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1. Introduction

The Large Hadron Collider(LHC) [1] is a proton-proton (pp) collider which has been operated
in 2011 and 2012 at centre-of-mass energies,

√
s, of 7 TeV and 8 TeV, respectively. One of the

primary goals of the LHC physics programme is the exploration of the Higgs mechanism and the
study of mass generation of elementary particles by electro-weak symmetry breaking. The main
signature of a mass generating Higgs field predicted by the Standard Model (SM) [4] is a scalar
Higgs boson with well defined properties: its spin-CP structure should be JCP = 0++ and it should
couple to all heavy gauge bosons and elementary fermions proportional to their mass. With about
2×5 fb−1 of data of the first LHC physics run (Run-1) the ATLAS and CMS Collaborations [2, 3]
had both measured a significant excess of candidate events from Higgs boson production and decay
above the background expection. This finally led to announcements of the observation of a scalar
Higgs boson [5]. Nearly the complete Run-1 data set of about 2×26 fb−1 has now been analysed
to further study the detailed properties of the Higgs boson, in particular its mass, width, coupling
structure, as well as spin and CP properties.

Several reasons lead to the assumption that the Standard Model may however not be valid at
energy scales up to the Planck scale, like e.g. the observation of Dark Matter in the Universe. This
phenomenon may be explained by additional weakly interacting massive particles which are not
part of the Standard Model. Extensions of the Standard Model are therefore also tested at the LHC.
Possible signatures are an extended Higgs sector [20], like the 2 Higgs Doublet Model (2HDM), of
which the Minimal Supersymmetric Standard Model (MSSM) is a special realisation.

This article summarizes the most recent experimental results by ATLAS and CMS on the
search and measurement of a SM-like Higgs boson, the determination of its properties and searches
for Higgs bosons beyond the SM.

2. Search for the Standard Model Higgs Boson

In pp collisions at 7-8 TeV centre-of-mass energy, the main production channel of the Standard
Model Higgs boson with a mass around 125 GeV is gluon-gluon fusion (87%), where gluons
inside the protons interact indirectly via a top-quark loop with the Higgs boson. The search must
therefore rely on identifying specific Higgs boson decay modes. Additional final state signatures
can be utilized in other production channels. In vector-boson-fusion (VBF, 7%) the Higgs boson
decay is accompanied by a pair of jets. In associated Higgs boson production with a W boson or Z
boson (5%) and in associated production with a pair of top quarks (1%), the corresponding decay
products of W and Z bosons or top quarks can be used to distinguish the SM Higgs boson signal
from background. The different production cross-sections for a SM Higgs boson mass of 125 GeV
are shown in Figure 1 [6] as function of centre-of-mass energy.

The main decay modes which are analysed in the SM Higgs boson searches are the H → γγ

and the H→ ZZ∗→ `+`−`+`− channels, where the lepton pairs, `+`−, are either an electron and a
positron or a pair of oppositely charged muons. The corresponding branching ratios are compared
to each other in Figure 1. Since the final state photons, electrons and muons can be reconstructed
with excellent energy and momentum resolution, the invariant mass spectrum of the Higgs boson
candidates is used to discriminate between signal and the SM background processes. In the data
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Figure 1: SM predictions of Higgs boson production cross-sections (left) for pp collisions at
√

s = 7−
14 TeV and of Higgs branching fractions for Higgs boson masses, mH , between 90 GeVand 1 TeV(right).

Table 1: Observed and expected statistical significance of the hypothesis that the data is compatible with a
SM background fluctation, corresponding to the minimal local p0 value, for the SM Higgs boson searches
in bosonic and fermionic decay channels [7].

Experiment Statistical significance (σ )
H→ ZZ H→ γγ H→W+W− H→ τ+τ−

obs. exp. obs. exp. obs. exp. obs. exp.
ATLAS 6.6 4.4 7.4 4.3 3.8 3.8 4.1 3.2
CMS 6.8 6.7 3.2 4.2 4.3 5.8 3.2 3.7

analysed, an excess of data above SM background expectation is observed in both channels and by
both, ATLAS and CMS, in the invariant mass ranges around 125-126 GeV, as shown in Figure 2.
The observed local probabilities, p0, that the data are compatible with fluctuations of the estimated
background can be expressed in terms of statistical significances, σ , and are summarized in Table 1.
In all channels in which the Higgs boson decays into a pair of gauge bosons, including the H →
W+W−→ `ν`ν final state, a clear Higgs boson signal is observed [7].

Within the SM, the Higgs boson does not couple directly to massless gluons and photons.
Therefore, Higgs boson production in gluon-gluon fusion and decay to a pair of photons are me-
diated by loop diagrams involving massive fermions. The observation of a Higgs boson signal is
therefore an indication that the Higgs-fermion coupling has also non-zero strength. Up to the time
of the conference, a direct Higgs boson decay to fermion pairs has been observed with significances
above 3 σ in the H→ τ+τ− channel [8], only (see Table 1). Both hadronic and leptonic decays of
tau leptons were analysed to identify the H→ τ+τ− decay.

More complex final states, like W/Z +H with H → bb̄, have been searched for, but do not
yet yield clear evidence for a Higgs boson signal [9]. The rare production mode tt̄H with H →
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26 11 Yields and kinematic distributions

Table 5: The number of observed candidate events compared to the mean expected background
and signal rates for the sum of the three final states for each of the two analysis categories.
Uncertainties include statistical and systematic sources. The results are integrated over the
mass range from 121.5 to 130.5 GeV and for 7 and 8 TeV data combined. The expected signal
yield for a SM Higgs boson with mH = 126 GeV is reported, broken down by the production
mechanism.

Category 0/1-jet Dijet
ZZ background 6.4 ± 0.3 0.38 ± 0.02
Z + X background 2.0 ± 0.3 0.5 ± 0.1
All backgrounds 8.5 ± 0.5 0.9 ± 0.1
ggH 15.4 ± 1.2 1.6 ± 0.3
ttH — 0.08 ± 0.01
VBF 0.70 ± 0.03 0.87 ± 0.07
WH 0.28 ± 0.01 0.21 ± 0.01
ZH 0.21 ± 0.01 0.16 ± 0.01
All signal, mH = 126 GeV 16.6 ± 1.3 3.0 ± 0.4
Observed 20 5
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Figure 10: Distribution of the four-lepton reconstructed mass for the sum of the 4e, 2e2µ, and 4µ
channels for the low-mass region. Points with error bars represent the data, shaded histograms
represent the backgrounds, and the unshaded histogram the signal expectation for a mass hy-
pothesis of mH = 126 GeV. Signal and ZZ background are normalized to the SM expectation,
Z + X background to the estimation from data.

with the expected distribution from SM backgrounds plus the contribution of a Higgs boson
with mH = 126 GeV. A signal-like clustering of events is apparent at high values of Dkin

bkg and

for m4` ≈ 126 GeV. Figure 13 (right) shows the distribution of the kinematic discriminant Dkin
bkg

in the mass region 121.5 < m4` < 130.5 GeV.

The distribution of the transverse momentum and its correlation with m4`, in the 0/1-jet cate-
gory is presented in Fig. 14. The pT spectrum shows good agreement with a SM Higgs boson
hypothesis with mH = 126 GeV in the 0/1-jet category with few events having pT > 60 GeV,

Figure 2: Examples of di-photon (left) and four lepton (right) invariant mass spectra measured for SM Higgs
boson candidates, as determined by ATLAS and CMS, respectively [7]. The red curves show a SM Higgs
signal prediction for a Higgs mass of 126 GeV above the background expectation.

γγ,W+W−,ZZ,τ+τ−,bb̄ is particularly interesting because the Higgs boson Yukawa coupling to
the top quark, yt , which is proportional to the ratio of the top quark mass, mt , and the Higgs vacuum
expectation value, v, reaches values close to one: yt =

√
2mt/v ≈ 1. However, more data are

needed to improve on the results, which yield ratios of measured cross-section to SM expectation
of µ = σ/σSM = 1.7±1.4 and µ = 2.5+1.1

−1.0 [10] for ATLAS and CMS, respectively.
The ratio µ is used to compare the signal strengths in all Higgs boson decay channels to

the SM prediction. An example for individual measurements by CMS is given in Figure 3 [9].
The combined µ values derived by CMS and ATLAS are µ = 0.80± 0.14 and µ = 1.30+0.18

−0.17,
respectively. Overall, a good agreement to the SM expectation µSM = 1 is observed.

3. Higgs Boson Properties

The main Higgs boson characteristics which have been determined in LHC Run-1 are the
coupling strength to fermions and bosons, its mass and width, and its spin and CP parameters.

At the LHC, only the product of cross-section, σi = σ(i→ H), and branching ratio, BR(H→
f ), with initial state i and final state f can be measured. In the narrow Higgs width approximation,
this product is expressed as σ ×BR(i→ H → f ) = σiΓ f /ΓH , where Γ f and ΓH are the partial
and total width of the Higgs boson. In order to extract the Higgs boson coupling strength to other
particles, the cross-section and partial widths are assumed to scale with coupling parameters κ j

according to σ j = κ jσ j,SM and Γ j = κ jΓ j,SM. Furthermore, it is assumed that the Lorentz structure
of the fermion and vector boson couplings to the Higgs boson is realised as in the SM. For loop-
induced production and decay modes, gg→ H and H → γγ , interference effects are taken into
account [9]. It is furthermore assumed that only SM particles contribute to the total width and that
fermion and vector boson couplings scale with common factors κF and κV , respectively. Limits in
the κF vs. κV plane are extracted and shown in Figure 3 for ATLAS, while CMS findings are very
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4.3 Compatibility of the observed state with the SM Higgs boson hypothesis 15
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Figure 3: Values of σ/σSM for the combination (solid vertical line), for individual decay modes
or for sub-combinations of decay modes. The vertical band shows the overall σ/σSM uncer-
tainty. The symbol σ/σSM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. The horizontal bars indicate the ±1 standard devia-
tion uncertainties in the σ/σSM values for the individual modes; they include both statistical
and systematic uncertainties. (Top) Sub-combinations by decay mode and by additional tags
targeting a particular production mechanism. (Bottom-left) Sub-combinations by decay mode.
(Bottom-right) Sub-combinations by targeted production mechanism.
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Figure 5: Results of fits for the 2-parameter benchmark model defined in Section 5.2.1 that probe different
coupling strength scale factors for fermions and vector bosons, assuming only SM contributions to the
total width: (a) Correlation of the coupling scale factors κF and κV ; (b) the same correlation, overlaying
the 68% CL contours derived from the individual channels and their combination; (c) coupling scale
factor κV (κF is profiled); (d) coupling scale factor κF (κV is profiled). The dashed curves in (c) and (d)
show the SM expectations. The thin dotted and dash-dotted lines in (c) indicate the continuations of the
likelihood curves when restricting the parameters to either the positive or negative sector of κF .

11

Figure 3: Left: Signal strength parameter µ = σ/σSM for individual Higgs boson decay channels mea-
sured by CMS [9]. Right: fermionic and bosonic Higgs boson coupling parameters, κF and κV , derived by
ATLAS [9].

similar [9]. One can observe that the combined coupling strengths are well compatible with the SM
value of 1. Furthermore, the sign ambiguity in the fermionic coupling is resolved by interference
terms, which are linear in κ j, such that the combined fermionic coupling is found to be positive, as
predicted in the SM.

Another interesting test concerns the ratio λWZ = κW/κZ of the W and Z boson couplings
to the Higgs boson. In the SM, this coupling ratio is protected by the so-called custodial SU(2)
symmetry, which leads to a coupling ratio of 1 at lowest order with small higher order corrections
of the size mb/mt . The ATLAS and CMS measurements show values of λWZ = 0.94+0.14

−0.29 and
λWZ ∈ [0.7,1.0] at 68% confidence level (CL) which are consistent with λ

SM,tree−level
WZ = 1 within

the still large uncertainties.
In the coupling strength analyses, the SM coupling structure is assumed, which is related to

the spin and CP properties of the Higgs boson. According to the Landau-Yang theorem [11], the
spin-1 hypothesis for the newly observed state is excluded by observing its decay into a pair of
real photons, H → γγ . To analyse further Higgs boson properties, angular distributions of the
final state particles in H → γγ , H →W+W− → `+ν`−ν and H → ZZ → `+`−`+`− events are
used to discriminate between different spin and CP hypotheses. Figure 4 shows, as an example,
the distribution of the cosine of the angle between the decay planes of the two Z bosons in H →
ZZ candidate events, reconstructed from the four leptons in the final state. The relatively small
discrimination power of a single variable, to distinguish e.g. between a JP = 0+ and a JP = 0− state,
can be enhanced by multivariate techniques. On the right-hand side of Figure 4, the output of a
Boosted Decision Tree (BDT [12]) analysis performed by ATLAS is shown. Using such techniques,
the ATLAS and CMS analyses show that the JP = 0+ nature of the Higgs boson is favoured with
respect to other models, and spin-2 models are disfavoured at more than 95% CL [13].

Unlike spin and CP properties and the fermionic and bosonic coupling strengths, the mass of
the Higgs boson, mH , is not predicted by the SM. Like all particle masses in the SM, the value of
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Figure 4: The distribution of the cosine of the angle between the Z decay planes in H → ZZ→ `+`−`+`−

events (left) is one of the input variables to the BDT analysis (right) by ATLAS [13]. Additional information
on the spin and CP properties of the Higgs boson is contained in the decay angle of the leptons in the Z rest
frames, which serve as Z polarimeter, and in the invariant mass distributions of the lepton pairs.

mH is proportional to the Higgs vacuum expectation value v ≈ 246 GeV [14]. However, it also
depends on the Higgs boson self-coupling strength, λ , which is a free parameter of the SM Higgs
potential. With the observation of the new scalar resonance, also mH can now be determined from
the invariant mass spectra in the decays H → γγ and H → ZZ→ `+`−`+`−. These channels pro-
vide excellent mass resolution of the order of 1-2%. In order to improve the sensitivity on mH , the
data are categorized according to their invariant mass resolution. The Higgs mass parameter is then
extracted from one- or multi-dimensional fits to invariant mass spectra including background pa-
rameterisations. The systematic uncertainties in the H→ γγ channel are dominated by the photon
energy scale of the electromagnetic calorimeters, and in the H→ ZZ channel by the muon momen-
tum calibration since the 4-muon final state has the greatest sensitivity to mH among the different
H→ ZZ channels. These energy and momentum scales are calibrated using large statistics control
samples of well-known resonance decays like Z→ e+e− for the electromagnetic energy measure-
ment and J/ψ→ µ+µ−, ϒ→ µ+µ−, Z→ µ+µ− for the muon momentum scale. The ATLAS and
CMS results after combining the Higgs boson decay channels yield [15]:

mH = 125.7 ± 0.3 (stat.) ± 0.3 (syst.) GeV (CMS) (3.1)

mH = 125.5 ± 0.2 (stat.) +0.5
−0.6 (syst.) GeV (ATLAS) . (3.2)

The resonance shape can also be used to derive a measurement of the Higgs boson width. In
the SM, the Higgs boson width is narrow with a value of ΓH = 4.2 MeV [14]. Due to the limited
invariant mass resolution, a direct determination of the Higgs boson width by the CMS Collabora-
tion yields upper limits of ΓH < 3.4 GeV at 95% CL [7]. An indirect method was proposed [16] to
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circumvent the resolution constraint by exploiting the off-shell behaviour of the Breit-Wigner reso-
nance. In the narrow width approximation, the off-peak differential resonance cross-section scales
with respect to the peak cross-section proportional to the Higgs boson width: σoff−peak/σpeak ∝ ΓH .
The CMS analysis of the gg→ H→ ZZ channel takes interference effects with the ZZ continuum
and a variation of the gg→ H signal strength as well as the VBF signal strength into account.
The observed off-peak spectrum agrees with SM expectations. It is thus interpreted as a deter-
mination of the Higgs boson width obtaining ΓH = 1.8+7.7

−1.8 MeV, respectively an upper limit of
ΓH < 22 MeV at 95% CL [17]. The indirect Higgs boson width measurement is thus in agreement
with SM predictions.

The total Higgs boson width may still have contributions from invisible decays. These would
manifest both in a measurable cross-section of the VBF and ZH processes, with H → invisible,
and in a modified total Higgs boson width. The latter then scales with respect to the SM prediction
according to [18]:

κh =
ΓH

ΓH,SM
=

0.0023κγ +0.098κg +0.91
1−BRi

, (3.3)

where BRi is the Higgs boson branching ratio to invisible particles. Using the Higgs boson cou-
pling measurements and the upper limits on the VBF-H → invisible and ZH → `+`−+ invisible
production cross-sections, the invisible Higgs boson branching ratio is constrained by ATLAS and
CMS to BRi < 0.37 and BRi < 0.58, respectively, at 95% CL [18]. This can be interpreted further
in a scenario where the Higgs boson couples to Weakly Interacting Massive Particles (WIMP), χ ,
which may be a candidate for Dark Matter (DM) in the Universe. Assuming that the invisible par-
tial width, Γi(H → χχ) and the WIMP-nucleon cross-section, σχ−N , both scale with a common
parameter λhχχ [18]:

Γi(H→ χχ) ∝ λ
2
hχχ σχ−N ∝ λ

2
hχχ (3.4)

one can derive upper limits on σχ−N as a function of the WIMP mass, mχ , up to the kinematic limit
mχ < mH/2. The results are displayed in the σχ−N-mχ plane for the CMS measurement [18] in
comparison with direct WIMP searches. ATLAS obtains very similar upper limits. Depending on
the spin of the WIMP, the LHC is in particular sensitive in the low WIMP mass region, within the
scenario assumed here, and thus complementary to direct DM searches.

4. Search for Higgs Bosons Beyond the Standard Model

The SM Higgs sector can be considered minimal in the sense that the Higgs field provides
gauge invariant mass terms for gauge bosons and fundamental fermions, and the only additional
physical excitation of the Higgs field is the massive Higgs boson. Up to now, this model is in
agreement with observation, also fulfilling constraints from electro-weak precision physics, like
the so-called ρ parameter, which receives a value of 1 at tree level [4]. This leading order condition
remains valid if multiple SU(2)L Higgs doublets are added to the theory [19]. One possible SM
extension is therefore the 2 Higgs Doublet Model (2HDM [20]), in which each Higgs doublet field,
Φ1 and Φ2, obtains a vacuum expectation value, v1 and v2. These are related to the SM vacuum
expectation value by v2

1 + v2
2 = v2 ≈ (246 GeV)2, and their ratio is typically parameterized by

tanβ = v2/v1.
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Figure 11: Upper limits on the spin-independent DM-nucleon cross section σSI
χ−N in Higgs-

portal models, derived for mH = 125 GeV and B(H → inv) < 0.51 at 90% CL, as a function
of the DM mass. Limits are shown separately for scalar, vector and fermion DM. The solid
lines represent the central value of the Higgs-nucleon coupling, which enters as a parameter,
and is taken from a lattice calculation, while the dashed and dot-dashed lines represent lower
and upper bounds on this parameter. Other experimental results are shown for comparison,
from the CRESST [70], XENON10 [71], XENON100 [72], DAMA/LIBRA [73, 74], CoGeNT [75],
CDMS II [76], COUPP [77], LUX [78] Collaborations.

Figure 5: Upper limits on the Dark Matter (DM) nucleon cross-sections determined from the invisible Higgs
boson decay width by the CMS experiment compared to direct DM search results [18].

The physical states are 5 Higgs bosons: 2 neutral CP-even states, h and H, which are usually
ordered by mass, mh <mH , 1 neutral CP-odd state, A, and 2 charged states, H±. The CP-even Higgs
bosons are obtained from a mixing of the fundamental Higgs field components with a mixing angle
α . This angle and the parameter β enter the coupling scale factors of the neutral CP-even Higgs
boson, h, to the heavy vector bosons (κV ), the up- and down-type quarks (κu, κd) and the leptons
(κ`). These are summarized in Table 2 for the four different types of 2HDM scenarios [20]:

• Type I: Φ1 couples only to fermions and Φ2 only to gauge bosons; in absence of mixing
between the fields, one can construct a “fermiophobic” scenario, where h does couple to
fermions weakly

• Type II: Φ1 couples to down-type fermions and Φ2 only to up-type fermions; the Minimal
Supersymmetric Standard Model (MSSM) requires this 2HDM realisation

• Type III: one doublet with quark couplings like in Type I, the other with lepton couplings
like in Type II; also called “lepton-specific” scenario

• Type IV: lepton and quark couplings opposite to Type III; the “flipped” scenario

The fermionic and bosonic coupling strength measurements of the newly discovered neutral
Higgs boson can thus be interpreted in the 2HDM scenarios in order to constrain the model pa-
rameters α and β . Figure 6 shows the excluded parameter space in the tanβ vs. cos(β −α) plane
within the Type-II 2HDM. The allowed regions include the SM parameter value cos(β −α) = 0
for any tanβ , indicating that the CP-even Higgs boson appears to be SM-like. A similar behaviour
is found for the other 2HDM scenarios of Type I,III, and IV [21].

The additional and usually heavier Higgs bosons, H and A, are also searched for directly,
e.g. in the decay modes H → hh and A → Zh, where the properties of h are assumed to be
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Table 2: Coupling scale factors of the neutral CP-even Higgs boson h for the four 2HDM types. For a
SM-like h boson, all coupling scale factors are equal to 1.

Coupling scale factor Type I Type II Type III Type IV
κV sin(β −α) sin(β −α) sin(β −α) sin(β −α)

κu cos(α)/sin(β ) cos(α)/sin(β ) cos(α)/sin(β ) cos(α)/sin(β )
κd cos(α)/sin(β ) −sin(α)/cos(β ) cos(α)/sin(β ) −sin(α)/cos(β )
κ` cos(α)/sin(β ) −sin(α)/cos(β ) −sin(α)/cos(β ) cos(α)/sin(β )6 TWO-HIGGS-DOUBLET MODEL 10
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Figure 4: Regions of the (cos(β−α), tan β) plane of four types of 2HDMs excluded by fits to the measured
rates of Higgs boson production and decays. The likelihood contours where −2 ln Λ = 6.0, corresponding
approximately to 95% CL (2σ), are indicated for both the data and the expectation assuming the SM
Higgs sector. The cross in each plot marks the observed best-fit value. The light shaded and hashed
regions indicate the observed and expected exclusions, respectively.
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Figure 15: Left: Observed and expected limits with 1 and 2- σ bands on combined signal for
Heavy Higgs and A inType I 2HDMs (mH = mA = 300GeV). The parameters α and β
determine the cross section for H and A production, the Br(H → hh) and Br(A → Zh) and
the Br(h → WW, ZZ, ττ, γγ). Right: Observed and expected limits with 1 and 2- σ bands on
combined signal for Heavy Higgs and A inType II 2HDMs (mH = mA = 300GeV). The
region below the observed limit line is excluded.

Figure 6: Excluded and allowed parameter ranges in the 2HDM Type-II scenario from an interpretation of
the ATLAS Higgs boson coupling strength measurements [21] (left), and from direct searches for heavy H
and A Higgs bosons by CMS [21] (right).

those of the SM-like 125.6 GeV Higgs boson. The H → hh decay is preferred in the mass range
2mh < mH < 2mt , while A→ Zh production would be enhanced for mh +mZ < mA < 2mt . CMS is
analysing a rather complete set of possible final states for both decay modes, taking into account
all combinations of h→WW ∗,ZZ∗,γγ,ττ and Z→ `` decays. This leads to complex event signa-
tures, which are analysed separately. However, no significant excess of events is observed in data
above the SM expectation [21]. The search results are therefore used to set limits on the 2HDM
parameters β and α , as displayed in Figure 6. Again, the parameter range around cos(β −α) = 0
can not be excluded for any value of tanβ . Also, tanβ values between 3 and 60 are more difficult
to exclude since the Hhh coupling strength is minimal in this parameter range [20].

In a simplified version of the MSSM, the Higgs sector is a Type-II 2HDM where, moreover,
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Figure 5: Regions of the (mA, tan β) plane excluded in a simplified MSSM model via fits to the measured
rates of Higgs boson production and decays. The likelihood contours where −2 ln Λ = 6.0, corresponding
approximately to 95% CL (2σ), are indicated for the data and expectation assuming the SM Higgs sector.
The light shaded and hashed regions indicate the observed and expected exclusions, respectively. The
SM decoupling limit is mA → ∞.

for 2 ≤ tan β ≤ 10, with the limit increasing to larger masses for tan β < 2. The observed limit is
stronger than expected since the measured rates in the h → γγ (expected to be dominated by a W boson
loop) and h → ZZ∗ → 4` channels are higher than predicted by the SM, but the simplified MSSM
has a physical boundary κV ≤ 1 so the vector boson coupling cannot be larger than the SM value. The
physical boundary is accounted for by computing the profile likelihood ratio with respect to the maximum
likelihood obtained within the physical region of the parameter space, mA >0 and tan β >0. The range
0≤ tan β ≤10 is shown as only that part of the parameter space was scanned in the present version of this
analysis. The compatible region extends to larger tan β values.

The results reported here pertain to the simplified MSSM model studied and are not fully general.
The MSSM includes other possibilities such as Higgs boson decays to supersymmetric particles, decays
of heavy Higgs bosons to lighter ones, and effects from light supersymmetric particles [60] which are
not investigated here.

8 Higgs Portal to Dark Matter

Many “Higgs portal” models [14,34,61–65] introduce an additional weakly-interacting massive particle
(WIMP) as a dark matter candidate. It is assumed to interact very weakly with the SM particles, except
for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken to be a free
parameter.

The upper limit on the branching ratio of the Higgs boson to invisible final states, BRi, is derived
using the combination of rate measurements from the h → γγ, h → ZZ∗ → 4`, h → WW∗ → `ν`ν,
h→ ττ, and h→ bb̄ channels, together with the measured upper limit on the rate of the Zh→ ``+ Emiss

T
process. The couplings of the Higgs boson to massive particles other than the WIMP are assumed to be
equal to the SM predictions, allowing the corresponding partial decay widths and invisible decay width

Figure 7: Excluded parameter ranges in the simplified MSSM, in which effects by supersymmetric particles
are neglected in the Higgs sector, as derived by ATLAS [21].

effects of supersymmetric particles are neglected. The Higgs sector is then fully defined by the
mass of the A Higgs boson and tanβ . The coupling strength measurements performed for the
125.6 GeV Higgs boson can again be used to constrain the h couplings and thus the parameter
space in the mA-tanβ plane, as illustrated in Figure 7. In this simplified scenario, masses of the
heavy Higgs bosons, mA ≈ mH , less than 400 GeV can be excluded at 95% CL for tanβ values
below 10 [21].

Heavy MSSM Higgs bosons are also searched for directly by ATLAS and CMS. Here, the
fact is exploited that the coupling to heavy down-type fermions, like b quarks or τ leptons, are
enhanced with increasing tanβ , as e.g. indicated in Table 2. Since H/A→ bb̄ decays are difficult
to detect in the overwhelming QCD jet background at the LHC, the searches for neutral MSSM
Higgs bosons mainly analyse the H/A→ τ+τ− channel. The production is via gluon-gluon fusion,
but also involves processes with b quarks in the final state, like g+b→H/A+b or gg→H/A+bb̄.
The searches therefore use event categories with different number of b-jets and identify hadronic
and leptonic decays of the τ leptons. In the reconstructed mττ mass spectrum no significant excess
of data above the expected background is observed [22]. The upper limits on cross-section times
branching ratio for H/A→ τ+τ− production are therefore used to exclude regions in the tanβ -mA

plane, which is shown for the CMS results in Figure 8. Also here, low mA masses can be excluded
by LHC data for tanβ greater than 8. Currently, the so-called mmax

h scenario is assumed which
maximizes the mass of the lightest MSSM Higgs boson. However, this brings some tension with
the observed mass of the SM-like Higgs boson of 125.6 GeV. More recently, interpretations with
different mixing in the supersymmetric top sector are applied, which can relieve this tension and
are still in agreement with searches for other supersymmetric particles at LHC [6, 22].

The MSSM Higgs sector also contains charged Higgs bosons, H±, which couple to fermions
of the same SU(2)L doublet. If the H± Higgs bosons are lighter than the top quark, mH± < mt ,

10
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10 5 Results

Figure 3 shows the 95% CL exclusion in the tanβ-MA parameter space for the MSSM mmax
h

scenario. The exclusion limit set by the LEP experiments [20] is also shown. Numerical values
for the expected and observed exclusion limits are given in Tab. 6. The expected limit has been
computed for the case that no Higgs signal, neither of SM nor of MSSM type, is present in the
data. The limit expected in case a SM Higgs boson is present in the data is computed separately
and differs by 1-2 units in tanβ at low MA. At high MA there is also some effect as the limit is
mainly driven by the light scalar Higgs h, which has the largest expected cross section.
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Figure 3: Left: Exclusion at 95% CL in the tanβ-MA parameter space for the MSSM mmax
h sce-

nario. The exclusion limits from the LEP experiments are also shown. Expected limits are
computed for two cases: for the assumption that there is no Higgs→ ττ signal (neither MSSM
nor SM) present in the data (dark grey line) and assuming that there is no MSSM, but a SM
Higgs of mass 125–126 GeV present (red line). Right: 95% CL exclusion limit in the low MA
region.
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Figure 7: Interpretation of the limits on the branching fractions of the light H+ (left) and the production
cross section of the heavy H+ (right), in the context of the MSSM mmax

h scenario with µ = 200 GeV and
other parameters as given in [59]. For comparison, the 2011 limits are overlaid in green for the light H+

limit interpretation [12].

8 Conclusion

In conclusion, a search for evidence of a charged Higgs boson produced in the decay of, or in association
with, a top quark, using 19.5 fb−1 of data collected by the ATLAS experiment at

√
s = 8 TeV has been

performed using the hadronically decaying τ + jets final state. There is no evidence for the existence of
such a particle and the most stringent limits to date are set on the production of charged Higgs bosons.
For charged Higgs bosons with mH+ < mtop, 95% confidence level upper limits are set on B(t → H+b)
in the range 0.24 − 2.1% for H+ with masses between 90 GeV and 160 GeV, with the assumption that
B(H+ → τν) = 1. Interpreted in the mmax

h scenario of the MSSM, this corresponds to an exclusion on
tan β > 1 in the tan β-mH+ paramater space for 100 < mH+ < 140 GeV and leaves only small regions
of parameter space for 90 < mH+ < 100 GeV and 140 < mH+ < 160 GeV. For heavy charged Higgs
bosons with mH+ > mtop, 95% confidence level upper limits are set on the production cross section
σ(pp → t(b)H+) in the range 0.017 − 0.90 pb for masses between 180 GeV and 600 GeV, with the
assumption that B(H+ → τν) = 1. This corresponds to an exclusion of values of tan β between 47 and
63 in a mass range 200 GeV < mH+ < 300 GeV when interpreted in the mmax

h scenario of the MSSM.

16

Figure 8: Left: Exclusion limits in the MSSM tanβ -mA parameter plane derived from direct searches by
CMS for neutral MSSM Higgs bosons in the decay mode A/H → τ+τ−, together with search results by
LEP [22]. Right: Exclusion limits in the tanβ -mH± plane derived from direct searches for light, charged
MSSM Higgs bosons by ATLAS [23].

the main production mode at the LHC is through SM top-pair production and a subsequent decay
tt̄→H±b+W∓b. In the high-mass range, mH± >mt , tH±(b) production is possible, although with
a much smaller cross-section. The decay mode H±→ τ±ν is preferred at large tanβ . The main
idea to suppress the SM top-pair background is the enhanced number of events with τ lepton flavor
compared to the SM top decays with an equal amount of leptonic W → `ν final states. The hadronic
decay of the tau is therefore used to identify H±b+W∓b events, together with reconstructed b-jets
and the leptonic or hadronic decay of the W boson, W → qq̄′, `ν . The analysis of the reconstructed
H± transverse mass does not yield any significant excess of data above background. The upper
limits on the branching ratio BR(t → bH±) as a function of mH± are finally used to constrain the
tanβ -mH± parameter space of the MSSM Higgs sector. The results by the ATLAS experiment [23]
are shown in Figure 8. For H± masses of 100 GeV < mH± < 140 GeV, the complete tanβ range
is excluded in the mmax

h scenario. The production cross-section is proportional to Γ(H± → t) ∝
m2

t / tan2 β +m2
b tan2 β , which has a minimum for tanβ =

√
mt/mb ≈ 6. The exclusion limits thus

become weaker in this tanβ range for larger and smaller mH± values.

5. Summary and conclusions

After analysing nearly the complete LHC Run-1 data set, the ATLAS and CMS experiments
clearly observe a scalar Higgs boson with a mass of 125.6±0.4 GeV [14], and a narrow width of
ΓH < 22 MeV [17]. The spin and CP properties are consistent with the JCP = 0++ hypothesis, and
all fermionic and bosonic coupling measurements are in agreement with the SM predictions within
the current measurement uncertainties. Furthermore, in the search for additional neutral or charged
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Higgs bosons no significant excess of events has been observed in the data analysed until the time
of the conference.

More data will be collected in the upcoming LHC Run-2, where the centre-of-mass energy
will be raised to 13− 14 TeV and the total luminosity is expected to be increased by a factor 4-5
with respect to Run-1. This will allow an improved determination of the Higgs boson properties.
Measurements of rare Higgs boson production and decay modes may come into reach, like asso-
ciated tt̄H production and H → µ+µ−, H → Zγ , H → γγ∗ decays. The Higgs sector in theories
beyond the Standard Model will be also tested further. In particular, the searches will be extended
to non-Minimal Supersymmetric Models and to general 2HDM or effective field theory interpreta-
tions. The LHC will thus continue to probe elementary physics at TeV energies and will verify if
New Physics is realised at these energy scales.
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