
Der Nachweis des Higgs-Bosons am 
Large Hadron Collider (LHC)

W
ol

fg
an

g 
W

ag
ne

r  
 --

-
N

ac
hw

ei
s d

es
 H

ig
gs

-B
os

on
s a

m
 L

HC

1

Prof. Dr. Wolfgang Wagner
Bergische Universität Wuppertal

Forschung trifft Schule: CERN Summer School
29. Juli 2022



Gliederung des Vortrag

W
ol

fg
an

g 
W

ag
ne

r  
 --

-
N

ac
hw

ei
s d

es
 H

ig
gs

-B
os

on
s a

m
 L

HC

2

1) Einführung

2) Produktion und Zerfall von Higgs-Bosonen

3) Nachweis des Higgs-Bosons in drei Zerfallskanälen 

4) Zusammenfassung



Warum ist es so wichtig das Higgs-Boson nachzuweisen?
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Nobelpreis 2013

Potential des Higgs-Feldes § Zunächst sind die Teilchen im Standardmodell masselos.

§ Widerspruch zur Realität, besonders für die Eichbosonen 
der schwachen Wechselwirkung (𝑊± und 𝑍")

§ Brout-Englert-Higgs-Mechanismus führt skalares Feld ein 
(Higgs-Feld)

§ Spontane Symmetriebrechung 
⇒ Elementarteilchen erhalten Masse

§ Das Higgs-Boson ist die Anregung des Higgs-Felds.

§ Weist man das Higgs-Boson nach, beweist man die 
Richtigkeit des BEH-Mechanismus.



Nachweis von instabilen Teilchen
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Teilchen A
kurzlebig, nicht direkt 

messbar A

C

B
§ Tochterteilchen B und C sind mit 

einem Detektor messbar.

§ Rekonstruktion des Viererimpulses 
von A:

𝑝!" = 𝑝!# + 𝑝!$

§ Berechnung der invarianten 
Masse: 

𝑚"
% = 𝑝! 𝐴 𝑝! 𝐴

§ Die Ruhemasse 𝑚" ist 
charakteristisch für das Teilchen.

Kaskadenzerfall
Auch die Tochterteilchen sind instabil und zerfallen.

A

C

B
D

E
F 

G
§ Zunächst Rekonstruktion von B und C, dann von A.



Evidenz für Neues in gemessen Verteilungen
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§ Wie weist man ein Signal eines neuen 
Teilchens in einer gemessenen 
Verteilung nach?

Higgs-Boson-Signal?



Grundbegriffe der Datenanalyse
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Histogramm einer gemessenen 
Observablen 𝑋

𝑋

𝑁

§ Beispiele für Observablen:

o Invariante Masse

o Transversalimpuls

o Winkel zur Strahlachse

§ Häufig wird die Observable einmal für jedes 
Kollisionsereignis berechnet und 
histogrammiert.

§ Die x-Achse des Histogramms ist in Intervalle 
unterteilt (Bins).

§ Sowohl der Signalprozess als auch 
Untergrundprozesse tragen zu dem 
Histogramm bei.

§ Die Variable 𝑋 muss möglichst gut zwischen 
trennen.

§ Die gemessenen Daten werden mit einem 
Modell verglichen.

Messung
Signal
Untergrund 1
Untergrund 2

§ Das Modell gibt an, wie viele Einträge 
(Ereignisse) in einem Intervall (Bin) erwartet 
werden.

§ Parameter des Modells können an die Daten 
angepasst werden (Fit).



Die Strategie zum Nachweis des Higgs-Bosons
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§ Nutze Proton-Proton-Kollisionen am LHC um Higgs-Bosonen zu erzeugen.

§ Weise Higgs-Bosonen in drei verschiedenen Zerfällen nach.

§ Nutze zwei verschiedene Detektoren mit verschiedenen Analysemethoden und 
Akteuren.



Das Rutherford-Experiment als historisches …
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a QuelleLeuchtschirm

Mikroskop

Vorwärtsstreuung 
dominiert

Rückwärtsstreuung ist selten, kommt aber vor

Messung des 
differentiellen 
Wirkungsquer
-schnitts

Vergleich mit 
berechneter 
Verteilung 
(Coulomb-
Streuung)

… Vorbild für die moderne Teilchenphysik



Prinzip eines Streuexperiments
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Streuzentrum

Projektil

Projektil erfährt 
Ablenkung

Kraft

Wirkungsquerschnitt s

Maß für die effektive „Größe“ des 
Streuzentrums
aus „Sicht“ des einfallenden Teilchens
Einheit: cm²

Im subatomaren Bereich: barn
= 10&%'cm% = 10&%(m%

Nachweisgerät = Detektor
Elemente eines 
Streuexperiments

§ Streupartner
z.B. stationäres 
Streuzentrum und 
Projektil (Teilchenstrahl)

§ Wechselwirkung (Kraft) 
zwischen den 
Streupartnern

§ Nachweis der gestreuten 
Teilchen (Detektor)



Klassische Behandlung: Coulombstreuung
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Elastische Streuung an einem Coulombpotential

Klassische Bahn eines Teilchens mit 
Ladung 𝑍) + 𝑒.

Annahmen:

1) Das Streuzentrum (Atomkern) ist schwer und 
nimmt keine Energie auf (aber Impuls!).

2) Das einfallende Teilchen hat Spin 0.

3) Das einfallende Teilchen und das Streuzentrum 
haben keine Struktur, d.h. sie sind punktförmig.

𝑑𝜎(𝜃)
𝑑Ω

=
1

4𝜋𝜖&
𝑍'𝑍𝑒(

4𝐸)*+

( 1

sin4𝜃2

Rutherford`sche Streuformel



Coulombstreuung: Betrachtung im Impulsraum
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𝑞⃗ = 𝑝⃗ − 𝑝⃗′ ist der Impulsübertrag

Beziehung zwischen 𝑞⃗ und dem Streuwinkel 𝜃:

𝑞⃗ = 2 𝑝⃗ sin
𝜃
2

Damit folgt: )

*+,!!"
= )

-"
+ 8 𝑚 𝐸./0

Umschreiben der Streuformel:

𝑑𝜎(𝜃)
𝑑Ω =

1
4𝜋𝜖&

2𝑚 𝑍'𝑍𝑒( ( 1
𝑞,



Grundelemente von Streuexperimenten
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§ Es werden nur die Erhaltungsgrößen Impuls und Energie (Viererimpuls) zur Beschreibung 
herangezogen.

§ Präpariere Anfangszustand und messe den Endzustand.

§ Projektile – Streuzentrum – Detektor 

§ Nutze ebene Wellen um streuende Teilchen quantenmechanisch zu beschreiben.

§ Deren Ort ist maximal unscharf, der Impuls ist genau festgelegt (Unbestimmtheitsrelation). 

𝜓1
𝜓2

𝜓- =
1
𝑉
𝑒- /⃗ 0⃗/ℏ

𝜓3 =
1
𝑉
𝑒- /⃗# 0⃗/ℏ



2) Produktion und Zerfall von Higgs-Bosonen
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Der Large Hadron Collider (LHC)
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§ Zwei gegenläufige 
Protonenstrahlen:
machen 10.000 Runden / 
Sekunde

§ Kollisionen an 4 Punkten 
mit Rekordenergie von 
13,6 TeV, wie 10-13 - 10-14 s  
nach dem Urknall.

§ Der leistungsstärkste Beschleuniger der Welt: im Tunnel am CERN mit 27 km Umfang.



Proton-Proton-Kollisionen am LHC
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§ Jeder Strahl hat ca. 2500 Protonenpakete.

§ 100 Milliarden Protonen pro Paket
(klingt viel, aber 1 mol = 6 � 1023)

§ Seit März 2022 wieder Betrieb: bei 13,6 TeV! 



Sind Proton-Proton-Kollisionen berechenbar?
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Proton A

Proton B
𝑝"

𝑝#

§ Protonen sind komplexe zusammengesetzte 
Objekte mit internen Dynamik.

§ Valenzquarks (Quantenzahlen!), Seequarks und Gluonen.

§ Wie kann man trotz dieser Komplexität sinnvolle Experimente machen, 
aus denen sich Rückschlüsse ziehen lassen?



Die Asymptotische Freiheit
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§ Hadronen (hier Protonen) werden durch die starke Wechselwirkung zusammengehalten.

§ Besondere Eigenschaft: 
Die Kopplungskonstante der starken Wechselwirkung, 𝛼*, nimmt mit steigender Energie ab.

§ Wirkungsquerschnitte 
hochenergetischer Prozesse 
lassen sich in einer 
Störungsreihe entwickeln.

𝜎 𝑝𝑝 → 𝑋𝑌 = 𝛼*%𝜎3 + 𝛼*4𝜎) +⋯



Das Partonmodell
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Proton A Proton B

𝑓2 𝑥2, 𝑞% 𝑓5 𝑥5, 𝑞%
Parton i Parton j

Partonverteilungsfunktionen

Partonische Wechselwirkung
(harter Prozess)

Perturbativer Bereich
(asymptotische Freiheit)

Kernaussagen des Partonmodells:

§ Protonen bestehen aus quasi-freien Partonen (Bausteinen): 
Quarks und Gluonen.

§ Die harte Wechselwirkung (Austausch von viel Impuls) erfolgt zwischen den Partonen.



Das Faktorisierungstheorem
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Proton A Proton B

𝑓2 𝑥2, 𝑞% 𝑓5 𝑥5, 𝑞%
Parton i Parton j

Partonverteilungsfunktionen

Partonische Wechselwirkung

𝜎 𝑝𝑝 → 𝑋𝑌 = ∑-,5 ∫𝑑𝑠̂ ℒ-5 𝑠̂; 𝑠, 𝜇3 C D𝜎-5 𝑖𝑗 → 𝑋𝑌; 𝑠̂; 𝜇3

mit ℒ-5 𝑠̂; 𝑠, 𝜇3 =
1
𝑠
G
7̂

7
𝑓-/8

𝑠̃
𝑠

𝑓5/9
𝑠̂
𝑠̃

1
𝑠̃
𝑑𝑠̃ Partonluminosität



Beispiele für partonische Prozesse
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z.B. Top-Quark-Top-Antiquark-Paarproduktion oder W-Boson-Produktion

High mW
T measurement

Lepton selection:

Trigger, GRL, ...

exactly one tight level lepton with
pT > 30 GeV

veto additional loose level leptons

Triggermatch

` = e, µ

tight level

e: ID: tightLH, Iso.:
FCHighPtCaloOnly

µ: Quality medium, Iso.:
FCTightTrackOnly

loose level

e: ID: looseAndBlayerLH,
Iso.: FCLoose

µ: Quality Loose, Iso.: None

Johanna Wanda Kraus October 29, 2019 2 / 10

Aufgrund der hohen Masse von Top-Quark (ca. 173 GeV/𝑐%) und W-Boson (ca. 80.4 
GeV/𝑐%) müssen die Prozesse bei hoher Energie (Impulsübertrag 𝑞) statt finden. 
⟹ Asymptotische Freiheit bzw. Störungstheorie ist anwendbar.



Wirkungsquerschnitte von Standardmodellprozessen am LHC
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O(106)

§ Die Wirkungsquerschnitte 
von Prozessen mit hohem 
Transversalimpuls (𝑝#) 
erstrecken sich über 
6 Größenordnungen!

§ In 139 fb-1 (Run 2 
Datensatz) wurden

§ O(26 Milliarden) 𝑊
Boson-Ereignisse

§ O(28k) 𝑡 ̅𝑡𝐻 Ereignisse

produziert. 



Produktion von Higgs-Bosonen am LHC
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Assoziierte VH-Produktion

7 11. Status of Higgs Boson Physics
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Figure 11.1: Main leading order Feynman diagrams contributing to the Higgs boson production
in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or associated production with a
gauge boson at tree level from a quark-quark interaction), (d) associated production with a gauge
boson (at loop level from a gluon-gluon interaction), (e) associated production with a pair of top
quarks (there is a similar diagram for the associated production with a pair of bottom quarks),
(e-f) production in association with a single top quark

The state-of-the-art of the theoretical calculations in the main di�erent production channels is
summarized in Table 11.1.

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs boson production
channels in the SM, and the major MC tools used in the simulations

ggF VBF V H tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:
N3LO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD+EW

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)
Resummed: Fixed order: Fixed order: (MG5_aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD
(HRes) (HAWK) (VH@NNLO)

Higgs pT :
NNLO+NNLL
(HqT, HRes)

Jet Veto:
N3LO+NNLL

The cross sections for the production of a SM Higgs boson as a function of
Ô

s, the center of mass
energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarised

6th December, 2019 11:48am

𝑡 ̅𝑡𝐻 Produktion 
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Gluon-Gluon-Fusion
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The state-of-the-art of the theoretical calculations in the main di�erent production channels is
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The state-of-the-art of the theoretical calculations in the main di�erent production channels is
summarized in Table 11.1.

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs boson production
channels in the SM, and the major MC tools used in the simulations

ggF VBF V H tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:
N3LO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD+EW

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)
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The cross sections for the production of a SM Higgs boson as a function of
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energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarised
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𝜎 = 1.37 pb + 0.88 pb

𝜎 = 48.6 pb 𝜎 = 3.78 pb 

𝜎 = 0.5 pb 

für𝑚6 = 125 GeV/c2



Verschiedene Ebenen von Proton-Proton-Kollisionen
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Higgs-Boson-Zerfall
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ℬ 𝐻 → 𝑏A𝑏 = 58.2 %

ℬ 𝐻 → 𝑊±𝑊∓∗ = 21.4 %
ℬ 𝐻 → 𝑔𝑔 = 8.19 %

ℬ 𝐻 → 𝜏&𝜏' = 6.27 %
ℬ 𝐻 → 𝑐 ̅𝑐 = 2.89 %
ℬ 𝐻 → 𝑍𝑍∗ = 2.62 %

ℬ 𝐻 → 𝛾𝛾 = 0.227 %
ℬ 𝐻 → 𝑍𝛾 = 0.153 %

ℬ 𝐻 → 𝜇&𝜇' = 0.0218 %

Widerstreitende 
Kriterien bei der 
Auswahl 
vielversprechender 
Zerfallskanäle für die 
Entdeckung:

§ Viele Ereignisse
⟹ hohes Verzwei-
gungsverhältnis

§ Niedriger 
Untergrund

§ Für die Entdeckung 
im Jahr 2012 
spielten drei 
Kanäle eine Rolle: 𝐻 → 𝛾𝛾, 𝐻 → 𝑍𝑍∗ und 

𝐻 → 𝑊±𝑊∓∗



3) Nachweis des Higgs-Bosons im Jahr 2012
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3.1)  𝐻 → 𝛾𝛾 3.2)  𝐻 → 𝑍𝑍∗ 3.3)  𝐻 → 𝑊±𝑊∓∗

(Diagramme mit dem vollen Datensatz der Jahre 2011 und 2012)



3.1) 𝐻 → 𝛾𝛾: Nachweis von Photonen
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§ Bei hohen Energien (ab ca. 100 MeV) wird die 
Wechselwirkung von Photonen mit Materie durch die 
Bildung von 𝑒:𝑒& Paaren dominiert (Paarbildung).

§ Hochenergetische Elektronen und Positronen 
erzeugen bei Wechselwirkung mit Materie 
Bremsstrahlung.  

Bildquelle: IOP web site
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Elektromagnetische Schauer
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Die Wechselwirkungsprozesse Paarbildung und Bremsstrahlung laufen in 
aufeinander folgenden Schritten (Generationen) im Wechsel ab.

§ Auf diese Weise entsteht eine Kaskade aus Photonen und e+e--Paaren, 
ein elektromagnetischer Schauer. 

§ Nach jeder Strahlungslänge verdoppelt sich in etwa die Teilchenanzahl.



Photoninduzierter Schauer in einer Nebelkammer
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Photon-induzierter Schauer in einer Nebelkammer.

§ Die schwarzen Bereiche sind Blei-Platten.

§ Senkrecht zur Bildebene wirkt ein Magnetfeld.



Ereignisansichten im ATLAS-Detektor
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126 GeV. We enhanced the sensitivity of the
analysis by assigning the events to 10 mutually
exclusive categories, each with different signal
purities and mass resolutions. The signal was ex-
tracted by a global fit to the gg mass spectra in
the categories. Each spectrum is described by a
smooth parametric background model plus a sig-
nal model, taken from simulation, which is ap-
proximately Gaussian but includes broader tails.
For representational purposes, these 10 categories
are combined into a single di-photon mass plot,
Fig. 6, in which a small but statistically significant
excess can be seen.

H→ZZ→ ℓℓℓℓ channel. The search channel
in which the SM Higgs boson decays to two Z
bosons, each then decaying to either e+e– or
m+m–, offers the best signal purity, over 50%.
However, because only 7% of Z bosons decay
like this, the rate is low: About six signal events
were expected in our data sample for mH ≈ 126
GeV. Owing to the precise momentum and en-
ergy measurements of leptons, a SMHiggs boson
withmH ≈ 126GeVwill produce a narrow peak of
width ~1.5% in the measured four-lepton mass
spectrum. The observed four-lepton mass spec-
trum is consistent with the predicted background,
as seen in Fig. 7, apart from the narrow excess of
events with mass of ~126 GeV.

H→WW→ℓnℓn channel.The decayH→WW→
‘n‘n also provides good sensitivity for mH =

126 GeV, owing to the relatively large predicted
number of events combined with the purely
leptonic signature. However, the presence of two
undetectable neutrinos in the final state means
that a full reconstruction of each event is im-
possible. Consequently, the masses of the Higgs
boson candidates cannot be calculated. However,
a “transverse mass,” mT, which is sensitive to the

Higgs boson mass, was constructed from the
detected leptons and missing transverse momen-
tum (31). Because the presence of a signal is
primarily inferred via a difference between the event
rate observed and that expected from background
only, and the expected signal yield is only about
15 to 20% of the background rate in the region of
interest, the background rate and composition

Fig. 5. Display of a H→gg event candidate in the 8 TeV data. Energy
deposits are shown in yellow in the ECAL (green) and hadronic calorimeter
(red). Tracks from charged particles and the associated space points mea-
sured by the ID are shown in blue. Views of the calorimeter systems and ID
are shown along the proton-proton collision axis (top middle) and transverse
to it (left). The bottom middle and bottom right panels show a magnified

display of the response of the fine-grained ECAL in the longitudinal view for
the two photon candidates. Photons are rapidly stopped in the dense ECAL,
and these truncated showers match that expectation. The plot on the top
right shows the energy depositions projected into azimuthal and longi-
tudinal coordinates—unrolling the calorimeter. The measured mass of this
photon-candidate pair is 126.9 GeV.

Fig. 6.Distribution of the
mass,mgg, of weighted
di-photon candidates.
The selected events are
weighted by factors that
reflect the signal-to-
background ratio pre-
dicted for a SM Higgs
boson. The result of a fit
to the data of the sum of
a signal component fixed
tomH =126.5GeV and a
background component
described by a fourth-
order polynomial are su-
perimposed. The residuals
of the weighted data with
respect to the fitted back-
ground are displayed at
the bottom. Collision en-
ergy = 7 TeV, integrated
luminosity (L) = 4.8 inverse femtobarns (fb–1); collision energy = 8 TeV, L = 5.9 fb–1.
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126 GeV. We enhanced the sensitivity of the
analysis by assigning the events to 10 mutually
exclusive categories, each with different signal
purities and mass resolutions. The signal was ex-
tracted by a global fit to the gg mass spectra in
the categories. Each spectrum is described by a
smooth parametric background model plus a sig-
nal model, taken from simulation, which is ap-
proximately Gaussian but includes broader tails.
For representational purposes, these 10 categories
are combined into a single di-photon mass plot,
Fig. 6, in which a small but statistically significant
excess can be seen.

H→ZZ→ ℓℓℓℓ channel. The search channel
in which the SM Higgs boson decays to two Z
bosons, each then decaying to either e+e– or
m+m–, offers the best signal purity, over 50%.
However, because only 7% of Z bosons decay
like this, the rate is low: About six signal events
were expected in our data sample for mH ≈ 126
GeV. Owing to the precise momentum and en-
ergy measurements of leptons, a SMHiggs boson
withmH ≈ 126GeVwill produce a narrow peak of
width ~1.5% in the measured four-lepton mass
spectrum. The observed four-lepton mass spec-
trum is consistent with the predicted background,
as seen in Fig. 7, apart from the narrow excess of
events with mass of ~126 GeV.

H→WW→ℓnℓn channel.The decayH→WW→
‘n‘n also provides good sensitivity for mH =

126 GeV, owing to the relatively large predicted
number of events combined with the purely
leptonic signature. However, the presence of two
undetectable neutrinos in the final state means
that a full reconstruction of each event is im-
possible. Consequently, the masses of the Higgs
boson candidates cannot be calculated. However,
a “transverse mass,” mT, which is sensitive to the

Higgs boson mass, was constructed from the
detected leptons and missing transverse momen-
tum (31). Because the presence of a signal is
primarily inferred via a difference between the event
rate observed and that expected from background
only, and the expected signal yield is only about
15 to 20% of the background rate in the region of
interest, the background rate and composition

Fig. 5. Display of a H→gg event candidate in the 8 TeV data. Energy
deposits are shown in yellow in the ECAL (green) and hadronic calorimeter
(red). Tracks from charged particles and the associated space points mea-
sured by the ID are shown in blue. Views of the calorimeter systems and ID
are shown along the proton-proton collision axis (top middle) and transverse
to it (left). The bottom middle and bottom right panels show a magnified

display of the response of the fine-grained ECAL in the longitudinal view for
the two photon candidates. Photons are rapidly stopped in the dense ECAL,
and these truncated showers match that expectation. The plot on the top
right shows the energy depositions projected into azimuthal and longi-
tudinal coordinates—unrolling the calorimeter. The measured mass of this
photon-candidate pair is 126.9 GeV.

Fig. 6.Distribution of the
mass,mgg, of weighted
di-photon candidates.
The selected events are
weighted by factors that
reflect the signal-to-
background ratio pre-
dicted for a SM Higgs
boson. The result of a fit
to the data of the sum of
a signal component fixed
tomH =126.5GeV and a
background component
described by a fourth-
order polynomial are su-
perimposed. The residuals
of the weighted data with
respect to the fitted back-
ground are displayed at
the bottom. Collision en-
ergy = 7 TeV, integrated
luminosity (L) = 4.8 inverse femtobarns (fb–1); collision energy = 8 TeV, L = 5.9 fb–1.
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Transversalebene (𝑥-𝑦-Ebene)

𝑧-𝑥-Ebene entlang des Strahls

Ein Kandidatenereignis im 𝐻 → 𝛾𝛾 Kanal.
Science, Vol. 338 no. 6114 pp. 1576-1582 



Das 𝐻 → 𝛾𝛾 Signal
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§ Messung der Photonenergie, des Azimuthwinkels 𝜙 und 
der Pseudorapidität im Kalorimeter.

§ Position des Kollisionspunktes (Primärvertex)

§ Rekonstruktion von 𝑚((

§ Die Zahl der Untergrundereignisse unter dem Signal 
wird mit einem Fit an die Gesamtverteilung von 
𝑚(( bestimmt.

§ Annahme über Verlauf der Form des Untergrunds: 
Polynom 4ten Grades.
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§ Es werden Daten der Jahre 2011 und 2012 verwendet (unterschiedliche Schwerpunktsenergien).

§ 10 verschiedene Kategorien von Zwei-Photon-Ereignissen.

§ Unterschiede im Signal-zu-Untergrundverhältnis und in der Massenauflösung



Kategorien von Zwei-Photon-Ereignissen
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§ Konvertiert / Unkonvertiert

§ Niedriges 𝑝; / hohes 𝑝; des 
Zweiphotonsystems

§ Zentral / vorwärts (großes 𝜂)

§ Extra Jets
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Ereigniszahlen der einzelnen Kategorien

W
ol

fg
an

g 
W

ag
ne

r  
 --

-
N

ac
hw

ei
s d

es
 H

ig
gs

-B
os

on
s a

m
 L

HC

32

ATLAS Collaboration / Physics Letters B 716 (2012) 1–29 7

Table 4
Number of events in the data (ND) and expected number of signal events (NS) for
mH = 126.5 GeV from the H → γ γ analysis, for each category in the mass range
100–160 GeV. The mass resolution FWHM (see text) is also given for the 8 TeV
data. The Higgs boson production cross section multiplied by the branching ratio
into two photons (σ × B(H → γ γ )) is listed for mH = 126.5 GeV. The statistical
uncertainties on NS and FWHM are less than 1%.

√
s 7 TeV 8 TeV

σ × B(H → γ γ ) [fb] 39 50 FWHM
[GeV]Category ND NS ND NS

Unconv. central, low pTt 2054 10.5 2945 14.2 3.4
Unconv. central, high pTt 97 1.5 173 2.5 3.2
Unconv. rest, low pTt 7129 21.6 12 136 30.9 3.7
Unconv. rest, high pTt 444 2.8 785 5.2 3.6
Conv. central, low pTt 1493 6.7 2015 8.9 3.9
Conv. central, high pTt 77 1.0 113 1.6 3.5
Conv. rest, low pTt 8313 21.1 11 099 26.9 4.5
Conv. rest, high pTt 501 2.7 706 4.5 3.9
Conv. transition 3591 9.5 5140 12.8 6.1
2-jet 89 2.2 139 3.0 3.7

All categories (inclusive) 23 788 79.6 35 251 110.5 3.9

photon energy resolution is broadened (by approximately 1% in
the barrel calorimeter and 1.2–2.1% in the end-cap regions) to ac-
count for small differences observed between Z → e+e− data and
MC events. The signal yields expected for the 7 TeV and 8 TeV
data samples are given in Table 4. The overall selection efficiency
is about 40%.

The shape of the invariant mass of the signal in each category
is modelled by the sum of a Crystal Ball function [104], describ-
ing the core of the distribution with a width σCB , and a Gaussian
contribution describing the tails (amounting to < 10%) of the mass
distribution. The expected full-width-at-half-maximum (FWHM) is
3.9 GeV and σCB is 1.6 GeV for the inclusive sample. The resolution
varies with event category (see Table 4); the FWHM is typically a
factor 2.3 larger than σCB .

5.5. Background modelling

The background in each category is estimated from data by fit-
ting the diphoton mass spectrum in the mass range 100–160 GeV
with a selected model with free parameters of shape and normal-
isation. Different models are chosen for the different categories to
achieve a good compromise between limiting the size of a po-
tential bias while retaining good statistical power. A fourth-order
Bernstein polynomial function [105] is used for the unconverted rest
(low pTt), converted rest (low pTt) and inclusive categories, an expo-
nential function of a second-order polynomial for the unconverted
central (low pTt), converted central (low pTt) and converted transition
categories, and an exponential function for all others.

Studies to determine the potential bias have been performed
using large samples of simulated background events comple-
mented by data-driven estimates. The background shapes in the
simulation have been cross-checked using data from control re-
gions. The potential bias for a given model is estimated, separately
for each category, by performing a maximum likelihood fit to large
samples of simulated background events in the mass range 100–
160 GeV, of the sum of a signal plus the given background model.
The signal shape is taken to follow the expectation for a SM
Higgs boson; the signal yield is a free parameter of the fit. The
potential bias is defined by the largest absolute signal yield ob-
tained from the likelihood fit to the simulated background samples
for hypothesised Higgs boson masses in the range 110–150 GeV.
A pre-selection of background parameterisations is made by re-
quiring that the potential bias, as defined above, is less than 20%
of the statistical uncertainty on the fitted signal yield. The pre-

selected parameterisation in each category with the best expected
sensitivity for mH = 125 GeV is selected as the background model.

The largest absolute signal yield as defined above is taken as
the systematic uncertainty on the background model. It amounts
to ±(0.2–4.6) and ±(0.3–6.8) events, depending on the category
for the 7 TeV and 8 TeV data samples, respectively. In the final fit
to the data (see Section 5.7) a signal-like term is included in the
likelihood function for each category. This term incorporates the
estimated potential bias, thus providing a conservative estimate of
the uncertainty due to the background modelling.

5.6. Systematic uncertainties

Hereafter, in cases where two uncertainties are quoted, they
refer to the 7 TeV and 8 TeV data, respectively. The dominant
experimental uncertainty on the signal yield (±8%, ±11%) comes
from the photon reconstruction and identification efficiency, which
is estimated with data using electrons from Z decays and pho-
tons from Z → #+#−γ events. Pile-up modelling also affects the
expected yields and contributes to the uncertainty (±4%). Further
uncertainties on the signal yield are related to the trigger (±1%),
photon isolation (±0.4%, ±0.5%) and luminosity (±1.8%, ±3.6%).
Uncertainties due to the modelling of the underlying event are
±6% for VBF and ±30% for other production processes in the 2-jet
category. Uncertainties on the predicted cross sections and branch-
ing ratio are summarised in Section 8.

The uncertainty on the expected fractions of signal events in
each category is described in the following. The uncertainty on the
knowledge of the material in front of the calorimeter is used to de-
rive the amount of possible event migration between the converted
and unconverted categories (±4%). The uncertainty from pile-up
on the population of the converted and unconverted categories is
±2%. The uncertainty from the jet energy scale (JES) amounts to
up to ±19% for the 2-jet category, and up to ±4% for the other
categories. Uncertainties from the JVF modelling are ±12% (for the
8 TeV data) for the 2-jet category, estimated from Z +2-jets events
by comparing data and MC. Different PDFs and scale variations in
the HqT calculations are used to derive possible event migration
among categories (±9%) due to the modelling of the Higgs boson
kinematics.

The total uncertainty on the mass resolution is ±14%. The
dominant contribution (±12%) comes from the uncertainty on the
energy resolution of the calorimeter, which is determined from
Z → e+e− events. Smaller contributions come from the imperfect
knowledge of the material in front of the calorimeter, which af-
fects the extrapolation of the calibration from electrons to photons
(±6%), and from pile-up (±4%).

5.7. Results

The distributions of the invariant mass, mγ γ , of the diphoton
events, summed over all categories, are shown in Fig. 4(a) and (b).
The result of a fit including a signal component fixed to mH =
126.5 GeV and a background component described by a fourth-
order Bernstein polynomial is superimposed.

The statistical analysis of the data employs an unbinned like-
lihood function constructed from those of the ten categories of
the 7 TeV and 8 TeV data samples. To demonstrate the sensitiv-
ity of this likelihood analysis, Figs. 4(c) and (d) also show the
mass spectrum obtained after weighting events with category-
dependent factors reflecting the signal-to-background ratios. The
weight wi for events in category i ∈ [1,10] for the 7 TeV and 8 TeV
data samples is defined to be ln (1 + Si/Bi), where Si is 90% of
the expected signal for mH = 126.5 GeV, and Bi is the integral, in

Ca. 190 Signalereignisse



3.2 Der 𝐻 → 𝑍𝑍∗ Kanal
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Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

1ABBIENDI 01A error includes approximately 3.6 MeV due to statistics, 1 MeV due to
event selection systematics, and 1.3 MeV due to LEP energy uncertainty.

2The error includes 1.2 MeV due to LEP energy uncertainty.
3The error includes 1.3 MeV due to LEP energy uncertainty.
4BARATE 00C error includes approximately 3.8 MeV due to statistics, 0.9 MeV due to
experimental systematics, and 1.3 MeV due to LEP energy uncertainty.

5ABBIENDI 04G obtain this result using the S–matrix formalism for a combined fit to
their cross section and asymmetry data at the Z peak and their data at 130–209 GeV.
The authors have corrected the measurement for the 1 MeV shift with respect to the
Breit–Wigner fits.

6ACCIARRI 00Q interpret the s-dependence of the cross sections and lepton forward-
backward asymmetries in the framework of the S-matrix formalism. They fit to their
cross section and asymmetry data at high energies, using the results of S-matrix fits to
Z -peak data (ACCIARRI 00C) as constraints. The 130–189 GeV data constrains the γ/Z
interference term. The authors have corrected the measurement for the 0.9 MeV shift
with respect to the Breit-Wigner fits.

7ABREU 96R obtain this value from a study of the interference between initial and final

state radiation in the process e+ e− → Z → µ+ µ−.
8 ABRAMS 89B uncertainty includes 50 MeV due to the miniSAM background subtraction
error.

9ALBAJAR 89 result is from a total sample of 33 Z → e+ e− events.
10Quoted values of ANSARI 87 are from direct fit. Ratio of Z and W production gives

either Γ(Z) < (1.09±0.07) × Γ(W ), CL = 90% or Γ(Z) = (0.82+0.19
−0.14±0.06) × Γ(W ).

Assuming Standard-Model value Γ(W ) = 2.65 GeV then gives Γ(Z) < 2.89 ± 0.19 or

= 2.17+0.50
−0.37 ± 0.16.

Z DECAY MODESZ DECAY MODESZ DECAY MODESZ DECAY MODES
Scale factor/

Mode Fraction (Γi /Γ) Confidence level

Γ1 e+ e− [a] ( 3.3632±0.0042) %

Γ2 µ+µ− [a] ( 3.3662±0.0066) %

Γ3 τ+ τ− [a] ( 3.3696±0.0083) %

Γ4 "+ "− [a,b] ( 3.3658±0.0023) %

Γ5 "+ "− "+ "− [c] ( 3.5 ±0.4 ) × 10−6 S=1.7

Γ6 invisible [a] (20.000 ±0.055 ) %

Γ7 hadrons [a] (69.911 ±0.056 ) %

Γ8 (uu+cc )/2 (11.6 ±0.6 ) %

Γ9 (dd +ss +bb )/3 (15.6 ±0.4 ) %

Γ10 cc (12.03 ±0.21 ) %

Γ11 bb (15.12 ±0.05 ) %

Γ12 bbbb ( 3.6 ±1.3 ) × 10−4

Γ13 g g g < 1.1 % CL=95%

Γ14 π0γ < 2.01 × 10−5 CL=95%

Γ15 ηγ < 5.1 × 10−5 CL=95%

Γ16 ωγ < 6.5 × 10−4 CL=95%

Γ17 η′(958)γ < 4.2 × 10−5 CL=95%

Γ18 φγ < 8.3 × 10−6 CL=95%

Γ19 γγ < 1.46 × 10−5 CL=95%
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Hadronische Z-Zerfälle 
= Zerfälle in Quarks 𝑍 → 𝑞Q𝑞

§ Schlechte Massenauflösung

§ Hoher Untergrund

§ Daher Nachweis in 
𝑍 → 𝑒:𝑒& und 𝑍 → 𝜇:𝜇&

§ Aber: kleines Verzeigungsverhältnis: ℬ 𝑍 → 𝑒&𝑒' 0 + ℬ 𝑍 → 𝜇&𝜇' = 6.72 %

§ ℬ 𝐻 → 𝑍𝑍∗ → ℓ&ℓ' = 2.62 % × 6.72 % × 6.72 % = 1.18 ×10') < 0.1 × ℬ 𝐻 → 𝛾𝛾

§ Gute Massenauflösung: 1.7 – 2.3 GeV/𝑐*



Nachweis von Elektronen und Myonen
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Elektronen und Positronen

EM-
Kalori-
meterSpurkammern

Hadron-
Kalorimeter

Myon-
kammer

§ Signale in den Spurkammern.

§ Vollständige Energiedeposition im elektromagnetischen Kalorimeter 
durch Kaskaden von Bremsstrahlung und 𝑒&𝑒: Paarproduktion.

Myonen

§ Signale in den Spurkammern.

§ Energiedeposition durch Ionisation in den Kalorimetern.

§ Signale in den Myonkammern.



Beobachtete 𝑚"# Verteilung und Ereigniszahlen
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Fig. 2. The distribution of the four-lepton invariant mass, m4! , for the selected can-
didates, compared to the background expectation in the 80–250 GeV mass range,
for the combination of the

√
s = 7 TeV and

√
s = 8 TeV data. The signal expectation

for a SM Higgs with mH = 125 GeV is also shown.

Table 3
The numbers of expected signal (mH = 125 GeV) and background events, together
with the numbers of observed events in the data, in a window of size ±5 GeV
around 125 GeV, for the combined

√
s = 7 TeV and

√
s = 8 TeV data.

Signal Z Z (∗) Z + jets, tt̄ Observed

4µ 2.09 ± 0.30 1.12 ± 0.05 0.13 ± 0.04 6
2e2µ/2µ2e 2.29 ± 0.33 0.80 ± 0.05 1.27 ± 0.19 5
4e 0.90 ± 0.14 0.44 ± 0.04 1.09 ± 0.20 2

(±2.3%/±7.6%) for m4! = 115 GeV. The uncertainty on the electron
energy scale results in an uncertainty of ±0.7% (±0.5%/±0.2%) on
the mass scale of the m4! distribution for the 4e (2e2µ/2µ2e)
channel. The impact of the uncertainties on the electron energy
resolution and on the muon momentum resolution and scale are
found to be negligible.

The theoretical uncertainties associated with the signal are de-
scribed in detail in Section 8. For the SM Z Z (∗) background, which
is estimated from MC simulation, the uncertainty on the total yield
due to the QCD scale uncertainty is ±5%, while the effect of the
PDF and αs uncertainties is ±4% (±8%) for processes initiated by
quarks (gluons) [53]. In addition, the dependence of these uncer-
tainties on the four-lepton invariant mass spectrum has been taken
into account as discussed in Ref. [53]. Though a small excess of
events is observed for m4l > 160 GeV, the measured Z Z (∗) → 4!
cross section [93] is consistent with the SM theoretical predic-
tion. The impact of not using the theoretical constraints on the
Z Z (∗) yield on the search for a Higgs boson with mH < 2mZ has
been studied in Ref. [87] and has been found to be negligible. The
impact of the interference between a Higgs signal and the non-
resonant gg → Z Z (∗) background is small and becomes negligible
for mH < 2mZ [94].

4.4. Results

The expected distributions of m4! for the background and for
a Higgs boson signal with mH = 125 GeV are compared to the
data in Fig. 2. The numbers of observed and expected events in
a window of ±5 GeV around mH = 125 GeV are presented for the
combined 7 TeV and 8 TeV data in Table 3. The distribution of the
m34 versus m12 invariant mass is shown in Fig. 3. The statistical
interpretation of the excess of events near m4! = 125 GeV in Fig. 2
is presented in Section 9.

Fig. 3. Distribution of the m34 versus the m12 invariant mass, before the applica-
tion of the Z -mass constrained kinematic fit, for the selected candidates in the m4!

range 120–130 GeV. The expected distributions for a SM Higgs with mH = 125 GeV
(the sizes of the boxes indicate the relative density) and for the total background
(the intensity of the shading indicates the relative density) are also shown.

5. H → γ γ channel

The search for the SM Higgs boson through the decay H → γ γ
is performed in the mass range between 110 GeV and 150 GeV.
The dominant background is SM diphoton production (γ γ ); con-
tributions also come from γ + jet and jet + jet production with
one or two jets mis-identified as photons (γ j and j j) and from
the Drell–Yan process. The 7 TeV data have been re-analysed and
the results combined with those from the 8 TeV data. Among other
changes to the analysis, a new category of events with two jets
is introduced, which enhances the sensitivity to the VBF process.
Higgs boson events produced by the VBF process have two for-
ward jets, originating from the two scattered quarks, and tend to
be devoid of jets in the central region. Overall, the sensitivity of
the analysis has been improved by about 20% with respect to that
described in Ref. [95].

5.1. Event selection

The data used in this channel are selected using a diphoton
trigger [96], which requires two clusters formed from energy de-
positions in the electromagnetic calorimeter. An ET threshold of
20 GeV is applied to each cluster for the 7 TeV data, while for the
8 TeV data the thresholds are increased to 35 GeV on the lead-
ing (the highest ET) cluster and to 25 GeV on the sub-leading (the
next-highest ET) cluster. In addition, loose criteria are applied to
the shapes of the clusters to match the expectations for electro-
magnetic showers initiated by photons. The efficiency of the trigger
is greater than 99% for events passing the final event selection.

Events are required to contain at least one reconstructed ver-
tex with at least two associated tracks with pT > 0.4 GeV, as well
as two photon candidates. Photon candidates are reconstructed in
the fiducial region |η| < 2.37, excluding the calorimeter barrel/end-
cap transition region 1.37 ! |η| < 1.52. Photons that convert to
electron–positron pairs in the ID material can have one or two re-
constructed tracks matched to the clusters in the calorimeter. The
photon reconstruction efficiency is about 97% for ET > 30 GeV.

In order to account for energy losses upstream of the calorime-
ter and energy leakage outside of the cluster, MC simulation re-
sults are used to calibrate the energies of the photon candidates;
there are separate calibrations for unconverted and converted

Erwartete und beobachtete Ereigniszahlen im 
Intervall 120 GeV/𝑐% < 𝑚'< < 130 GeV/𝑐%



3.3 Der 𝐻 → 𝑊±𝑊∓∗ Kanal
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§ Nutze nur den Kanal 𝐻 → 𝑊±𝑊∓∗ → 𝑒±𝜇∓𝜈𝜈, da in 𝑒𝑒 und 𝜇𝜇 Kanälen der Untergrund 
von Z-Produktion zu groß ist.

§ Neutrinos können nur als fehlender Transversalimpuls nachgewiesen werden.
§ Rekonstruktion der transversalen Masse:
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Table 5
The expected numbers of signal (mH = 125 GeV) and background events after all
selections, including a cut on the transverse mass of 0.75mH < mT < mH for mH =
125 GeV. The observed numbers of events in data are also displayed. The eµ and
µe channels are combined. The uncertainties shown are the combination of the
statistical and all systematic uncertainties, taking into account the constraints from
control samples. For the 2-jet analysis, backgrounds with fewer than 0.01 expected
events are marked with ‘–’.

0-jet 1-jet 2-jet

Signal 20 ± 4 5 ± 2 0.34 ± 0.07

W W 101 ± 13 12 ± 5 0.10 ± 0.14
W Z (∗)/Z Z/W γ (∗) 12 ± 3 1.9 ± 1.1 0.10 ± 0.10
tt̄ 8 ± 2 6 ± 2 0.15 ± 0.10
tW /tb/tqb 3.4 ± 1.5 3.7 ± 1.6 –
Z/γ ∗ + jets 1.9 ± 1.3 0.10 ± 0.10 –
W + jets 15 ± 7 2 ± 1 –

Total background 142 ± 16 26 ± 6 0.35 ± 0.18

Observed 185 38 0

generators. The potential impact of interference between resonant
(Higgs-mediated) and non-resonant gg → W W diagrams [116] for
mT > mH was investigated and found to be negligible. The ef-
fect of the W W normalisation, modelling, and shape systematics
on the total background yield is 9% for the 0-jet channel and
19% for the 1-jet channel. The uncertainty on the shape of the
total background is dominated by the uncertainties on the nor-
malisations of the individual backgrounds. The main uncertainties
on the top background in the 0-jet analysis include those asso-
ciated with interference effects between tt̄ and single top, initial
state an final state radiation, b-tagging, and JER. The impact on
the total background yield in the 0-jet bin is 3%. For the 1-jet
analysis, the impact of the top background on the total yield is
14%. Theoretical uncertainties on the W γ background normalisa-
tion are evaluated for each jet bin using the procedure described
in Ref. [117]. They are ±11% for the 0-jet bin and ±50% for the
1-jet bin. For W γ ∗ with m"" < 7 GeV, a k-factor of 1.3 ± 0.3 is
applied to the MadGraph LO prediction based on the compari-
son with the MCFM NLO calculation. The k-factor for W γ ∗/W Z (∗)

with m"" > 7 GeV is 1.5±0.5. These uncertainties affect mostly the
1-jet channel, where their impact on the total background yield is
approximately 4%.

6.4. Results

Table 5 shows the numbers of events expected from a SM
Higgs boson with mH = 125 GeV and from the backgrounds, as
well as the numbers of candidates observed in data, after appli-
cation of all selection criteria plus an additional cut on mT of
0.75mH < mT < mH . The uncertainties shown in Table 5 include
the systematic uncertainties discussed in Section 6.3, constrained
by the use of the control regions discussed in Section 6.2. An ex-
cess of events relative to the background expectation is observed
in the data.

Fig. 6 shows the distribution of the transverse mass after all
selection criteria in the 0-jet and 1-jet channels combined, and for
both lepton channels together.

The statistical analysis of the data employs a binned likelihood
function constructed as the product of Poisson probability terms
for the eµ channel and the µe channel. The mass-dependent cuts
on mT described above are not used. Instead, the 0-jet (1-jet) sig-
nal regions are subdivided into five (three) mT bins. For the 2-jet
signal region, only the results integrated over mT are used, due
to the small number of events in the final sample. The statistical
interpretation of the observed excess of events is presented in Sec-
tion 9.

Fig. 6. Distribution of the transverse mass, mT, in the 0-jet and 1-jet analyses with
both eµ and µe channels combined, for events satisfying all selection criteria. The
expected signal for mH = 125 GeV is shown stacked on top of the background
prediction. The W + jets background is estimated from data, and W W and top
background MC predictions are normalised to the data using control regions. The
hashed area indicates the total uncertainty on the background prediction.

7. Statistical procedure

The statistical procedure used to interpret the data is described
in Refs. [17,118–121]. The parameter of interest is the global sig-
nal strength factor µ, which acts as a scale factor on the total
number of events predicted by the Standard Model for the Higgs
boson signal. This factor is defined such that µ = 0 corresponds
to the background-only hypothesis and µ = 1 corresponds to the
SM Higgs boson signal in addition to the background. Hypothe-
sised values of µ are tested with a statistic λ(µ) based on the
profile likelihood ratio [122]. This test statistic extracts the infor-
mation on the signal strength from a full likelihood fit to the data.
The likelihood function includes all the parameters that describe
the systematic uncertainties and their correlations.

Exclusion limits are based on the C Ls prescription [123]; a
value of µ is regarded as excluded at 95% CL when C Ls is less than
5%. A SM Higgs boson with mass mH is considered excluded at 95%
confidence level (CL) when µ = 1 is excluded at that mass. The sig-
nificance of an excess in the data is first quantified with the local
p0, the probability that the background can produce a fluctuation
greater than or equal to the excess observed in data. The equiva-
lent formulation in terms of number of standard deviations, Zl , is
referred to as the local significance. The global probability for the
most significant excess to be observed anywhere in a given search
region is estimated with the method described in Ref. [124]. The
ratio of the global to the local probabilities, the trials factor used
to correct for the “look elsewhere” effect, increases with the range
of Higgs boson mass hypotheses considered, the mass resolutions
of the channels involved in the combination, and the significance
of the excess.

The statistical tests are performed in steps of values of the
hypothesised Higgs boson mass mH . The asymptotic approxima-
tion [122] upon which the results are based has been validated
with the method described in Ref. [17].

The combination of individual search sub-channels for a specific
Higgs boson decay, and the full combination of all search chan-
nels, are based on the global signal strength factor µ and on the
identification of the nuisance parameters that correspond to the
correlated sources of systematic uncertainty described in Section 8.

8. Correlated systematic uncertainties

The individual search channels that enter the combination are
summarised in Table 6.
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of jets in the final state, with the 2-jet channel also including
higher jet multiplicities.

Owing to spin correlations in the W W (∗) system arising from
the spin-0 nature of the SM Higgs boson and the V-A structure
of the W boson decay vertex, the charged leptons tend to emerge
from the primary vertex pointing in the same direction [107]. This
kinematic feature is exploited for all jet multiplicities by requiring
that |!φ##| < 1.8, and the dilepton invariant mass, m## , be less
than 50 GeV for the 0-jet and 1-jet channels. For the 2-jet channel,
the m## upper bound is increased to 80 GeV.

In the 0-jet channel, the magnitude p##
T of the transverse mo-

mentum of the dilepton system, p##
T = p#1

T + p#2
T , is required to be

greater than 30 GeV. This improves the rejection of the Drell–Yan
background.

In the 1-jet channel, backgrounds from top quark production
are suppressed by rejecting events containing a b-tagged jet, as
determined using a b-tagging algorithm that uses a neural net-
work and exploits the topology of weak decays of b- and c-hadrons
[108]. The total transverse momentum, ptot

T , defined as the magni-

tude of the vector sum ptot
T = p#1

T + p#2
T + p j

T + Emiss
T , is required

to be smaller than 30 GeV to suppress top background events that
have jets with pT below the threshold defined for jet counting.
In order to reject the background from Z → ττ , the ττ invariant
mass, mττ , is computed under the assumptions that the recon-
structed leptons are τ lepton decay products. In addition the neu-
trinos produced in these decays are assumed to be the only source
of Emiss

T and to be collinear with the leptons [109]. Events with
|mττ − mZ | < 25 GeV are rejected if the collinear approximation
yields a physical solution.

The 2-jet selection follows the 1-jet selection described above,
with the ptot

T definition modified to include all selected jets. Moti-
vated by the VBF topology, several additional criteria are applied to
the tag jets, defined as the two highest-pT jets in the event. These
are required to be separated in rapidity by a distance |!y jj| > 3.8
and to have an invariant mass, m jj , larger than 500 GeV. Events
with an additional jet with pT > 20 GeV between the tag jets
(y j1 < y < y j2) are rejected.

A transverse mass variable, mT [110], is used to test for the
presence of a signal for all jet multiplicities. This variable is defined
as:

mT =
√(

E##
T + Emiss

T

)2 −
∣∣p##

T + Emiss
T

∣∣2
,

where E##
T =

√
|p##

T |2 + m2
## . The statistical analysis of the data uses

a fit to the mT distribution in the signal region after the !φ## re-
quirement (see Section 6.4), which results in increased sensitivity
compared to the analysis described in Ref. [111].

For a SM Higgs boson with mH = 125 GeV, the cross sec-
tion times branching ratio to the eνµν final state is 88 fb for√

s = 7 TeV, increasing to 112 fb at
√

s = 8 TeV. The combined
acceptance times efficiency of the 8 TeV 0-jet and 1-jet selection
relative to the ggF production cross section times branching ra-
tio is about 7.4%. The acceptance times efficiency of the 8 TeV
2-jet selection relative to the VBF production cross section times
branching ratio is about 14%. Both of these figures are based on
the number of events selected before the final mT criterion is ap-
plied (as described in Section 6.4).

6.2. Background normalisation and control samples

The leading backgrounds from SM processes producing two iso-
lated high-pT leptons are W W and top (in this section, “top” back-
ground always includes both tt̄ and single top, unless otherwise
noted). These are estimated using partially data-driven techniques

based on normalising the MC predictions to the data in control re-
gions dominated by the relevant background source. The W + jets
background is estimated from data for all jet multiplicities. Only
the small backgrounds from Drell–Yan and diboson processes other
than W W , as well as the W W background for the 2-jet analysis,
are estimated using MC simulation.

The control and validation regions are defined by selections
similar to those used for the signal region but with some criteria
reversed or modified to obtain signal-depleted samples enriched
in a particular background. The term “validation region” distin-
guishes these regions from the control regions that are used to
directly normalise the backgrounds. Some control regions have sig-
nificant contributions from backgrounds other than the targeted
one, which introduces dependencies among the background esti-
mates. These correlations are fully incorporated in the fit to the
mT distribution. In the following sections, each background esti-
mate is described after any others on which it depends. Hence, the
largest background (W W ) is described last.

6.2.1. W + jets background estimation
The W + jets background contribution is estimated using a con-

trol sample of events where one of the two leptons satisfies the
identification and isolation criteria described in Section 6.1, and
the other lepton fails these criteria but satisfies a loosened selec-
tion (denoted “anti-identified”). Otherwise, events in this sample
are required to pass all the signal selections. The dominant contri-
bution to this sample comes from W + jets events in which a jet
produces an object that is reconstructed as a lepton. This object
may be either a true electron or muon from the decay of a heavy
quark, or else a product of the fragmentation identified as a lepton
candidate.

The contamination in the signal region is obtained by scaling
the number of events in the data control sample by a transfer fac-
tor. The transfer factor is defined here as the ratio of the number
of identified lepton candidates passing all selections to the num-
ber of anti-identified leptons. It is calculated as a function of the
anti-identified lepton pT using a data sample dominated by QCD
jet production (dijet sample) after subtracting the residual contri-
butions from leptons produced by leptonic W and Z decays, as
estimated from data. The small remaining lepton contamination,
which includes W γ (∗)/W Z (∗) events, is subtracted using MC sim-
ulation.

The processes producing the majority of same-charge dilepton
events, W + jets, W γ (∗)/W Z (∗) and Z (∗) Z (∗) , are all backgrounds
in the opposite-charge signal region. W + jets and W γ (∗) back-
grounds are particularly important in a search optimised for a
low Higgs boson mass hypothesis. Therefore, the normalisation and
kinematic features of same-charge dilepton events are used to val-
idate the predictions of these backgrounds. The predicted number
of same-charge events after the Emiss

T,rel and zero-jet requirements is
216 ± 7 (stat) ± 42 (syst), while 182 events are observed in the
data. Satisfactory agreement between data and simulation is ob-
served in various kinematic distributions, including those of !φ##

(see Fig. 5(a)) and the transverse mass.

6.2.2. Top control sample
In the 0-jet channel, the top quark background prediction is

first normalised using events satisfying the pre-selection criteria
described in Section 6.1. This sample is selected without jet multi-
plicity or b-tagging requirements, and the majority of events con-
tain top quarks. Non-top contributions are subtracted using pre-
dictions from simulation, except for W + jets, which is estimated
using data. After this normalisation is performed, the fraction of
events with zero jets that pass all selections is evaluated. This
fraction is small (about 3%), since the top quark decay t → W b



Statistische Kombination aller Kanäle
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Kombination
Der 𝑝-Wert gibt die 
Wahrscheinlichkeit dafür an, 
ein so großes Signal wie das 
beobachtete als Fluktuation 
des Untergrunds zu erhalten.

Die Signifikanz des 
beobachteten Signals beträgt 
6.0 Standardabweichungen.
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§ Die Entdeckung des Higgs-Bosons am CERN im Jahr 
2012 markierte das Ende einer 50-jährigen Suche.

§ Das Standardmodell ist damit komplett.

§ Es ist die fundamentale Theorie der kleinsten 
Bausteine der Materie und ihrer Wechselwirkungen 
untereinander.

§ Ohne das Higgs-Boson wäre die Theorie 
unvollständig und nicht konsistent.

§ Mit der Entdeckung des Higgs-Bosons wurde die Tür 
zu genaueren Untersuchungen des Standardmodells 
aufgestoßen.

§ Mit dem Higgs-Boson lässt sich auch sehr gut nach 
Erweiterungen des Standardmodells suchen.
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