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Abstract. The search for the Higgs boson and the search for supersymmetry at the LHC
collider are summarized. Particular attention is payed to the LHC potential to study the
properties of the Higgs boson as well as the potential of future upgrades of the LHC and the
ILC to determine supersymmetric parameters.

1. Introduction
The Standard Model of particle physics [1–3] describes successfully matter and its interactions
to unprecedented precision. The only missing particle is also the only fundamental scalar: the
Higgs boson [4–8] whose mass is not predicted by theory but constrained to the intermediate
mass range.

Even with a discovery of the Higgs boson, other questions remain open to which a
supersymmetric extension of the Standard Model could provide an answer. Supersymmetry
can ensure the unification of the gauge couplings at a high scale. This scale is close to the
Planck scale, potentially opening the route to the unification with gravity. Supersymmetry
also stabilizes the mass of the Higgs boson at the electroweak scale. Last but not least, many
supersymmetric models provide a candidate for dark matter.

The LHC [9] has started operations with the experiments ATLAS [10] and CMS [11] recording
roughly 5 fb−1 of data in 2010 and 2011 at a center-of-mass energy of 7 TeV. In 2012 the center-
of-mass energy was increased to 8 TeV. The prospects for the discovery of the Higgs boson
and/or new phenomena have been summarized in many studies [12, 13].

In the following, first the search for the Higgs will be summarized. Then the determination of
the couplings of the Higgs boson with the current data as well as the projection to the future is
discussed. Searches for Higgs bosons in models extending the Standard Model are then discussed.
Finally the status of the search for supersymmetry will be presented and as outlook the bottom-
up reconstruction of supersymmetric parameters will be discussed. All experimental methods
are illustrated at a center-of-mass energy of 7 TeV. The results are summarized including 8 TeV.

2. Standard Model Higgs boson (low mass)
The search for the Standard Model Higgs is generally separated into a low mass region and a
high mass region. In the high mass region the partial widths for decays to pairs of W and Z
bosons dominate the total width. A low mass Higgs boson will decay predominantly to b-quark
pairs. The precision measurements of the parameters of the Standard Model at LEP and the
TeVatron are compatible with a low mass Higgs boson [15]. For the sake of concreteness, in the
following only the results for a low mass of 120 − 130 GeV will be discussed.
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Figure 1. The Higgs production cross section
is shown as function of the mass for a center-
of-mass energy of 7 TeV [14].
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Figure 2. The branching ratios of the
Standard Model Higgs boson are shown as
function of mass [14].

The Standard Model Higgs boson is produced at the LHC predominantly in the gluon fusion
process as shown in Figure 1 from [14, 16–24]. The weak boson fusion (VBF) is about an order of
magnitude smaller. Higgs-strahlung, the associated production of the Higgs boson together with
a weak boson is possible, but suffers from a very large background. The abundant production
of top quark pairs opens up the channel ttH. This channel however is more promising at higher
center-of-mass energies.

The branching ratios of the Standard Model Higgs boson are shown in Figure 2 from [14, 25].
At low mass the largest branching ratio is to pairs of b-quarks. The branching ratio to τ -leptons
is about an order of magnitude smaller. Decays to pairs of W and Z bosons also have a non-
negligible contribution. At a mass of 125 GeV, rare decays such as the decay to pairs of photons,
are typically of the order of 10−3.

At low mass the QCD background is so overwhelmingly large that the search for the hadronic
decays of the Higgs boson is very difficult, unless it is accompanied by a vector boson or a pair
of top quarks. Therefore the most promising channels for this mass region are the leptonic decay
modes, either via the decay of the vector bosons or through τ pairs. The golden channels are the
decay to a pair of leptonically decaying Z bosons and the rare decay to two photons as the mass
of the Higgs boson can be reconstructed with good precision. The general strategy is to devise
an analysis dedicated to an inclusive final state and then further enhance the separation between
signal and background by separating the selected final state according to the production mode,
e.g., gluon fusion with 0-jets, VBF with two jets etc, where further dedicated cuts are applied.

The different production and decay modes which will be discussed in the following are the
fruit of a long dedicated effort of theorists and experimentalists. All of the discovery channels
shown have been identified and scrutinized for many years, see e.g. [26–31].

The Higgs boson decay to pairs of τ -leptons is difficult because the neutrinos of the τ decays
make the mass information is less precise than in other channels. The presence of a jet recoiling
against the Higgs boson such as in the VBF production at LO or in gluon fusion at NLO, improve
the information for mass reconstruction. CMS has three event categories and reconstructs the
ττ mass with a likelihood technique to improve the mass resolution [32]. However the 0/1-
jet channel remains difficult. The situation improves, e.g. shown by ATLAS [33], for the
VBF category where two jets are reconstructed. The signal can be separated from dominant
background of the Z boson decays, but unfortunately no clear excess is observed.

The Higgs-strahlung process, where the Higgs boson decays to a pair of b quarks and the
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Figure 3. The distribution of the recon-
structed Higgs boson mass in b-jets is shown
for the production in association with a lep-
tonically decaying W boson for ATLAS [35].
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Figure 4. The distribution of the azimuthal
angular separation between the leptons is
shown for the CMS search in the WW final
state [39].

weak boson does not decay hadronically, provides access to the main decay channel of a light
Higgs boson. In contrast to the ττ channel the mass information can be used directly via the
reconstructed b-tagged jets to reconstruct the Higgs boson mass. The channel is nevertheless
difficult as the background is very large and the mass resolution for hadronically decaying
resonances is less good than for final states with leptons. ATLAS and CMS have searched
for this channel in the data [34, 35]. Even after the application of sophisticated methods such
as boosted decision trees [34] and requiring b-tagged jets, the background remains dominant
and in some of the categories, as shown in Figure 3, it has almost the same form as the signal.
This makes the determination of the background from the data challenging. The future will
tell whether subjet analyses [36–38] will allow to improve significantly the search for decays to
b quarks.

Turning now to the three most promising channels at low mass involving leptons, or photons,
the first channel to be considered is the decay to W boson pairs followed by leptonic decays. In
the following leptons will be restricted to mean electrons and muons. Here the mass information
is very weak as two neutrinos are present in the final state.

As in the other channels the events are divided into different categories as function of the jet
multiplicity as well as the lepton flavor by ATLAS and CMS [39, 40]. The background dominating
this search is the pair production of W bosons. To differentiate between signal and background
one variable is of particular importance, the azimuthal separation of the reconstructed leptons.
As shown by CMS in Figure 4 the background is flattish while the signal, due to the scalar
nature of the Higgs boson, the angle is small as a result of helicity conservation. Instead of
reconstructing the visible mass, inevitably spoiled by the neutrinos, the transverse mass has a
peak structure. The peak is not at the nominal mass, but only roughly 5 GeV below as the two
leptons are reconstructed close together. For this channel the background is determined from
control regions. It is important to have an excellent control of the transverse missing energy.

The decay of the Higgs boson to a pair of Z bosons, one of the golden channels, where one of
the Z bosons is off-shell, is intrinsically clean when concentrating on the leptonic decays of the
Z bosons. Here only the electroweak production of Z boson pairs (on and off-shell, the latter
including a photon) contribute to the background. The main difficulty is to have good lepton
identification with a good efficiency and low misidentification down to low transverse momenta
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Figure 5. The invariant mass of the ZZ
final state decaying to leptons is shown for
CMS [41].
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of order 5 GeV. While the branching ratio of the Higgs boson to Z pairs is large, the leptonic
branching ratio of the Z boson is small. At high mass the background is dominated by the
leptonic decays of the Z boson pair production, whereas at low mass the relative contribution
from the production of a Z boson plus jets is stronger. The ATLAS and CMS results in this
channel [41, 42], shown as an example in Figure 5 for CMS, show at low mass an intriguing
accumulation of data around 125 GeV. The Standard Model background is well described.

The final channel is a rare decay channel, the decay to a pair photons. The small branching
ratio is offset with the excellent mass resolution for this channel which is better than 2 GeV.
The calorimeter and tracker information can then be used to reduce the background due to the
misidentification of jet as a photon below the level of the background from the Standard Model
continuum production of two photons. The resolution of the invariant mass reconstruction is
affected by the knowledge of the position of the primary vertex. ATLAS and CMS employ
different techniques [43, 44] in this respect. While CMS relies strongly on the tracker, ATLAS
uses the directional information in the calorimeter in order to improve the resolution. The
material in front of the calorimeters in ATLAS and CMS is not constant as function of the polar
angle. This leads to a variation of the resolution of the photons as function of the polar angle.
The photons can convert before reaching the detector. It is therefore natural to split the event
sample according to the expected resolution and into converted/non-converted photons. This
categories differ naturally between the two experiments. The combined spectrum is shown in
Figure 6 for ATLAS. As expected for the low branching ratio of this final state, the background
is very large with respect to the expected signal. However the use of the data outside the probed
Higgs mass allows to determine the background in the Higgs mass window from the data in a
theory independent way. Nevertheless the form of the background distribution has also been
checked with with the Monte Carlo. Around 125 GeV an intriguing excess of events is observed
in the data of the two experiments above the background expectation as expected from the
properties of a Standard Model Higgs boson.

The search for the Higgs boson at the TeVatron is complementary to the search at the
LHC. Here the dominant channels are the production of the Higgs boson in association with
an electroweak boson, followed by the decay of the Higgs boson to a pair of b-quarks. This
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search is promising as the Standard Model backgrounds for these channels are much lower than
at the LHC due to the lower center-of-mass energy. The full combination of the collaborations
CDF and D0 for all channels has been performed [45]. In the low mass region, as from roughly
115 GeV to 140 GeV, an excess with respect to the Standard Model background expectation is
observed. The maximal (local) excess is 2.5 standard deviations, confirming the results at the
LHC.

The combination of the Higgs searches is shown in Fig. 7 for ATLAS collaboration [46]
and in Fig. 8 for the CMS collaboration [47] for the full 7 TeV dataset. Even without a
combination of the two experiments around 125 GeV the Higgs boson cannot be excluded. Stated
differently, around 125 GeV an excess is observed in both experiments which is compatible with
the TeVatron excess and compatible overall with the properties expected for a Standard Model
Higgs boson. The excess is mainly driven by the ZZ and γγ final states. For ATLAS the largest
local significance at 126 GeV is almost three standard deviations, taking into account the “look
elsewhere effect” (LEE) in a very large window from 110 to 600 GeV, the excess is about one
standard deviations. For CMS the largest local significance at 124 GeV is slightly higher than
three standard deviations which is reduced to about one and a half standard deviations after
inclusion of the LEE effect for the same large mass window as ATLAS.

After the conclusion of the conference on July 4, 2012, ATLAS and CMS announced a local
significance each of 5 standard deviations each, compatible with the properties of a Standard
Model Higgs boson of mass around 126 GeV [48, 49], including data recorded at 8 TeV. The
highest deviations from the Standard Model background expectation in the search for the Higgs
boson are within 2 GeV from two independent experiments, each internally compatible with at
least two different search channels, and compatible with the TeVatron results.

3. Beyond the Standard Model Higgs boson
In a supersymmetric theory the Higgs sector is extended with respect to the Standard Model
as two complex doublets are necessary to give mass to up and down type particles [51]. The
additional degrees of freedom lead to a richer particle spectrum. There are at least two additional
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neutral Higgs bosons H and A as well as a pair of charged Higgs bosons. The ratio of the vacuum
expectation values tanβ and the mass of the A boson parametrize the Higgs sector to a good
approximation. As tanβ increases the coupling of the Higgs bosons H and A to the τ lepton
and the b quark increases. Thus the search for the Higgs boson decaying to a pair of τ leptons
as performed by CMS and ATLAS [32, 52] is a probe of the extended Higgs sector. In absence
of a signal, a large fraction of the tan β versus mA plane is excluded by this search when the
mass of the A is restricted to less than 500 GeV. The limit gets weaker as function of the mass
of the A as the cross section decreases as shown in Figure 9.

The charged Higgs boson, decaying to a τ lepton and its neutrino, with a mass less than
the top quark could manifest itself as a modification of the branching ratio of the top quark.
Additionally such events would have a larger transverse mass than the decay of the W boson
(from the top quark) to τ and neutrino. The absence of a signal for charged Higgs boson at the
LHC [50, 53] can be used to determine limits as low as 1% on the barnching ratio of the top
quark as shown in Figure 10.

4. Higgs boson couplings and implications
It is a formidable task to determine the properties of the Higgs boson such as the spin and its
couplings experimentally, e.g. [54, 55]. The Higgs boson will be measured in several channels
and in each of these measurements several couplings intervene, e.g., for the two photon decay
channel on the production side the effective coupling to gluons, on the decay side the effective
coupling to photons as well as the total width, dominated by the coupling to b-quarks intervene.
The effective coupling to gluons has a large contribution from the tree-level coupling to the
top quark while the effective coupling to photons also receives contributions from the tree-level
coupling to the W boson.

To measure the couplings a parameter ∆x is defined as deviation from the Standard Model

PASCOS 2012 – 18th International Symposium on Particles Strings and Cosmology IOP Publishing
Journal of Physics: Conference Series 485 (2014) 012011 doi:10.1088/1742-6596/485/1/012011

6



value:
gXXH = gx = (1 + ∆x)gSM

x (1)

where gSM
x is the Standard Model coupling of particle X to the Higgs boson. As the square

of the couplings enters in the observables, ∆x = 0 as well as ∆x = −2 will lead to the same
prediction. For effective couplings the definition is slightly more evolved with:

gXXH = gx = (1 + ∆SM
x + ∆x)gSM

x (2)

where ∆SM
x is the sum of the contributions of the non-standard tree-level couplings defined in

Eq. 1. For example, if ∆t is non-zero, the impact of this modification is transported to gg in the
term ∆SM

g and only a genuine new contribution, e.g., a stop, is measured in ∆g.
The total width of the Higgs boson enters in all branching ratios in the common denominator.

Not all couplings, e.g., the one to charm quarks, can be determined at the LHC. Thus for ∆c > 0
the total width would be increased, leading to a reduction of the detected events. Determining
the non-c-quark couplings such as ∆t, ∆b, ∆τ , ∆W and ∆Z from the observed events would result
in a determination of anomalous couplings shifted systematically to smaller values. Therefore it
is essential to specify the model and the underlying assumptions when determining the couplings.

In Refs. [56, 57] the charm quark coupling is linked to the top quark coupling via: gc =
mc/mt · gSM

t (1 + ∆t). No invisible decays of the Higgs boson are allowed and the total width is
restricted to be less than 2 GeV, of the order of mass resolution in the golden channels:
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In Fig. 11 the result of the determination of the couplings from the 7 TeV data is shown [57].
In red the Standard Model expectation is shown. In dark blue the result for the data are shown.
For the light blue points the coupling of the Higgs boson to the weak bosons is forced to be
fixed. The central values of the couplings are compatible with the Standard Model expectation
of ∆x = 0. The negative value for ∆W can be understood from the data as the channels for
the Higgs decay to W bosons is more background like. The overall picture does not change
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when calculating ratios of couplings. In coupling ratios the correlated systematic errors and
theoretical errors cancel, however with the current low statistics the uncorrelated statistical
error dominates the coupling determination. A global deviation of all couplings is parametrized
with ∆H [58–60]. As in this case all measurements are used to determine a single parameter the
best possible precision is achieved.

In Fig. 12 two luminosity scenarios are studied for the determination of the Higgs boson
couplings as function of the Higgs boson mass. In the first scenario the data at 7 TeV (up to
4.9 fb−1) are shown without effective couplings. Here the precision is typically 50%. In the lower
half of the figure the expectation for 3000 fb−1 at 14 TeV is shown including effective couplings.
The coupling precision is improved to roughly order 10%. For the Higgs portal the best precision
can be achieved: 5%. This is close to the ultimate precision given by the theoretical error on
the cross section.

In addition to the couplings the mass of the Higgs boson can be used to constrain new
phenomena beyond the Standard Model. In particular in the supersymmetric models the Higgs
boson mass, after including radiative corrections, depends on the mass of the top quark as well as
the masses and the mixing of the spin-0 partners of the top quark, the stops. Using the measured
mass of the Higgs boson in Ref. [61], the parameter space of the supersymmetric models can be
restricted. Some supersymmetry breaking models, such as minimal gauge mediation (mGMSB),
are disfavored. In the minimal supersymmetric extension of the Standard Model (MSSM) part
of the regions compatible with a Higgs boson mass of 126 GeV are characterized by large mixing
which could mean that a light stop could be just around the corner at the LHC.

5. Supersymmetric particles
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Figure 13. The production cross sections for
supersymmetric particles at 7 TeV are shown
as calculated by Prospino [62–66].
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In supersymmetric theories [67, 68] in addition to the extension of the Higgs sector, the matter
particles as well as the carrier of the forces each have a partner differing by a half-unit of spin.
In particular gluinos (fermions) are the partners of the gluons and the sleptons (scalars) are
the partners of the leptons. In the gauge and Higgs sector, the neutralinos are mixtures of the
partners of the neutral Higgs and gauge bosons, the charginos are the partners of the charged
Higgs and gauge bosons. The lightest neutralino is the lightest supersymmetric particles, and
as a stable weakly interacting particle also a candidate for dark matter. R-parity [69] is defined
to be +1 for Standard Model particles and −1 for supersymmetric particles. This new quantum
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number is assumed to be conserved in the following, so that the sparticles are produced in pairs,
decaying to the LSP in possibly long cascades.

The largest cross section for the production of supersymmetric particles [62–66] are those for
gluinos and squarks as shown in Figure 13. As the integrated luminosity recorded at the LHC
increases, the sensitivity to non-colored particles also increases. An increase of the center-mass-
energy is even more powerful.

The search for squarks and gluinos as performed by ATLAS [70] and CMS [71] has not yielded
a signal, even though performed in many different channels. The main analysis is the search
for multiple jets with large transverse momenta and large missing transverse momentum due to
the LSPs escaping the detectors undetected. As the LHC has opened a new large mass regime
to be explored, assumptions have to be made about the particle content when presenting the
results in terms of limits. An example of a theory with many different final states is mSUGRA.
The limits shown in the plane m1/2 versus m0, the common fermion and scalar SUSY breaking
parameters defined at the unification (=high scale) by CMS in Figure 14 depend only weakly on
tanβ. As an example, for equal gluino and squark masses the limit is at 1.4 TeV by the ATLAS
experiment.
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The third generation plays a special role in supersymmetry. Here mixing effects can be
become large due to the large masses of the top quark and the b quark. The mixing can lead to
sbottom and stops which are much lighter than the (degenerate) squarks of the first and second
generation. While a lower mass increases the cross section, this effect cannot compensate the
loss due to the fact that one now probes only a single squark. On the other hand, the use of
b-tagging, as the stops and sbottoms will lead to a stronger production of b-jets than first and
second generation squarks, will reduce the background.

The search for sbottoms at the LHC has not lead to a signal so far [72, 74]. The search
by CMS for the production of gluinos decaying to sbottoms can be interpreted as an excluded
region of the gluino mass as function of the LSP mass. Gluino masses up to order 900 GeV can
be excluded in this model-dependent scenario.

For the stops ATLAS has performed a search for the direct production of stops [73]. Here
the stops decay to a bottom and a chargino. The search yields limits roughly of the order of
137 GeV as shown in Figure 15, depending on the LSP mass. As the mass difference between
stop and LSP decreases the limits become weaker.
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While the LHC as a proton-proton collider has a natural sensitivity to colored sparticles, it
is interesting to note that the search for the production and decay of neutralinos and charginos
has started. Typically the most promising channel for such a search are the leptonic decays,
i.e., final states with several leptons and missing transverse momentum [75, 77]. As shown in
Figure 16 the absence of a signal is translated into a new exclusion domain in the plane of
M2, the SUSY breaking parameter associated to the SU(2) group and µ, the Higgs-higgsino
mass parameter. Both parameters are defined at the electroweak scale. While it is impressive
to see that these searches in the electroweak sector extend significantly the limits from LEP, a
caveat must be added: in order to obtain these limits, sleptons are presumed to have a mass
between the produced chargino and neutralino and the LSP. Such a hypothesis leads to a strong
enhancement of the leptonic branching ratios.

The search for supersymmetry at the LHC goes well beyond mSUGRA or models parametrize
supersymmetry breaking via gravity mediation. One example is the search for gauge mediated
supersymmetry performed by ATLAS [76]. This analysis is particularly interesting as the final
state contains jets, missing transverse momentum and τ leptons, which are more difficult to
identify the electrons or muons. While unfortunately no signal has been found, the excluded
region is extended significantly beyond the region excluded by the searches at LEP for the first
time.
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While no evidence for supersymmetry has turned up so far at the LHC, it is still interesting to
see what information on the fundamental parameters could be obtained from measurements at
the LHC. This question was studied in particular in [78–81] among others. In a very optimistic
scenario, the gluinos, squark of the first two generations the sleptons, the sbottoms as well as
three of the four neutralinos could be measured at the LHC. While this is sufficient information
for a highly constrained high scale model such as mSUGRA, the picture changes significantly
when going to the more interesting question of reconstructing the parameters of the general
MSSM at the low scale. The incomplete information in the neutralino/chargino sector leads to
a 12-fold ambiguity when determining M1, M2, µ. However, evolving the MSSM parameters of
the gaugino sector, i.e., M1, M2 and M3 via the renormalization group equations to the high
scale, leads to unification (in this particular scenario) in only one of the cases. The precision with
which the unification can be probed at the LHC is shown in Figure 17. As pointed out in [82]
at this conference the Higgs mass from ATLAS and CMS is compatible with light gauginos in
SUGRA models. To get a complete picture, an ILC will be necessary to complete the spectrum
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and resolve the ambiguities. In this case even the unification of the scalar SUSY breaking
parameters can be measured from the data as shown in Figure 18.

6. Conclusions
ATLAS and CMS have observed a particle compatible with the properties of a Standard Model
Higgs boson. It will now be essential to determine its spin and its couplings. Ultimately the
couplings can be measured with a precision of about 10% at the LHC.

No significant deviation from the Standard Model has been observed in the search for
supersymmetry. This means that easy supersymmetry was easily ruled out. More difficult
searches are now being started for supersymmetric processes with lower cross sections. The
increase of the center-of-mass energy of the LHC to 14TeV−ε after a longer shutdown will open
up a new mass range to be explored.
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