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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 → W W (∗) → eνµν in the 8 TeV data are combined with previously
published results of searches for H → Z Z (∗) , W W (∗), 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.
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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 → W W (∗) → 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 → W W (∗) → 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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Results are presented from searches for the standard model Higgs boson in proton–proton collisions
at

√
s = 7 and 8 TeV in the Compact Muon Solenoid experiment at the LHC, using data samples

corresponding to integrated luminosities of up to 5.1 fb−1 at 7 TeV and 5.3 fb−1 at 8 TeV. The search
is performed in five decay modes: γ γ , ZZ, W+W−, τ+τ−, and bb. An excess of events is observed above
the expected background, with a local significance of 5.0 standard deviations, at a mass near 125 GeV,
signalling the production of a new particle. The expected significance for a standard model Higgs boson
of that mass is 5.8 standard deviations. The excess is most significant in the two decay modes with the
best mass resolution, γ γ and ZZ; a fit to these signals gives a mass of 125.3 ± 0.4(stat.)± 0.5(syst.) GeV.
The decay to two photons indicates that the new particle is a boson with spin different from one.

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

1. Introduction

The standard model (SM) of elementary particles provides a re-
markably accurate description of results from many accelerator and
non-accelerator based experiments. The SM comprises quarks and
leptons as the building blocks of matter, and describes their in-
teractions through the exchange of force carriers: the photon for
electromagnetic interactions, the W and Z bosons for weak inter-
actions, and the gluons for strong interactions. The electromagnetic
and weak interactions are unified in the electroweak theory. Al-
though the predictions of the SM have been extensively confirmed,
the question of how the W and Z gauge bosons acquire mass
whilst the photon remains massless is still open.

Nearly fifty years ago it was proposed [1–6] that spontaneous
symmetry breaking in gauge theories could be achieved through
the introduction of a scalar field. Applying this mechanism to the
electroweak theory [7–9] through a complex scalar doublet field
leads to the generation of the W and Z masses, and to the predic-
tion of the existence of the SM Higgs boson (H). The scalar field
also gives mass to the fundamental fermions through the Yukawa
interaction. The mass mH of the SM Higgs boson is not predicted
by theory. However, general considerations [10–13] suggest that

✩ © CERN for the benefit of the CMS Collaboration.
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mH should be smaller than ∼1 TeV, while precision electroweak
measurements imply that mH < 152 GeV at 95% confidence level
(CL) [14]. Over the past twenty years, direct searches for the Higgs
boson have been carried out at the LEP collider, leading to a lower
bound of mH > 114.4 GeV at 95% CL [15], and at the Tevatron
proton–antiproton collider, excluding the mass range 162–166 GeV
at 95% CL [16] and detecting an excess of events, recently reported
in [17–19], in the range 120–135 GeV.

The discovery or exclusion of the SM Higgs boson is one of the
primary scientific goals of the Large Hadron Collider (LHC) [20].
Previous direct searches at the LHC were based on data from
proton–proton collisions corresponding to an integrated luminos-
ity of 5 fb−1 collected at a centre-of-mass energy

√
s = 7 TeV.

The CMS experiment excluded at 95% CL a range of masses from
127 to 600 GeV [21]. The ATLAS experiment excluded at 95%
CL the ranges 111.4–116.6, 119.4–122.1 and 129.2–541 GeV [22].
Within the remaining allowed mass region, an excess of events
near 125 GeV was reported by both experiments. In 2012 the
proton–proton centre-of-mass energy was increased to 8 TeV and
by the end of June an additional integrated luminosity of more
than 5 fb−1 had been recorded by each of these experiments,
thereby enhancing significantly the sensitivity of the search for the
Higgs boson.

This Letter reports the results of a search for the SM Higgs bo-
son using samples collected by the CMS experiment, comprising
data recorded at

√
s = 7 and 8 TeV. The search is performed in

0370-2693/ © 2012 CERN. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.08.021
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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
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(σ ), respectively [17,18]. The CDF and DØ experiments at the Teva-
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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
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s =
7 TeV are combined here with new searches for H → Z Z (∗) → 4ℓ,1

H → γ γ and H → W W (∗) → 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 → W W (∗) → 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
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mH should be smaller than ∼1 TeV, while precision electroweak
measurements imply that mH < 152 GeV at 95% confidence level
(CL) [14]. Over the past twenty years, direct searches for the Higgs
boson have been carried out at the LEP collider, leading to a lower
bound of mH > 114.4 GeV at 95% CL [15], and at the Tevatron
proton–antiproton collider, excluding the mass range 162–166 GeV
at 95% CL [16] and detecting an excess of events, recently reported
in [17–19], in the range 120–135 GeV.

The discovery or exclusion of the SM Higgs boson is one of the
primary scientific goals of the Large Hadron Collider (LHC) [20].
Previous direct searches at the LHC were based on data from
proton–proton collisions corresponding to an integrated luminos-
ity of 5 fb−1 collected at a centre-of-mass energy

√
s = 7 TeV.

The CMS experiment excluded at 95% CL a range of masses from
127 to 600 GeV [21]. The ATLAS experiment excluded at 95%
CL the ranges 111.4–116.6, 119.4–122.1 and 129.2–541 GeV [22].
Within the remaining allowed mass region, an excess of events
near 125 GeV was reported by both experiments. In 2012 the
proton–proton centre-of-mass energy was increased to 8 TeV and
by the end of June an additional integrated luminosity of more
than 5 fb−1 had been recorded by each of these experiments,
thereby enhancing significantly the sensitivity of the search for the
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This Letter reports the results of a search for the SM Higgs bo-
son using samples collected by the CMS experiment, comprising
data recorded at
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The official CMS result Researchers + students

https://doi.org/10.1038/s41567-018-0342-2


CERN Open Data - Level 3
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•Using released CMS 
open data from 
2011-2012

•Confirmed their jet 
substructure model 
predictions

Hint: Use unpaywall.org to access
Source: https://doi.org/10.1103/PhysRevD.96.074003

http://unpaywall.org
https://doi.org/10.1103/PhysRevD.96.074003


Reproducible research data analysis

53
https://reana.io

https://reana.io


Example 2



Taxonomic treatments

Enghoff H. 2018. A mountain of millipedes VII: The genus Eviulisoma Silvestri, 1910, in the Udzungwa Mountains, Tanzania, and related species from other Eastern Arc Mountains. With notes on 
Eoseviulisoma Brolemann, 1920, and Suohelisoma Hoffman, 1963 (Diplopoda, Polydesmida, Paradoxosomatidae). European Journal of Taxonomy 445: 1–90. https://doi.org/10.5852/ejt.2018.445 

Describe the discovery of new biological 
species

Example:
Journal article describing 22 new millipedes, 
published in European Journal of Taxonomy



Treatments: Data in disguise
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Host collection

Geographic coordinates Date of collection Collector



Locked up data
Unanswerable questions:
•How many species have been described by my collection?
•Give me a list of all new species?
•Retrieve all images for a given taxon?
•What’s known about a geographic region?

•Treatments:
•Past 260 years: ~10+ millions published
•Every year: ~17k new / ~130k augmented



It takes an ecosystem
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Article Text and data mining Preserve & disseminate

Search, retrieve & linking



It takes an ecosystem

59

Article

Treatment

Material

Figure

Author



FAIR Data
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Why not use _____ instead?



FAIR Principles
Findable, Accessible, Interoperable, Reusable



FAIR Principles

•Findable: Persistent identifier (id); Metadata; Registered

•Accessible: Retrieval by id using standard free protocols 
(e.g. web); Metadata survive data.

• Interoperable: (meta)data uses broadly applicable 
knowledge representation

•Reusable: (meta)data are richly described; clear and 
accessible data usage license; provenance

63
Wilkinson, M. D. et al. The FAIR Guiding Principles for scientific data management and stewardship. Sci. Data 3:160018 https://doi.org/10.1038/sdata.2016.18 (2016).

https://doi.org/10.1038/sdata.2016.18


How?



Digital Object Identifiers (DOI)
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https://doi.org/10.1016/S0168-9002(03)01368-8 (Hint: Use unpaywall.org to access)

Credit: Reference list from https://doi.org/10.1134/S1063778824600106 

https://doi.org/10.1016/S0168-9002(03)01368-8
http://unpaywall.org
https://doi.org/10.1134/S1063778824600106


Digital Object Identifiers (DOI)
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Digital Object Identifiers (DOI)
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http://doi.org/10.5281/zenodo.1100973

https://zenodo.org/record/1100973

Resolvable

https://zenodo.org/record/1100973


Digital Object Identifiers (DOI)
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http://doi.org/10.5281/zenodo.1100973

https://zenodo.org/record/1100973

Persistent

https://zenodo.org/record/1100973


Digital Object Identifiers (DOI)
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http://doi.org/10.5281/zenodo.1100973

Globally unique



Digital Object Identifiers (DOI)
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Metadata



Persistent identifiers

•Digital Object Identifiers (DOIs): Publications, 
data, software, presentations, posters, reports, 
…

•Open Researcher & Contributor ID (ORCIDs): 
Researchers

•Research Organization Registry (RORs): 
Organisations, funders, …

71Persistent identifiers drives interlinking of research

Half the links in papers are 
inaccessible after 10 years!

https://doi.org/10.1371/journal.pone.0104798

https://doi.org/10.1371/journal.pone.0104798


ORCID - Your science passport

72https://orcid.org/register

https://orcid.org/register


Data publishing 101



zenodo.org

Upload Describe Publish

http://zenodo.org


Upload

Publications

Posters

Presentations

DataSoftware

Image Videos



Describe



Publish



Self-organise: Communities



Before you share…
•File formats: Use open/scientific formats

•CSV, Plain text, PDF, Root, …
•Can you open it in 5, 10, 50 years?

•Software: Prefer open source over closed source (i.e. has 
an open source license like MIT or GPL)

•License:
•choosealicense.com 
•Did you respect copyright/licenses of others?

79

http://choosealicense.com


Start early

Plan

C
ollect

ProcessAnalyse

Pu
bl

is
h

Reuse



Key points

•Retain your copyright + license your work

•Be very careful of publishing scams!

•Start early!

•Open science is ‘just’ science

81
This work is licensed under Creative Commons Attribution 4.0 International, except where noted on each slide.https://doi.org/10.5281/zenodo.12727018

https://doi.org/10.5281/zenodo.12727018


Backup slides



Exercise (sandbox)

•Step 1: Create an ORCID (if you don’t have one):
•https://sandbox.orcid.org/register 

•Step 2: Create a Zenodo account
•https://sandbox.zenodo.org/signup/

•Step 3: Share and preserve your thesis
•https://help.zenodo.org/docs/deposit/create-new-upload/ 

83Remove sandbox. if you want to publish for real

https://sandbox.orcid.org/register
https://sandbox.zenodo.org/signup/
https://help.zenodo.org/docs/deposit/create-new-upload/


Learn open tools
•https://software-carpentry.org
•https://datacarpentry.org 

https://software-carpentry.org
https://datacarpentry.org


File versioning: Use git
•Paper_v1.doc

•Paper_v2.doc

•Paper_v3_final.doc

•Paper_v3_final_lhn.doc

•Paper_v3_final_tjs.doc



Research software



Research software

85% of all software 
DOIs are in Zenodo



GitHub



Software citation



Domain-specifi
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Vocabularies

Metadata files

Searchable metadata



Domain-specifi



Funding (external)

~4.5M EUR over 10 years



Author list of HEP papers
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