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Ziele

• Wo kommt das her? 
• Was kann man damit machen? 
• Wie kann man das interpretieren?
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Harmonischer Oszillator: QM

Hamiltonoperator:

Eigenwerte:

n=0,1,2,3,…

Eigenzustände:
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Lineare Kette

Lagrangedichte q(x):  Feld

Quantisierung:  Quantenfeldtheorie
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Relativistische Felder

Transformation gemäß irreduzibler Darstellung 
der Poincaré-Gruppe  
(Drehungen, Boosts, Verschiebungen, Raum/Zeitspiegelungen)

Skalarfelder: 

Vektorfelder:

Spinorfelder:

Spin 0

Spin 1

Spin 1/2
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Skalarfeld

Euler-Lagrange:

Freies Feld: 

(mit Φ1 und Φ2 ist auch Φ1+Φ2 eine Lösung) 

⇒
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Skalarfeld

Quantenfeld = Harmonische Oszillatoren

Basiszustände: 
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Quantenfeldtheorie

beachte:

n=0,1,2,3,…Erinnerung:
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⇒  immer linkes a mit rechtem a+ paaren
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Feynman-Diagramme

q2=p1-p3=p4-p2
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Pfadintegral
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Interferenz-Effekte

Flavor-changing neutral currents

GIM-Mechanismus 
(Glashow-Iliopoulos-Maiani)

Vorhersage des Charm-Quarks
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+ → Wahrscheinlichkeit < 100%













⇒Wahrscheinlichkeiten > 1
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Abstract Novel contributions to the total inclusive cross
section for Higgs-Strahlung in the Standard Model at hadron
colliders are evaluated. Although formally of order α2

s , they
have not been taken into account in previous NNLO predic-
tions. The terms under consideration are induced by Higgs
radiation off top-quark loops and thus proportional to the
top-quark Yukawa coupling. At the Tevatron, their effects
to WH production are below 1% in the relevant Higgs mass
range, while for ZH production, we find corrections between
about 1% and 2%. At the LHC, the contribution of the newly
evaluated terms to the cross section is typically of the order
of 1%–3%. Based on these results, we provide updated pre-
dictions for the total inclusive Higgs-Strahlung cross section
at the Tevatron and the LHC.

1 Introduction

With the LHC experiments becoming sensitive to signals
for the Standard Model (SM) Higgs boson, the search for
this elusive particle has entered a new and hopefully its final
phase. The direct searches at LEP, Tevatron, and LHC only
leave relatively small allowed windows for the Higgs mass
MH , the widest one between 114 GeV and about 145 GeV
(see Refs. [1, 2] for preliminary results).

As opposed to evidence or discovery, the exclusion lim-
its rely heavily on theoretical predictions. The dominant
cross section to compare the experimental measurements to
is gluon fusion which receives large radiative corrections.
Although it is probably the most-studied cross section for
an unconfirmed particle, the residual theoretical uncertainty
is still sizable and highly disputed (for a recent discussion,
see Ref. [3]). A lot of this uncertainty is induced by quantum
chromodynamics (QCD), specifically the strong coupling αs

and the parton density functions (PDFs).

a e-mail: harlander@physik.uni-wuppertal.de

For various reasons, however, gluon fusion need not be
the dominant search mode. The focus of this paper is on
the associated production of a Higgs boson with an electro-
weak gauge boson (pp → VH, V ∈ {W±,Z}), or “Higgs-
Strahlung” for short. At the Tevatron, where the γ γ and bb̄-
decays of a Higgs boson produced in gluon fusion cannot
be separated from the background with sufficient precision,
this mode is particularly important in the low mass region.
Nominally known through order α2

s , we identify and evalu-
ate a previously neglected contribution which formally adds
to these next-to-next-to-leading order (NNLO) terms.

For the LHC, the relevance of the Higgs-Strahlung pro-
cess used to be considered marginal. This has changed
with the idea of focusing on events with highly boosted
Higgs bosons by analyzing the substructure of jets [4]. Even
though for a proper theoretical prediction in such an analysis
one needs to consider differential quantities, it is important
to ensure that all effects that contribute to the total rate are
under control.

Once the Higgs mass is known, precise predictions for
the individual production and decay channels will be essen-
tial in order to extract the maximum information from the
experiments (see, e.g., Ref. [5]).

The theoretical prediction of the total inclusive cross sec-
tion due to Higgs-Strahlung at hadron colliders is under
very good control1: the leading order contribution is of or-
der g4, where g is the weak coupling constant, and is com-
pletely analogous to what used to be the main search chan-
nel at LEP, except that the initial e+e− is replaced by a qq̄ ′

pair, of course, see Fig. 1(a). The NLO QCD [7] and the
bulk of the NNLO QCD corrections [8], i.e. O(g4αs) and
O(g4α2

s ), can be reduced to the Drell–Yan production of a
virtual gauge boson [9, 10]. The theoretical uncertainty due
to PDFs has been estimated to be at the percent level, and
the renormalization/factorization scale dependence of these

1For recent work on higher order differential WH cross sections, see
Ref. [6].
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collected at
√
s = 7 TeV in 2011 and 5.8 fb−1 at

√
s = 8 TeV in 2012. Individual searches in the channels

H → Z Z (∗) → 4ℓ, H → γ γ and H → WW (∗) → eνµν in the 8 TeV data are combined with previously
published results of searches for H → Z Z (∗) , WW (∗), bb̄ and τ+τ− in the 7 TeV data and results from
improved analyses of the H → Z Z (∗) → 4ℓ and H → γ γ channels in the 7 TeV data. Clear evidence for
the production of a neutral boson with a measured mass of 126.0±0.4 (stat)±0.4 (sys) GeV is presented.
This observation, which has a significance of 5.9 standard deviations, corresponding to a background
fluctuation probability of 1.7×10−9, is compatible with the production and decay of the Standard Model
Higgs boson.

© 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The Standard Model (SM) of particle physics [1–4] has been
tested by many experiments over the last four decades and has
been shown to successfully describe high energy particle interac-
tions. However, the mechanism that breaks electroweak symmetry
in the SM has not been verified experimentally. This mechanism
[5–10], which gives mass to massive elementary particles, implies
the existence of a scalar particle, the SM Higgs boson. The search
for the Higgs boson, the only elementary particle in the SM that
has not yet been observed, is one of the highlights of the Large
Hadron Collider [11] (LHC) physics programme.

Indirect limits on the SM Higgs boson mass of mH < 158 GeV
at 95% confidence level (CL) have been set using global fits to pre-
cision electroweak results [12]. Direct searches at LEP [13], the
Tevatron [14–16] and the LHC [17,18] have previously excluded, at
95% CL, a SM Higgs boson with mass below 600 GeV, apart from
some mass regions between 116 GeV and 127 GeV.

Both the ATLAS and CMS Collaborations reported excesses of
events in their 2011 datasets of proton–proton (pp) collisions at
centre-of-mass energy

√
s = 7 TeV at the LHC, which were compat-

ible with SM Higgs boson production and decay in the mass region
124–126 GeV, with significances of 2.9 and 3.1 standard deviations
(σ ), respectively [17,18]. The CDF and DØ experiments at the Teva-
tron have also recently reported a broad excess in the mass region

✩ © CERN for the benefit of the ATLAS Collaboration.
⋆ E-mail address: atlas.publications@cern.ch.

120–135 GeV; using the existing LHC constraints, the observed lo-
cal significances for mH = 125 GeV are 2.7σ for CDF [14], 1.1σ for
DØ [15] and 2.8σ for their combination [16].

The previous ATLAS searches in 4.6–4.8 fb−1 of data at
√
s =

7 TeV are combined here with new searches for H → Z Z (∗) → 4ℓ,1

H → γ γ and H → WW (∗) → eνµν in the 5.8–5.9 fb−1 of pp col-
lision data taken at

√
s = 8 TeV between April and June 2012.

The data were recorded with instantaneous luminosities up to
6.8 × 1033 cm−2 s−1; they are therefore affected by multiple pp
collisions occurring in the same or neighbouring bunch crossings
(pile-up). In the 7 TeV data, the average number of interactions per
bunch crossing was approximately 10; the average increased to ap-
proximately 20 in the 8 TeV data. The reconstruction, identification
and isolation criteria used for electrons and photons in the 8 TeV
data are improved, making the H → Z Z (∗) → 4ℓ and H → γ γ
searches more robust against the increased pile-up. These analy-
ses were re-optimised with simulation and frozen before looking
at the 8 TeV data.

In the H → WW (∗) → ℓνℓν channel, the increased pile-up de-
teriorates the event missing transverse momentum, Emiss

T , resolu-
tion, which results in significantly larger Drell–Yan background in
the same-flavour final states. Since the eµ channel provides most
of the sensitivity of the search, only this final state is used in
the analysis of the 8 TeV data. The kinematic region in which a
SM Higgs boson with a mass between 110 GeV and 140 GeV is

1 The symbol ℓ stands for electron or muon.

0370-2693/ © 2012 CERN. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.08.020
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and isolation criteria used for electrons and photons in the 8 TeV
data are improved, making the H → Z Z (∗) → 4ℓ and H → γ γ
searches more robust against the increased pile-up. These analy-
ses were re-optimised with simulation and frozen before looking
at the 8 TeV data.

In the H → WW (∗) → ℓνℓν channel, the increased pile-up de-
teriorates the event missing transverse momentum, Emiss

T , resolu-
tion, which results in significantly larger Drell–Yan background in
the same-flavour final states. Since the eµ channel provides most
of the sensitivity of the search, only this final state is used in
the analysis of the 8 TeV data. The kinematic region in which a
SM Higgs boson with a mass between 110 GeV and 140 GeV is

1 The symbol ℓ stands for electron or muon.
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A search for the Standard Model Higgs boson in proton–proton collisions with the ATLAS detector at
the LHC is presented. The datasets used correspond to integrated luminosities of approximately 4.8 fb−1

collected at
√
s = 7 TeV in 2011 and 5.8 fb−1 at

√
s = 8 TeV in 2012. Individual searches in the channels

H → Z Z (∗) → 4ℓ, H → γ γ and H → WW (∗) → eνµν in the 8 TeV data are combined with previously
published results of searches for H → Z Z (∗) , WW (∗), bb̄ and τ+τ− in the 7 TeV data and results from
improved analyses of the H → Z Z (∗) → 4ℓ and H → γ γ channels in the 7 TeV data. Clear evidence for
the production of a neutral boson with a measured mass of 126.0±0.4 (stat)±0.4 (sys) GeV is presented.
This observation, which has a significance of 5.9 standard deviations, corresponding to a background
fluctuation probability of 1.7×10−9, is compatible with the production and decay of the Standard Model
Higgs boson.

© 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The Standard Model (SM) of particle physics [1–4] has been
tested by many experiments over the last four decades and has
been shown to successfully describe high energy particle interac-
tions. However, the mechanism that breaks electroweak symmetry
in the SM has not been verified experimentally. This mechanism
[5–10], which gives mass to massive elementary particles, implies
the existence of a scalar particle, the SM Higgs boson. The search
for the Higgs boson, the only elementary particle in the SM that
has not yet been observed, is one of the highlights of the Large
Hadron Collider [11] (LHC) physics programme.

Indirect limits on the SM Higgs boson mass of mH < 158 GeV
at 95% confidence level (CL) have been set using global fits to pre-
cision electroweak results [12]. Direct searches at LEP [13], the
Tevatron [14–16] and the LHC [17,18] have previously excluded, at
95% CL, a SM Higgs boson with mass below 600 GeV, apart from
some mass regions between 116 GeV and 127 GeV.

Both the ATLAS and CMS Collaborations reported excesses of
events in their 2011 datasets of proton–proton (pp) collisions at
centre-of-mass energy

√
s = 7 TeV at the LHC, which were compat-

ible with SM Higgs boson production and decay in the mass region
124–126 GeV, with significances of 2.9 and 3.1 standard deviations
(σ ), respectively [17,18]. The CDF and DØ experiments at the Teva-
tron have also recently reported a broad excess in the mass region

✩ © CERN for the benefit of the ATLAS Collaboration.
⋆ E-mail address: atlas.publications@cern.ch.

120–135 GeV; using the existing LHC constraints, the observed lo-
cal significances for mH = 125 GeV are 2.7σ for CDF [14], 1.1σ for
DØ [15] and 2.8σ for their combination [16].

The previous ATLAS searches in 4.6–4.8 fb−1 of data at
√
s =

7 TeV are combined here with new searches for H → Z Z (∗) → 4ℓ,1

H → γ γ and H → WW (∗) → eνµν in the 5.8–5.9 fb−1 of pp col-
lision data taken at

√
s = 8 TeV between April and June 2012.

The data were recorded with instantaneous luminosities up to
6.8 × 1033 cm−2 s−1; they are therefore affected by multiple pp
collisions occurring in the same or neighbouring bunch crossings
(pile-up). In the 7 TeV data, the average number of interactions per
bunch crossing was approximately 10; the average increased to ap-
proximately 20 in the 8 TeV data. The reconstruction, identification
and isolation criteria used for electrons and photons in the 8 TeV
data are improved, making the H → Z Z (∗) → 4ℓ and H → γ γ
searches more robust against the increased pile-up. These analy-
ses were re-optimised with simulation and frozen before looking
at the 8 TeV data.

In the H → WW (∗) → ℓνℓν channel, the increased pile-up de-
teriorates the event missing transverse momentum, Emiss

T , resolu-
tion, which results in significantly larger Drell–Yan background in
the same-flavour final states. Since the eµ channel provides most
of the sensitivity of the search, only this final state is used in
the analysis of the 8 TeV data. The kinematic region in which a
SM Higgs boson with a mass between 110 GeV and 140 GeV is

1 The symbol ℓ stands for electron or muon.
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Fig. 12. Likelihood contours for the H → γ γ channel in the (µggF+tt̄H ,µVBF+V H )

plane including the branching ratio factor B/BSM. The quantity µggF+tt̄H (µVBF+V H )
is a common scale factor for the ggF and tt̄H (VBF and V H) production cross sec-
tions. The best fit to the data (+) and 68% (full) and 95% (dashed) CL contours are
also indicated, as well as the SM expectation (×).

sections predicted in the Standard Model. A new signal strength
parameter µi is introduced for each production mode, defined by
µi = σi/σi,SM. In order to determine the values of (µi,µ j) that
are simultaneously consistent with the data, the profile likelihood
ratio λ(µi,µ j) is used with the measured mass treated as a nui-
sance parameter.

Since there are four Higgs boson production modes at the LHC,
two-dimensional contours require either some µi to be fixed, or
multiple µi to be related in some way. Here, µggF and µtt̄H have
been grouped together as they scale with the tt̄H coupling in the
SM, and are denoted by the common parameter µggF+tt̄H . Simi-
larly, µVBF and µV H have been grouped together as they scale
with the WWH/Z ZH coupling in the SM, and are denoted by
the common parameter µVBF+V H . Since the distribution of signal
events among the 10 categories of the H → γ γ search is sensitive
to these factors, constraints in the plane of µggF+tt̄H × B/BSM and
µVBF+V H × B/BSM, where B is the branching ratio for H → γ γ ,
can be obtained (Fig. 12). Theoretical uncertainties are included
so that the consistency with the SM expectation can be quantified.
The data are compatible with the SM expectation at the 1.5σ level.

10. Conclusion

Searches for the Standard Model Higgs boson have been per-
formed in the H → Z Z (∗) → 4ℓ, H → γ γ and H → WW (∗) →
eνµν channels with the ATLAS experiment at the LHC using 5.8–
5.9 fb−1 of pp collision data recorded during April to June 2012
at a centre-of-mass energy of 8 TeV. These results are combined
with earlier results [17], which are based on an integrated lumi-
nosity of 4.6–4.8 fb−1 recorded in 2011 at a centre-of-mass energy
of 7 TeV, except for the H → Z Z (∗) → 4ℓ and H → γ γ channels,
which have been updated with the improved analyses presented
here.

The Standard Model Higgs boson is excluded at 95% CL in
the mass range 111–559 GeV, except for the narrow region 122–
131 GeV. In this region, an excess of events with significance
5.9σ , corresponding to p0 = 1.7 × 10−9, is observed. The excess
is driven by the two channels with the highest mass resolution,
H → Z Z (∗) → 4ℓ and H → γ γ , and the equally sensitive but low-
resolution H → WW (∗) → ℓνℓν channel. Taking into account the
entire mass range of the search, 110–600 GeV, the global signifi-
cance of the excess is 5.1σ , which corresponds to p0 = 1.7×10−7.

These results provide conclusive evidence for the discovery of a
new particle with mass 126.0± 0.4 (stat)± 0.4 (sys) GeV. The sig-
nal strength parameter µ has the value 1.4±0.3 at the fitted mass,

which is consistent with the SM Higgs boson hypothesis µ = 1.
The decays to pairs of vector bosons whose net electric charge is
zero identify the new particle as a neutral boson. The observa-
tion in the diphoton channel disfavours the spin-1 hypothesis [140,
141]. Although these results are compatible with the hypothesis
that the new particle is the Standard Model Higgs boson, more
data are needed to assess its nature in detail.
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1. Introduction

The Standard Model (SM) of particle physics [1–4] has been
tested by many experiments over the last four decades and has
been shown to successfully describe high energy particle interac-
tions. However, the mechanism that breaks electroweak symmetry
in the SM has not been verified experimentally. This mechanism
[5–10], which gives mass to massive elementary particles, implies
the existence of a scalar particle, the SM Higgs boson. The search
for the Higgs boson, the only elementary particle in the SM that
has not yet been observed, is one of the highlights of the Large
Hadron Collider [11] (LHC) physics programme.

Indirect limits on the SM Higgs boson mass of mH < 158 GeV
at 95% confidence level (CL) have been set using global fits to pre-
cision electroweak results [12]. Direct searches at LEP [13], the
Tevatron [14–16] and the LHC [17,18] have previously excluded, at
95% CL, a SM Higgs boson with mass below 600 GeV, apart from
some mass regions between 116 GeV and 127 GeV.

Both the ATLAS and CMS Collaborations reported excesses of
events in their 2011 datasets of proton–proton (pp) collisions at
centre-of-mass energy

√
s = 7 TeV at the LHC, which were compat-

ible with SM Higgs boson production and decay in the mass region
124–126 GeV, with significances of 2.9 and 3.1 standard deviations
(σ ), respectively [17,18]. The CDF and DØ experiments at the Teva-
tron have also recently reported a broad excess in the mass region

✩ © CERN for the benefit of the ATLAS Collaboration.
⋆ E-mail address: atlas.publications@cern.ch.

120–135 GeV; using the existing LHC constraints, the observed lo-
cal significances for mH = 125 GeV are 2.7σ for CDF [14], 1.1σ for
DØ [15] and 2.8σ for their combination [16].

The previous ATLAS searches in 4.6–4.8 fb−1 of data at
√
s =

7 TeV are combined here with new searches for H → Z Z (∗) → 4ℓ,1

H → γ γ and H → WW (∗) → eνµν in the 5.8–5.9 fb−1 of pp col-
lision data taken at

√
s = 8 TeV between April and June 2012.

The data were recorded with instantaneous luminosities up to
6.8 × 1033 cm−2 s−1; they are therefore affected by multiple pp
collisions occurring in the same or neighbouring bunch crossings
(pile-up). In the 7 TeV data, the average number of interactions per
bunch crossing was approximately 10; the average increased to ap-
proximately 20 in the 8 TeV data. The reconstruction, identification
and isolation criteria used for electrons and photons in the 8 TeV
data are improved, making the H → Z Z (∗) → 4ℓ and H → γ γ
searches more robust against the increased pile-up. These analy-
ses were re-optimised with simulation and frozen before looking
at the 8 TeV data.

In the H → WW (∗) → ℓνℓν channel, the increased pile-up de-
teriorates the event missing transverse momentum, Emiss

T , resolu-
tion, which results in significantly larger Drell–Yan background in
the same-flavour final states. Since the eµ channel provides most
of the sensitivity of the search, only this final state is used in
the analysis of the 8 TeV data. The kinematic region in which a
SM Higgs boson with a mass between 110 GeV and 140 GeV is

1 The symbol ℓ stands for electron or muon.
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Fig. 12. Likelihood contours for the H → γ γ channel in the (µggF+tt̄H ,µVBF+V H )

plane including the branching ratio factor B/BSM. The quantity µggF+tt̄H (µVBF+V H )
is a common scale factor for the ggF and tt̄H (VBF and V H) production cross sec-
tions. The best fit to the data (+) and 68% (full) and 95% (dashed) CL contours are
also indicated, as well as the SM expectation (×).

sections predicted in the Standard Model. A new signal strength
parameter µi is introduced for each production mode, defined by
µi = σi/σi,SM. In order to determine the values of (µi,µ j) that
are simultaneously consistent with the data, the profile likelihood
ratio λ(µi,µ j) is used with the measured mass treated as a nui-
sance parameter.

Since there are four Higgs boson production modes at the LHC,
two-dimensional contours require either some µi to be fixed, or
multiple µi to be related in some way. Here, µggF and µtt̄H have
been grouped together as they scale with the tt̄H coupling in the
SM, and are denoted by the common parameter µggF+tt̄H . Simi-
larly, µVBF and µV H have been grouped together as they scale
with the WWH/Z ZH coupling in the SM, and are denoted by
the common parameter µVBF+V H . Since the distribution of signal
events among the 10 categories of the H → γ γ search is sensitive
to these factors, constraints in the plane of µggF+tt̄H × B/BSM and
µVBF+V H × B/BSM, where B is the branching ratio for H → γ γ ,
can be obtained (Fig. 12). Theoretical uncertainties are included
so that the consistency with the SM expectation can be quantified.
The data are compatible with the SM expectation at the 1.5σ level.

10. Conclusion

Searches for the Standard Model Higgs boson have been per-
formed in the H → Z Z (∗) → 4ℓ, H → γ γ and H → WW (∗) →
eνµν channels with the ATLAS experiment at the LHC using 5.8–
5.9 fb−1 of pp collision data recorded during April to June 2012
at a centre-of-mass energy of 8 TeV. These results are combined
with earlier results [17], which are based on an integrated lumi-
nosity of 4.6–4.8 fb−1 recorded in 2011 at a centre-of-mass energy
of 7 TeV, except for the H → Z Z (∗) → 4ℓ and H → γ γ channels,
which have been updated with the improved analyses presented
here.

The Standard Model Higgs boson is excluded at 95% CL in
the mass range 111–559 GeV, except for the narrow region 122–
131 GeV. In this region, an excess of events with significance
5.9σ , corresponding to p0 = 1.7 × 10−9, is observed. The excess
is driven by the two channels with the highest mass resolution,
H → Z Z (∗) → 4ℓ and H → γ γ , and the equally sensitive but low-
resolution H → WW (∗) → ℓνℓν channel. Taking into account the
entire mass range of the search, 110–600 GeV, the global signifi-
cance of the excess is 5.1σ , which corresponds to p0 = 1.7×10−7.

These results provide conclusive evidence for the discovery of a
new particle with mass 126.0± 0.4 (stat)± 0.4 (sys) GeV. The sig-
nal strength parameter µ has the value 1.4±0.3 at the fitted mass,

which is consistent with the SM Higgs boson hypothesis µ = 1.
The decays to pairs of vector bosons whose net electric charge is
zero identify the new particle as a neutral boson. The observa-
tion in the diphoton channel disfavours the spin-1 hypothesis [140,
141]. Although these results are compatible with the hypothesis
that the new particle is the Standard Model Higgs boson, more
data are needed to assess its nature in detail.
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A search for the Standard Model Higgs boson in proton–proton collisions with the ATLAS detector at
the LHC is presented. The datasets used correspond to integrated luminosities of approximately 4.8 fb−1

collected at
√
s = 7 TeV in 2011 and 5.8 fb−1 at

√
s = 8 TeV in 2012. Individual searches in the channels

H → Z Z (∗) → 4ℓ, H → γ γ and H → WW (∗) → eνµν in the 8 TeV data are combined with previously
published results of searches for H → Z Z (∗) , WW (∗), bb̄ and τ+τ− in the 7 TeV data and results from
improved analyses of the H → Z Z (∗) → 4ℓ and H → γ γ channels in the 7 TeV data. Clear evidence for
the production of a neutral boson with a measured mass of 126.0±0.4 (stat)±0.4 (sys) GeV is presented.
This observation, which has a significance of 5.9 standard deviations, corresponding to a background
fluctuation probability of 1.7×10−9, is compatible with the production and decay of the Standard Model
Higgs boson.

© 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The Standard Model (SM) of particle physics [1–4] has been
tested by many experiments over the last four decades and has
been shown to successfully describe high energy particle interac-
tions. However, the mechanism that breaks electroweak symmetry
in the SM has not been verified experimentally. This mechanism
[5–10], which gives mass to massive elementary particles, implies
the existence of a scalar particle, the SM Higgs boson. The search
for the Higgs boson, the only elementary particle in the SM that
has not yet been observed, is one of the highlights of the Large
Hadron Collider [11] (LHC) physics programme.

Indirect limits on the SM Higgs boson mass of mH < 158 GeV
at 95% confidence level (CL) have been set using global fits to pre-
cision electroweak results [12]. Direct searches at LEP [13], the
Tevatron [14–16] and the LHC [17,18] have previously excluded, at
95% CL, a SM Higgs boson with mass below 600 GeV, apart from
some mass regions between 116 GeV and 127 GeV.

Both the ATLAS and CMS Collaborations reported excesses of
events in their 2011 datasets of proton–proton (pp) collisions at
centre-of-mass energy

√
s = 7 TeV at the LHC, which were compat-

ible with SM Higgs boson production and decay in the mass region
124–126 GeV, with significances of 2.9 and 3.1 standard deviations
(σ ), respectively [17,18]. The CDF and DØ experiments at the Teva-
tron have also recently reported a broad excess in the mass region

✩ © CERN for the benefit of the ATLAS Collaboration.
⋆ E-mail address: atlas.publications@cern.ch.

120–135 GeV; using the existing LHC constraints, the observed lo-
cal significances for mH = 125 GeV are 2.7σ for CDF [14], 1.1σ for
DØ [15] and 2.8σ for their combination [16].

The previous ATLAS searches in 4.6–4.8 fb−1 of data at
√
s =

7 TeV are combined here with new searches for H → Z Z (∗) → 4ℓ,1

H → γ γ and H → WW (∗) → eνµν in the 5.8–5.9 fb−1 of pp col-
lision data taken at

√
s = 8 TeV between April and June 2012.

The data were recorded with instantaneous luminosities up to
6.8 × 1033 cm−2 s−1; they are therefore affected by multiple pp
collisions occurring in the same or neighbouring bunch crossings
(pile-up). In the 7 TeV data, the average number of interactions per
bunch crossing was approximately 10; the average increased to ap-
proximately 20 in the 8 TeV data. The reconstruction, identification
and isolation criteria used for electrons and photons in the 8 TeV
data are improved, making the H → Z Z (∗) → 4ℓ and H → γ γ
searches more robust against the increased pile-up. These analy-
ses were re-optimised with simulation and frozen before looking
at the 8 TeV data.

In the H → WW (∗) → ℓνℓν channel, the increased pile-up de-
teriorates the event missing transverse momentum, Emiss

T , resolu-
tion, which results in significantly larger Drell–Yan background in
the same-flavour final states. Since the eµ channel provides most
of the sensitivity of the search, only this final state is used in
the analysis of the 8 TeV data. The kinematic region in which a
SM Higgs boson with a mass between 110 GeV and 140 GeV is

1 The symbol ℓ stands for electron or muon.

0370-2693/ © 2012 CERN. Published by Elsevier B.V. All rights reserved.
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Fig. 12. Likelihood contours for the H → γ γ channel in the (µggF+tt̄H ,µVBF+V H )

plane including the branching ratio factor B/BSM. The quantity µggF+tt̄H (µVBF+V H )
is a common scale factor for the ggF and tt̄H (VBF and V H) production cross sec-
tions. The best fit to the data (+) and 68% (full) and 95% (dashed) CL contours are
also indicated, as well as the SM expectation (×).

sections predicted in the Standard Model. A new signal strength
parameter µi is introduced for each production mode, defined by
µi = σi/σi,SM. In order to determine the values of (µi,µ j) that
are simultaneously consistent with the data, the profile likelihood
ratio λ(µi,µ j) is used with the measured mass treated as a nui-
sance parameter.

Since there are four Higgs boson production modes at the LHC,
two-dimensional contours require either some µi to be fixed, or
multiple µi to be related in some way. Here, µggF and µtt̄H have
been grouped together as they scale with the tt̄H coupling in the
SM, and are denoted by the common parameter µggF+tt̄H . Simi-
larly, µVBF and µV H have been grouped together as they scale
with the WWH/Z ZH coupling in the SM, and are denoted by
the common parameter µVBF+V H . Since the distribution of signal
events among the 10 categories of the H → γ γ search is sensitive
to these factors, constraints in the plane of µggF+tt̄H × B/BSM and
µVBF+V H × B/BSM, where B is the branching ratio for H → γ γ ,
can be obtained (Fig. 12). Theoretical uncertainties are included
so that the consistency with the SM expectation can be quantified.
The data are compatible with the SM expectation at the 1.5σ level.

10. Conclusion

Searches for the Standard Model Higgs boson have been per-
formed in the H → Z Z (∗) → 4ℓ, H → γ γ and H → WW (∗) →
eνµν channels with the ATLAS experiment at the LHC using 5.8–
5.9 fb−1 of pp collision data recorded during April to June 2012
at a centre-of-mass energy of 8 TeV. These results are combined
with earlier results [17], which are based on an integrated lumi-
nosity of 4.6–4.8 fb−1 recorded in 2011 at a centre-of-mass energy
of 7 TeV, except for the H → Z Z (∗) → 4ℓ and H → γ γ channels,
which have been updated with the improved analyses presented
here.

The Standard Model Higgs boson is excluded at 95% CL in
the mass range 111–559 GeV, except for the narrow region 122–
131 GeV. In this region, an excess of events with significance
5.9σ , corresponding to p0 = 1.7 × 10−9, is observed. The excess
is driven by the two channels with the highest mass resolution,
H → Z Z (∗) → 4ℓ and H → γ γ , and the equally sensitive but low-
resolution H → WW (∗) → ℓνℓν channel. Taking into account the
entire mass range of the search, 110–600 GeV, the global signifi-
cance of the excess is 5.1σ , which corresponds to p0 = 1.7×10−7.

These results provide conclusive evidence for the discovery of a
new particle with mass 126.0± 0.4 (stat)± 0.4 (sys) GeV. The sig-
nal strength parameter µ has the value 1.4±0.3 at the fitted mass,

which is consistent with the SM Higgs boson hypothesis µ = 1.
The decays to pairs of vector bosons whose net electric charge is
zero identify the new particle as a neutral boson. The observa-
tion in the diphoton channel disfavours the spin-1 hypothesis [140,
141]. Although these results are compatible with the hypothesis
that the new particle is the Standard Model Higgs boson, more
data are needed to assess its nature in detail.
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Figure 3: Left: reconstruction of the Higgs production cross sections in units of the SM pre-

diction. Right: reconstruction of the Higgs couplings to the t, Z,W, b, ⇤ , assuming that no

new particles exist. The SM predicts that Higgs couplings are proportional to particle masses

(diagonal line).

will systematically compare our full numerical fit (plotting best fit regions in yellow with con-

tinuous contours at the 90 and 99% C.L.) with the universal approximation (best fit ellipsoidal

regions in gray with dotted contours, at the same confidence levels).

5 Model-dependent Higgs fits

5.1 Higgs production cross sections

Assuming the SM predictions for the Higgs decays, we extract from the data the Higgs produc-

tion cross sections. Given that measured rates of various exclusive and inclusive Higgs channels

agree with their SM preditctions, we find that production cross sections too agree with SM

predictions, as shown in fig. 3a. As expected, the most precisely probed cross section is the

dominant one, ⇥(pp � h). At the opposite extremum ⇥(pp � jjh) is still largely unknown.

The uncertainties on the reconstructed cross sections are correlated, altought we do not report

the correlation matrix.

5.2 Higgs couplings

We here extract from data the Higgs boson couplings to vectors and fermions, assuming that

only the SM particles contribute to the h � gg, ��, �Z loops. This amounts to restrict the

9



Wenn’s quakt wie ein Higgs,
und watschelt wie ein Higgs,
dann ist’s wohl ein Higgs.
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