming eﬀective loop couplings according to the SM. For the fermions, the values of the ﬁtted Yukawa
couplings are shown, while for vector bosons the square-root of the coupling for the hVV vertex divided by twice the vacuum expectation value of the Higgs boson ﬁeld is shown. The linear dependence
on the mass parameter nicely illustrates the validity of the Higgs mechanism providing the masses of
the fundamental particles in the SM.

4 Precision measurements in the SM
4.1 Measurement of αS using the ratio of the jet cross sections

Besides electroweak symmetry breaking, the most important feature of the SM as a description of
the universe at microscopic scales is, arguably, asymptotic freedom. It is a fundamental property
of non-abelian gauge theories and predicts that the strong force becomes weaker at short distances
or higher momentum transfer. As a stringent test of the energy dependence of α s according to
SM renormalization group equations (RGEs) [15–17], the LEP and HERA experiments have established the validity of the RGEs up to momentum transfers of 208 GeV [18] and the D0 [19]
and CDF [20] experiments extended this range up to 400 GeV. The running coupling αS (Q) can
be measured with the ratio of 3-jet to 2-jet cross sections (R32 ) as a function of the average transverse momentum, Q = pT1,2  of the two leading jets in the event. In this ratio, the dependence on
the Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP) equations [21–23] governing the parton
distribution functions is strongly reduced.
The data sample used in this analysis [24] was collected during 2011 at a proton-proton centreof-mass energy of 7 TeV corresponding to an integrated luminosity of 5.0 fb−1 . For the online event
selection, single-jet triggers that reconstruct jets from calorimeter energy deposits are used to select
events based on three pT thresholds, 190, 240, and 370 GeV. Figure 3 shows R32 as a function of Q
together with results from the H1 [25, 26], ZEUS [27] and D0 [19, 28] experiments. The momentum
scale extends from 420 GeV to 1390 GeV. Using a three-loop RGE for α s (Q), the parameter α s (MZ ) is
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Figure 4. The total production cross section of ﬁnal states including W and Z bosons, top quarks, and Higgs
bosons are compared to theoretical predictions at 7 TeV (blue lines) and 8 TeV (green lines). For single boson
production and top quark pair production cross sections of associated jet production with transverse momentum
pT > 30 GeV and pseudorapidity |η| < 2.4 are also shown.

determined to be αS (MZ ) = 0.1148 ± 0.0014 (exp.) ± 0.0018 (PDF) ± 0.0050 (theory) and constitutes
the ﬁrst determination of αS (MZ ) from measurements at momentum scales beyond 0.6 TeV.
The low uncertainties on α s are a consequence of a cancellation of the DGLAP evolution of
the parton distribution functions in the ratio. This measurement therefore is a stringent test of the
evolution of the strong coupling constant at high momentum transfer. No deviation from the expected
behaviour is observed.
4.2 Cross section measurements of processes with electroweak bosons

The peculiar gauge structure of the SM predicts a wide range of processes that involve both the strong
coupling and the electroweak interactions. Precision cross section measurements of electroweak
gauge boson production in association with jets therefore is an ideal testing ground for the SM. The
CMS physics programme comprises measurements in many of these ﬁnal states, some of which have
been observed for the ﬁrst time. Figure 5 shows a summary of single vector boson production in association with jets [29–34], diboson production [35–41], processes involving the fusion of two vector
bosons tagged by the presence of two jets with a large rapidity gap [42, 43], single top and top quark
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pair production in association with jets [44–53] and processes involving the Higgs boson [54–61].
Results are shown for both 7 TeV and 8 TeV measurements.
The distinctive “stairways” pattern in single boson production for diﬀerent jet multiplicities is
understood by noting that the requirement of an additional jet in the tree-level diagram contributes a
factor α s in the Feynman amplitude. It is impossible to discuss all of these results in detail, hence I
will focus in the following on the interesting case of a Z boson produced in the fusion of two other
vector bosons.
Vector boson fusion production of a Z boson

Besides the mixed electroweak and strong Drell-Yan processes of order α2EM α2s , there is also pure
electroweak productions of the of order α4EM predicted in the SM as shown in Fig. 5a. This diagram
reveils a hallmark which can be explored experimentally: two jets of very high energy, well separated
in pseudo-rapidity and with a large invariant mass, are expected to be produced in association with the
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dilepton pair from the Z boson [62, 63]. Figure 5(b,c) shows Z-bremsstrahlung processes and multiperipheral processes, respectively. The evaluation of the corresponding Feynman amplitudes exhibits
large negative interferences [63, 64] among the amplitudes of Fig. 5. Therefore, a measurement of
this process is both experimentally challenging and an important test of the SM, because the subtle
cancellation is easily spoiled by hypothetical eﬀects not accounted for in the SM.
The CMS analysis [43] ﬁrst selects lepton candidates (electrons or muons) which are well isolated
and satisfy pT (l) > 20 GeV. Same-ﬂavor dileptons compatible with Z → μμ, ee are selected by
requiring the dilepton mass to be within 15 GeV of the nominal Z boson mass. At least two jets
with pT ( j) > 50 GeV are required within the ﬁducial region |η| < 4.7. There are two independent
analysis carried out. The result shown in Fig. 6 is obtained by a BDT discriminator that is trained on
discriminating observables sensitive to the special kinematic conﬁguration. The observables comprise
rapidity diﬀerences between the Z boson candidate and the jets as well as kinematic variables of the
two leading jets. For this discriminator shape, high values of the dijet invariant mass are required and
background and signal shapes are used to extract the signal strength from a templated ﬁt to the data.
The ﬁnal result, combining both measurements, is σ = 226 ± 26 (stat.) ± 35 (syst.) fb which is well
in agreement with the theoretical value of σth. = 239 fb.
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Figure 8. Summary of CMS limits on searches for (a) gluino pair production where each gluino decays into a
pair of top squarks and a neutralino and (b) top squark pair prodiction.

4.3 Combination of the top quark mass measurements

Precision measurements of the top quark mass and cross section measurements of single-top and top
quark pair production processes are of great interest also because of the special role the top quark
plays in various extensions of the SM.
Figure 7 shows the combination of eight separate CMS measurements of the top quark mass [65].
Measurements in the dilepton channel [66–68], the lepton+jets channel [69–71] and the full hadronic
channel [72, 73] cover all ﬁnal states. The measurements [70, 71, 73] perform an in-situ calibration of
a global jet energy scale factor using the hadronically decaying W in the top-quark event. This is done
in a simultaneous ﬁt of the top-quark and the W boson mass. Thus, the statistical uncertainty from the
ﬁt contains a component from the global jet energy scale factor in these cases. The ﬁnal value of
mt = 172.38 ± 0.10 (stat.) ± 0.65 (syst.) GeV
corresponds to a precision of 0.38% which is a remarkable achievement.

5 Searches for supersymmetry
Supersymmetry (SUSY) is an extension of the standard model (SM) which proposes a superpartner
for each SM particle [74–79] in order to mitigate the virtual contributions of the SM particles to the
self energy of the Higgs boson by contributions with opposite sign. This cancellation reduces the
need for large ﬁne tuning in the Higgs boson mass calculation [80, 81]. An appealing feature of
many models with SUSY is that the lightest supersymmetric particle (LSP) is stable and a viable dark
matter candidate [82, 83]. Many searches therefore require a large imbalance in the total transverse
momentum (ETmiss ).
Since the top quark has the largest contribution to the Higgs boson self energy, the superpartner
of the top quark must be light in order to avoid unnaturally large ﬁne-tuning. A similar argument
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holds for the gluino, because it contributes to the top squark self-energy. One prediction of these
“natural” models with a spectacular experimental signature is pair production of gluinos decaying
through top squarks to an LSP that is assumed to be stable and only weakly interacting. Moreover,
direct top squark pair production is predicted at a high rate. Recent searches, summarized in Fig. 8,
have excluded light top squarks up to 600-700 GeV and gluinos up to 1.3 TeV.
A new development in this context aims to evade one important restriction pertaining to these
results: They are often obtained under the assumption of a large mass diﬀerence between the initial
strongly produced SUSY particle and the LSP. However, if the mass of the LSP is very close to the
parent SUSY particle, almost all of the momentum of the parent SUSY particle is carried by the LSP
and the searches with a requirement for large ETmiss are not sensitive. Moreover, any decay products of
the SUSY particles will fall short of reconstruction thresholds.
An important example is a model with a top squark and a nearly degenerate LSP that leads to
a ﬂavour violating loop induced decay as shown in Fig. 9a. Similar mass conﬁgurations have been
proposed to reconcile measurements of the dark matter relic density with theoretical predictions of
models with SUSY [84, 85]. By exploiting the fact that the initial strongly interacting partons may
radiate oﬀ another high energetic parton (initial-state radiation, ISR) that is reconstructed as a jet, this
model can be tested without the assumption of large ETmiss coming from the LSPs. In consequence,
the event topology considered in Ref. [86] is a monojet signature. The jets from the charm quarks
are assumed to be too soft to be reconstructed. An important irreducible background in this search
is Z → νν which can be estimated using Z → μμ control regions. Figure 9b shows the result in
the parameter plane spanned by the top squark mass and the LSP mass. Top squarks that are nearly
degenerate with the LSP are excluded at 95% CL up to approx. 250 GeV.

6 Summary
The CMS experiment has used the proton-proton collision data collected during the 2011 and 2012
runs of the Large Hadron Collider to produce a large number of groundbreaking results in precision
measurements of standard model observables and in searches for new physics. The discovery of the
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Higgs boson is certainly among the most prominent results and the mass measurement combining
+0.13
γγ and 4l channels results in mH = 125.03 +0.26
−0.27 (stat.) −0.15 (syst.) GeV. The low systematic uncertainty is a testimonial of the change in focus from discovery to precision measurements and even ﬁrst
constraints of new physics in the Higgs sector have been obtained.
Many further measurements in the electroweak sector are also in agreement with predictions from
the SM. Cross sections of processes involving large negative interference like the fusion of two vector
bosons have been measured and provide stringent tests of the SM.
Various extensions of the SM are furthermore tested by searching for signals of decays of SUSY
particles. Tight limits on the production of gluinos and top squarks have been obtained. No convincing
evidence for a deviation has been found so far. Important loopholes like the case of SUSY particles
with degenerate spectra are successivly closed.
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