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Auflösung Aufgabe 29

Welche Aussagen zur Physik an B-Fabriken sind korrekt? 
A. Werden B+-B–-Paare erzeugt, so bilden diese bis zum Zerfall eines der B-

Mesonen ein verschränktes Quantensystem. 
B. Werden B0-B0-Paare erzeugt, so bilden diese bis zum Zerfall eines der B-

Mesonen ein verschränktes Quantensystem. 
C. In asymmetrischen e+e–-Collidern lassen sich Zerfallslängen besser 

bestimmen als in symmetrischen. 
D. CP-Verletzung in der Interferenz lässt sich beobachten, wenn B0 und B0 in 

unterschiedliche CP-Eigenzustände zerfallen. 
E. Die ϒ(4S)-Resonanz liegt unterhalb der BB-Produktionsschwelle.
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Kurze Wiederholung
Präzisionsmessungen bei LEP: 

e+e– → Z → ff (Z-Resonanz): Messung von Z-Boson-Masse und Breite, 
Zahl der leichten Neutrinoflavors u.v.m. 
e+e– → 𝛾*/Z → W+W–: Messung der W-Boson-Masse 
Messungen der Standardmodellparameter → elektroschwacher Fit 

Experimente an B-Fabriken: e+e– → ϒ(4S) → BB 
Asymmetrische e+e–-Collider → Boost des BB-Systems  
→ bessere Rekonstruktion von Zerfallslängen(differenzen) 
Neutrale B-Mesonen: Mischung der starken Eigenzustände durch 
schwache Wechselwirkung → B0-B0-Oszillationen 
B0 → J/𝜓 K0S: CP-Verletzung in Interferenz aus Mischung und Zerfall

 

http://ckmfitter.in2p3.fr/www/results/plots_eps15/ckm_res_eps15.html
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Physik am Hadron-Collider

Kapitel 8.2
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Hadron-Hadron-Kollisionen
Hadron-Collider = QCD-Maschine → „Breitbandstrahl” von Partonen 

Schwierigkeiten mit QCD-Rechnungen: 
Confinement: Partonen immer in farbneutrale Hadronen eingebunden 
Asymptotische Freiheit: quasi-freie Partonen bei hohen Energien 

Herausforderung: zuverlässige Berechnung messbarer Größen
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QCD-Faktorisierung
Wirkungsquerschnitt =  PDFs ⊗ harter Prozess ⊗ Hadronisierung

Jet

Jet

. . .

. . .

�̂

p2

p1

fj (xj ,µ2)

fk (xk ,µ2)

Prozesse bei 
unterschiedlichen 
Energieskalen 
faktorisieren  

Bindung in Hadronen:  
einige 100 MeV 
Streuprozess:  
10 GeV bis TeV
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Hadron-Collider: Kinematik
Impulsbruchteile x1 und x2 der Partonen in Hadronen unbekannt: 

z-Boost des Schwerpunktsystems unbekannt → transversale Größen 
Transversalimpuls (engl.: transverse momentum): 
 
 

Impulserhaltung in transversaler xy-Ebene: 
Strahlteilchen vor Kollision: pT ≈ 0 → Teilchen i im Endzustand: 
Falls Teilchen nicht beobachtet (z. B. Neutrinos): fehlender 
Transversalimpuls (oft auch: missing transverse energy, MET) 
 

X
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~pT,i ⇡ 0
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Hadron-Collider: Kinematik
Rapidität y: Maß für relativistische Geschwindigkeit (→ Übung) 

Definition in Teilchenphysik: Geschwindigkeit parallel zur Strahlachse 
 
 

Man kann zeigen: Rapiditätsverteilungen dN/dy (Zahl der produzierten 
Teilchen pro y-Intervall) invariant unter Lorentz-Boosts entlang der z-Achse 

Pseudorapidität 𝜼: Näherung der Rapidität für pc ≫ mc2 (→ E ≈ pc) 
 
 

Nur von Polarwinkel 𝜽 abhängig (nicht von Massen), nicht lorentzinvariant
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� =
Nobs � Nbkg
R
L dt · "

<latexit sha1_base64="TP+h6s7CV8hrRx2xz8VPW53xQe8="></latexit>

Messung des Wirkungsquerschnitts
Motivation: Test der QCD bei höchsten Energien 

Erinnerung: Zusammenhang von Wirkungsquerschnitt mit Zahl der 
Ereignisse und integrierter Luminosität 
 
 

Bestandteile der Messung eines Wirkungsquerschnitts: 
Zahl der beobachteten Ereignisse Nobs: aus Daten 
Erwarteter Untergrund Nbkg: aus Simulation und Daten 
Integrierte Luminosität ∫ Ldt (= Größe des Datensatzes): aus Daten 
Nachweiseffizienz 𝜀: aus Simulation und Daten
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σΔ in exp. HσΔTh. 
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CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 137 fb≤13 TeV CMS measurement (L 

Theory prediction

„Stairway-to-Heaven-
Plot”: Gemessene 

Wirkungsquerschnitte für 
viele Prozesse im 

Standardmodell stimmen 
mit Theorie überein

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
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Top-Quark-Antiquark-Produktion
Forschungsgeschichte: 

GIM-Mechanismus (1970) und  
CKM-Matrix (1973): 3. Quarkfamilie 
Entdeckung des ϒ (1977): Bottom-
Quark als Isospin-Partner 
Direkte Suchen nach Top-Quarks  
(1980er Jahre) → erfolglos 
Indirekte Hinweise: elektroschwacher 
Fit an Präzisionsdaten (1990er Jahre) 
Entdeckung am Tevatron (1995) 

Überraschung: Top-Quark ca. 40-mal 
massiver als Bottom-Quark

Elektron

Fehlender Transversalimpuls

Jet

Jet

JetJet

CDF-Experiment, 24.09.1992

Früher Top-Quark-Kandidat
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Top-Quark-Antiquark-Produktion
tt-Paarproduktion: QCD-Prozess → Truth-Erhaltung  

Top-Quark-Zerfall: elektroschwacher Prozess 
Masse mt > mW + mb und CKM-Matrixelement |Vtb| ≈ 1:  
Zerfall in reelles W-Boson und b-Quark erlaubt 
→  B(t → Wb) ≈ 100% 
 

Sehr kurze Lebensdauer (𝜏 ≈ 5·10–25 s)  
→ keine gebundenen Zustände 

Auch möglich: elektroschwache Produktion 
einzelner Top-Quarks

Gluon-Gluon-Fusion 
(LHC: 80-90%) 

Quark-Antiquark-
Annihilation  

(LHC: 20-10%)
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Nachweis von Top-Quarks

tt-Paar: mehrere Zerfallskanäle, abhängig 
von Zerfällen der W-Bosonen  
(2/3 in Hadronen, 1/3 in geladenes Lepton 
+ Neutrino)  

Beispiel: Lepton+Jets-Kanal 
Eines der W-Bosonen: W → e𝜈 / µ𝜈  
Eines der W-Bosonen: W → qq’ 

Rekonstruktion: gesamter Detektor 
benötigt

Top-Quark-Rekonstruktion

Geladenes Lepton (e oder µ)

Neutrino: fehlender Transversalimpuls

4 Jets aus Quarks

2 der Jets aus B-Zerfällen: b-Tag

t

t

p

p

b

b

q’

q
W–

νμ

μ+
W+
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Rekonstruktion
Leptonen aus W- (und Z-)  
Zerfällen: isoliert und mit  
hohem Transversalimpuls 

Jets = Bündel von Hadronen: 
Sequenzielle Rekombinationsalgorithmen  
(LHC: Anti-kt-Algorithmus) 
Spezialfall B-Jets = Jets aus B-Hadronen:  
lange Lebensdauer (1,5 ps) wegen  
CKM-Unterdrückung (|Vcb| ≈ 0,04) 
→ versetzte Sekundärvertizes 
→ B-Tagging-Algorithmen

d0: Stoßparameter

Lxy: 2D-Abstand 
zum Primärvertex

www-d0.fnal.gov 

Spur
Isolationskegel 

Isoliertes  
Lepton

https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/063
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Top-Paarproduktion: aktueller Stand
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W-Boson-Masse am Hadron-Collider
Produktion/Zerfall von W-Bosonen am Hadron-Collider: 

Produktion von W-Bosonen: Drell-Yan-Prozess  
(vgl. W-/Z-Entdeckung) 
Für Präzisionsmessungen: leptonischer Zerfall W → ℓ𝜈: isoliertes Lepton 
und fehlender Transversalimpuls durch Neutrino → gut rekonstruierbar 

Messung der W-Boson-Masse am Hadron-Collider: 
Annahme: fehlender Transversalimpuls in Ereignissen mit W-Bosonen nur 
durch transversale Komponente des Neutrinoimpulses pT𝜈 
pz𝜈 unbekannt: keine vollständige Rekonstruktion der invarianten  
W-Boson-Masse aus Zerfallsprodukten möglich 
Alternative: transversale Größen mit guter Korrelation zur W-Boson-Masse 

q’

q
W+

𝜈

ℓ+
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W-Boson-Masse am Hadron-Collider
Betrachte differenziellen Wirkungsquerschnitt als Funktion von 

Transversalimpulse des Leptons pTℓ  und des Neutrinos pT𝜈 
Transversale Masse des W-Bosons: 
 

Skizze der Analyse: 
Signatur: Flanke im Wirkungsquerschnitt  
→ Jacobi-Kante 
Likelihood-Anpassung von Schablonen 
(engl.: template fit) für unterschiedliche mW 
Einzelmessungen an Tevatron und LHC: 
genauer als LEP-Kombination (ca. 19 MeV)

m2
T ⌘ (E`

T + E⌫
T )2 � (~p`

T + ~p⌫
T )2 ⇡ 2 |~p`

T | |~p⌫
T | (1 � cos��`⌫))

<latexit sha1_base64="R0uOtMChvYzlTaoXiG+XdNbq3s8="></latexit>

normalizations in the MW template fits. The uncertainties
on the background estimates result in uncertainties of 4, 3,
and 4 MeV on MW from the mT , pe

T , and pν
T fits,

respectively (Table VIII).

XI. W-BOSON-MASS FITS

The W-boston mass is extracted by performing fits to a
sum of background and simulated signal templates of the
mT , pl

T , and pν
T distributions. The fits minimize − lnL,

where the likelihood L is given by

L ¼
YN

i¼1

e−mimni
i

ni!
; (36)

where the product is over N bins in the fit region with ni
entries (from data) and mi expected entries (from the
template) in the ith bin. The template is normalized to
the data in the fit region. The likelihood is a function of
MW , where MW is defined by the relativistic Breit-Wigner
mass distribution,

dσ
dm

∝
m2

ðm2 −M2
WÞ2 þm4Γ2

W=M
2
W
; (37)

wherem is the invariant mass of the propagator. We assume
the standard model W boson width ΓW ¼ 2094% 2 MeV.
The uncertainty on MW resulting from δΓW ¼ 2 MeV is
negligible.

A. Fit results

The mT fit is performed in the range 65<mT <90GeV.
Figure 36 shows the results of the mT fit for the W → μν
and W → eν channels while a summary of the 68%
confidence uncertainty associated with the fit is shown
in Table IX. The pl

T and pν
T fits are performed in the ranges

32 < pl
T < 48 and 32 < pν

T < 48 GeV, respectively, and
are shown in Figs. 37 and 38, respectively. The uncertain-
ties for the pl

T and pν
T fits are shown in Tables X and XI,

respectively. The differences between data and simulation
for the three fits, divided by the statistical uncertainties on
the predictions, are shown in Figs. 39–41 and the fit results
are summarized in Table XII.

We utilize the best linear unbiased estimator (BLUE)
[61] algorithm to combine individual fits. Each source of
systematic uncertainty is assumed to be independent from
all other sources of uncertainty within a given fit. We

TABLE VIII. Background fractions from various sources in the
W → eν data set, and the corresponding uncertainties on the mT ,
pμ
T , and pν

T fits for MW.

Fraction of δMW (MeV)
Source W → eν data (%) mT fit pe

T fit pν
T fit

Z=γ& → ee 0.139% 0.014 1.0 2.0 0.5
W → τν 0.93% 0.01 0.6 0.6 0.6
Hadronic jets 0.39% 0.14 3.9 1.9 4.3
Total 1.46% 0.14 4.0 2.8 4.4
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FIG. 36. Distributions ofmT forW boson decays to μν (top) and
eν (bottom) final states in simulated (histogram) and experimental
(points) data. The simulation corresponds to the maximum-
likelihood value of MW and includes backgrounds (shaded).
The likelihood is computed using events between the two arrows.

TABLE IX. Uncertainties on MW (in MeV) as resulting from
transverse-mass fits in the W → μν and W → eν samples. The
last column reports the portion of the uncertainty that is common
in the μν and eν results.

mT fit uncertainties
Source W → μν W → eν Common

Lepton energy scale 7 10 5
Lepton energy resolution 1 4 0
Lepton efficiency 0 0 0
Lepton tower removal 2 3 2
Recoil scale 5 5 5
Recoil resolution 7 7 7
Backgrounds 3 4 0
PDFs 10 10 10
W boson pT 3 3 3
Photon radiation 4 4 4
Statistical 16 19 0
Total 23 26 15

PRECISE MEASUREMENT OF THE W-BOSON MASS … PHYSICAL REVIEW D 89, 072003 (2014)

072003-33

P
hys. R

ev. D
89 (2014) 072003

Jacobi-
Kante  
bei mW

Winkel zwischen ℓ und 𝜈
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Kurze Zusammenfassung
Grundlagen der Physik am Hadron-Collider: 

Kinematik: transversale Größen (z. B. Transversalimpuls, fehlender 
Transversalimpuls, transversale Masse), (Pseudo-)Rapidität 
Berechnung von Wirkungsquerschnitten: QCD-Faktorisierung  
(PDFs ⊗ harter Streuprozess ⊗ Hadronisierung) 

Messung von Wirkungsquerschnitten:  

Beispiel 1: Produktion von Top-Quarks 
Rekonstruktion von isolierten Leptonen und Jets 
Identifikation von Jets, besonders Jets aus B-Hadronen („B-Tagging”) 

Beispiel 2: Präzisionsmessung der Masse des W-Bosons

� =
Nobs � Nbkg
R
L dt · "
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Kurze Wiederholung
Grundlagen der Physik am Hadron-Collider: 

Kinematik: transversale Größen (z. B. Transversalimpuls, fehlender 
Transversalimpuls, transversale Masse), (Pseudo-)Rapidität 
Berechnung von Wirkungsquerschnitten: QCD-Faktorisierung  
(PDFs ⊗ harter Streuprozess ⊗ Hadronisierung) 

Messung von Wirkungsquerschnitten:  

Beispiel 1: Produktion von Top-Quarks 
Rekonstruktion von isolierten Leptonen und Jets 
Identifikation von Jets, besonders Jets aus B-Hadronen („B-Tagging”) 

Beispiel 2: Präzisionsmessung der Masse des W-Bosons

� =
Nobs � Nbkg
R
L dt · "

<latexit sha1_base64="TP+h6s7CV8hrRx2xz8VPW53xQe8="></latexit>
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Physik am Hadron-Collider

Kapitel 8.2
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Überblick: Higgs-Boson-Physik

Forschungsgeschichte (Teil 1): 
Vor Entdeckung: Masse des Higgs-
Bosons einziger unbekannter 
Parameter des Standardmodells 
Theoretische Erwartungen:  
100 GeV/c2 ≲ mH ≲ 850 GeV/c2 
Direkte Suche bei LEP (bis 2000):  
mH > 115 GeV/c2 (95% C.L.) 
Anpassung an Präzisionsdaten  
(bis 2011): mH < 161 GeV/c2 (95% C.L.)
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Figure 2: The scale Λ at which the two-loop RGEs drive the quartic SM Higgs coupling
non-perturbative, and the scale Λ at which the RGEs create an instability in the electroweak
vacuum (λ < 0). The width of the bands indicates the errors induced by the uncertainties
in mt and αS (added quadratically). The perturbativity upper bound (sometimes referred to
as ‘triviality’ bound) is given for λ = π (lower bold line [blue]) and λ = 2π (upper bold line
[blue]). Their difference indicates the size of the theoretical uncertainty in this bound. The
absolute vacuum stability bound is displayed by the light shaded [green] band, while the less
restrictive finite-temperature and zero-temperature metastability bounds are medium [blue]
and dark shaded [red], respectively. The theoretical uncertainties in these bounds have been
ignored in the plot, but are shown in Fig. 3 (right panel). The grey hatched areas indicate
the LEP [ 1] and Tevatron [ 2] exclusion domains.

mation were not included. On the other hand, the Tevatron data, although able to narrow

down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease

the relative likelihood of the ‘survival’ scenario, but not sufficiently to exclude it with any

significance. On the other hand, discovery of a Higgs boson weighing 120 GeV or less would
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Überblick: Higgs-Boson-Physik
Forschungsgeschichte (Teil 2): 

Direkte Suche am Tevatron (bis 2011):  
Anzeichen für Higgs-Boson mit mH  
zwischen 115 GeV/c2 und 145 GeV/c2 
Higgs-Entdeckung am LHC (2012):  
signifikantes Signal (fünf Standardabweichungen)  
nur in Kombination mehrerer Zerfallskanäle  
(H → 𝛾𝛾, H → ZZ, H → WW) 
Ab 2012: ist das gefundene Teilchen das Higgs-Boson 
des Standardmodells? → Messungen von Masse, 
Quantenzahlen, Kopplungen an Fermionen und 
Bosonen

independent uncertainties in each bin of each template
from limited Monte Carlo (or data) statistics. The uncer-
tainties that are considered correlated between CDF and
D0 are those on the differential and inclusive theoretical
production cross-section predictions for the Higgs boson
signals (itemized by PDFþ !s and scales), the Higgs
boson decay branching fractions, the t!t, single top, and
diboson background processes, and the correlated part of
the luminosity estimate. All other uncertainties are asso-
ciated with parameters whose central values are estimated
using techniques specific to the experiments and the analy-
sis channels. We consider these uncorrelated so as not to
extrapolate fit information improperly from one channel or
experiment to another where the central value or the
uncertainty scale may be different.

VIII. RESULTS—STANDARD MODEL
INTERPRETATION

A. Diboson production

To validate our background modeling and methodology,
independent measurements of SM diboson production in the
same final states used for the SM Higgs searches are carried
out. The high-mass analyses measure p !p ! VV 0 cross
sections, while the low-mass analyses target VZð! b !bÞ
production. The data sample, reconstruction, process mod-
eling, uncertainties, and subchannel divisions are identical
to those of the SM Higgs boson searches. However, dis-
criminant functions are trained to distinguish the contribu-
tions of SM diboson production from those of other
backgrounds, and potential contributions from Higgs boson
production are not considered. By way of illustration, below,
we focus on VZ production.

The NLO SM cross section for VZ production times the
branching fraction of Z ! b !b is 0:68$ 0:05 pb [33,72].
This is about 6 times larger than the 0:12$ 0:01 pb [20,25]
cross section times branching fraction of Hð! b !bÞV for a
125 GeV=c2 SM Higgs boson, but the associated back-
ground is larger, due to the distribution of the dijet invari-
ant mass in the V þ jets events. WW production is
considered as background. The measured cross section,
using the MVA discriminants, for VZ is 3:0$ 0:6ðstatÞ $
0:7ðsystÞ pb whereas the SM prediction is 4:4$ 0:3 pb
[33]. The combined background-subtracted dijet-mass dis-
tribution for the VZ analysis is shown in Fig. 2 for illus-
tration. The VZ signal and the background contributions
are fit to the data, and the fitted background is then sub-
tracted. Also shown is the contribution expected from a SM
Higgs boson with mH ¼ 125 GeV=c2. The VV0 boson
cross sections measured by the high-mass analyses are
likewise in good agreement with SM predictions [15,73].

B. Higgs boson combination using all decay modes

For the search for the Higgs boson, the results produced
by the multivariate analyses can be visualized by combining
the histograms of the final discriminants, adding the

contents of bins with similar signal-to-background ratio
(s=b) as shown in Fig. 1. Figure 3 shows the signal expec-
tation and the data with the background subtracted, as a
function of the s=b of the collected bins, for the combined
search for a Higgs boson with mass mH ¼ 125 GeV=c2.
The background model is fit to the data, allowing the
nuisance parameters to vary within their constraints. The
uncertainties on the background predictions in each bin are
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FIG. 3 (color online). Background-subtracted distribution of
the discriminant histograms, summed for bins with similar
signal-to-background ratio (s=b) over all contributing Higgs
boson search channels from CDF and D0, for mH ¼
125 GeV=c2. The background is fit to the data, and the uncer-
tainty on the background, shown with the unfilled histogram, is
after the fit. The signal model, scaled to the SM expectation, is
shown with a filled histogram. The error bars shown on the data
points correspond in each bin to the square root of the sum of the
expected signal and background yields.
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leading lepton pair are removed, is presented in Fig. 1.
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Figure 1: Invariant mass distribution of the sub-leading lepton pair
(m34) for a sample defined by the presence of a Z boson candidate and
an additional same-flavour electron or muon pair, for the combination
of
√
s = 7 TeV and

√
s = 8 TeV data in the entire phase-space of the

analysis after the kinematic selections described in the text. Isolation
and transverse impact parameter significance requirements are applied
to the leading lepton pair only. The MC is normalised to the data-
driven background estimations. The relatively small contribution of a
SM Higgs with mH = 125 GeV in this sample is also shown.

4.3. Systematic uncertainties
The uncertainties on the integrated luminosities are

determined to be 1.8% for the 7 TeV data and 3.6%
for the 8 TeV data using the techniques described in
Ref. [92].
The uncertainties on the lepton reconstruction and

identification efficiencies and on the momentum scale
and resolution are determined using samples of W,
Z and J/ψ decays [84, 85]. The relative uncertainty
on the signal acceptance due to the uncertainty on
the muon reconstruction and identification efficiency is
±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-
nel for m4" = 600 GeV and increases to ±0.9%
(±0.8%/±0.5%) for m4" = 115 GeV. Similarly, the
relative uncertainty on the signal acceptance due to the
uncertainty on the electron reconstruction and identifi-
cation efficiency is ±2.6% (±1.7%/±1.8%) for the 4e
(2e2µ/2µ2e) channel for m4" = 600 GeV and reaches
±8.0% (±2.3%/±7.6%) for m4" = 115 GeV. The un-
certainty on the electron energy scale results in an un-
certainty 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 sig-

nal are described in detail in Section 8. For the SM
ZZ(∗) background, which is estimated from MC simula-
tion, 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 initi-
ated by quarks (gluons) [53]. In addition, the depen-
dence of these uncertainties on the four-lepton invariant
mass spectrum has been taken into account as discussed
in Ref. [53]. Though a small excess of events is ob-
served for m4l > 160 GeV, the measured ZZ(∗) → 4"
cross section [93] is consistent with the SM theoreti-
cal prediction. The impact of not using the theoretical
constraints on the ZZ(∗) 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 in-
terference between a Higgs signal and the non-resonant
gg → ZZ(∗) background is small and becomes negligi-
ble for mH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4" , for
the selected candidates, 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.

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 ob-
served and expected events in a window of ±5 GeV
around mH = 125 GeV are presented for the combined
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Higgs-Boson-Produktion
Gluon-Gluon-Fusion
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Higgs-Boson-Zerfall
Massive Teilchen: direkte Kopplung 
ans Higgs-Boson 
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WW/ZZ-Paare (2 mW/Z)  
→ ein W- bzw. Z-Boson virtuell  [GeV]HM
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Higgs-Boson-Zerfall
Masselose Teilchen: keine direkte 
Kopplung ans Higgs 

Kopplung: Schleife mit virtuellen 
Fermionen (Top-Quark bevorzugt) 
oder W-Bosonen 
Gluonen: nur Fermion-Schleife 
 
 

Photonen: Fermion- und W-Boson-
Schleife → Interferenz
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Masse des Higgs-Bosons
Genaue Bestimmung von mH am LHC: 

Vollständige Rekonstruktion des Endzustands, geringer/gut verstandener 
Untergrund → Herausforderung: gute Kalibration von Impuls/Energie 
Besonders geeignet: H → 𝜸𝜸, H → ZZ(*) → 4𝓵 (Entdeckungskanäle)

P
R

L 114 (2015) 191803

for the prefit case and

δmHpostfit ¼ "0.22 GeV

¼ "0.19 ðstatÞ " 0.10 ðsystÞ GeV ð7Þ

for the postfit case, which are both very similar to the
observed uncertainties reported in Eq. (3).
Constraining all signal yields to their SM predictions

results in an mH value that is about 70 MeV larger than the
nominal result with a comparable uncertainty. The increase
in the central value reflects the combined effect of the
higher-than-expected H → ZZ → 4l measured signal
strength and the increase of theH → ZZ branching fraction
with mH. Thus, the fit assuming SM couplings forces the
mass to a higher value in order to accommodate the value
μ ¼ 1 expected in the SM.
Since the discovery, both experiments have improved

their understanding of the electron, photon, and muon
measurements [16,30–34], leading to a significant reduc-
tion of the systematic uncertainties in the mass measure-
ment. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the
individual measurements and their combination. The com-
bined analysis incorporates approximately 300 nuisance
parameters. Among these, approximately 100 are fitted
parameters describing the shapes and normalizations of the
background models in the H → γγ channel, including a
number of discrete parameters that allow the functional
form in each of the CMS H → γγ analysis categories to
be changed [35]. Of the remaining almost 200 nuisance
parameters, most correspond to experimental or theoretical
systematic uncertainties.
Based on the results from the individual experiments, the

dominant systematic uncertainties for the combined mH
result are expected to be those associated with the energy or

momentum scale and its resolution: for the photons in the
H → γγ channel and for the electrons and muons in the
H → ZZ → 4l channel [14–16]. These uncertainties are
assumed to be uncorrelated between the two experiments
since they are related to the specific characteristics of the
detectors as well as to the calibration procedures, which
are fully independent except for negligible effects due to
the use of the common Z boson mass [36] to specify
the absolute energy and momentum scales. Other exper-
imental systematic uncertainties [14–16] are similarly
assumed to be uncorrelated between the two experiments.
Uncertainties in the theoretical predictions and in the
measured integrated luminosities are treated as fully and
partially correlated, respectively.
To evaluate the relative importance of the different

sources of systematic uncertainty, the nuisance parameters
are grouped according to their correspondence to three
broad classes of systematic uncertainty: (1) uncertainties in
the energy or momentum scale and resolution for photons,
electrons, and muons (“scale”), (2) theoretical uncertain-
ties, e.g., uncertainties in the Higgs boson cross section and
branching fractions, and in the normalization of SM
background processes (“theory”), (3) other experimental
uncertainties (“other”).
First, the total uncertainty is obtained from the full profile-

likelihood scan, as explained above. Next, parameters
associated with the scale terms are fixed and a new scan
is performed. Then, in addition to the scale terms, the
parameters associated with the theory terms are fixed and
a scan performed. Finally, in addition, the other parameters
are fixed and a scan performed. Thus the fits are performed
iteratively, with the different classes of nuisance parameters
cumulatively held fixed to their best-fit values. The uncer-
tainties associated with the different classes of nuisance
parameters are defined by the difference in quadrature

 (GeV)Hm
123 124 125 126 127 128 129

Total Stat SystCMS and ATLAS
 Run 1LHC       Total            Syst      Stat    

l+4γγCMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15

γγCMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07

l4→ZZ→HCMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59

l4→ZZ→HATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51

γγ→HCMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70

γγ→HATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02

FIG. 2 (color online). Summary of Higgs boson mass measurements from the individual analyses of ATLAS and CMS and from the
combined analysis presented here. The systematic (narrower, magenta-shaded bands), statistical (wider, yellow-shaded bands), and total
(black error bars) uncertainties are indicated. The (red) vertical line and corresponding (gray) shaded column indicate the central value
and the total uncertainty of the combined measurement, respectively.

PRL 114, 191803 (2015) P HY S I CA L R EV I EW LE T T ER S week ending
15 MAY 2015
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Update CMS 2020: 
(PLB 805 (2020) 135425): 
mH = 125,38(14) GeV
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Massen von W, Top und Higgs
Erinnerung: Zusammenhang der Massen von W, Top und Higgs675 Page 6 of 19 Eur. Phys. J. C (2018) 78 :675
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Fig. 5 Contours at 68 and 95% CL obtained from scans of MW versus
mt for the fit including (blue) and excluding the MH measurement
(grey), as compared to the direct measurements (green vertical and
horizontal 1σ bands, and two-dimensional 1σ and 2σ ellipses). The
direct measurements of MW and mt are excluded from the fits

An important consistency test of the SM is the simulta-
neous indirect determination of mt and MW . A scan of the
confidence level (CL) profile of MW versus mt is shown in
Fig. 5 for the scenarios where the direct MH measurement is
included in the fit (blue) or not (grey). Both contours agree
with the direct measurements (green bands and ellipse for
two degrees of freedom).

Figure 6 displays "χ2 fit profiles for the indirect determi-
nation of some of the electroweak observables.4 The results
are shown for fits including (blue) and excluding (grey) the
direct MH measurement highlighting the strong impact of the
MH measurement on the fit constraints. The direct measure-
ment of each observable with its 1σ uncertainty are indicated
by the data points at "χ2 = 1. The detailed predictions of
the fit are given in Table 1.

The fit indirectly determines the W mass to be

MW = 80.3535 ± 0.0027mt ± 0.0030δtheomt

± 0.0026MZ ± 0.0026αS

± 0.0024"αhad ± 0.0001MH ± 0.0040δtheoMW GeV,

= 80.354 ± 0.007tot GeV, (2)

where the the different uncertainty contributions originate
from the uncertainties on the input values of the fit.5 The
effective leptonic weak mixing angle is determined as

4 The indirect determination profiles are obtained by excluding the
input measurement of the respective observable from the fit (see fig-
ure legends).
5 In our previous work [23] the uncertainty contributions from
"α

(5)
had(M

2
Z ) and αS(M2

Z ) have been underestimated due to numerical
instabilities, introduced by an insufficent number of sampling points.
The correct values are 0.0026, which reduces to 0.0024 for "α

(5)
had(M

2
Z )

with the current input, and 0.0027, which becomes 0.0026 for αS(M2
Z ).

sin2θ'
eff = 0.231532 ± 0.000011mt ± 0.000016δtheomt

± 0.000012MZ ± 0.000021αS

± 0.000035"αhad ± 0.000001MH

± 0.000040δtheo sin2θ'
eff
,

= 0.23153 ± 0.00006tot. (3)

When evaluating sin2θ'
eff through the parametric formula

from Ref. [71], an upward shift of 2 · 10−5 with respect to
the fit result is observed, mostly due to the inclusion of MW
in the fit. Using the parametric formula the total uncertainty
is larger by 0.6 · 10−5, as the global fit exploits the addi-
tional constraint from MW . The fit also constrains the nui-
sance parameter associated with the theoretical uncertainty
in the calculation of sin2θ'

eff , resulting in a reduced theoreti-
cal uncertainty of 4.0 ·10−5 compared to the 4.7 ·10−5 input
uncertainty.

While the indirect determinations are about a factor of
two more precise than the corresponding measurements, new
measurements of MW and sin2θ'

eff at the LHC are expected
to improve the experimental precision in the coming years.
It is thus desirable to also improve the indirect determina-
tions. The largest individual uncertainties are of theoreti-
cal nature due to missing higher order calculations and the
interpretation of the kinematic mt measurements. The sec-
ond largest source of uncertainty in the prediction of sin2θ'

eff

stems from "α
(5)
had(M

2
Z ), for which improvements would also

lead to more precise predictions of MW and MH . Once these
uncertainties have been reduced, a more precise measure-
ment of mt and external input on αS(M2

Z ) will help to raise
the precision further.

The mass of the top quark is indirectly determined to be

mt = 176.4 ± 2.1 GeV, (4)

with a theoretical uncertainty of 0.6 GeV induced by the the-
oretical uncertainty on the prediction of MW . The largest
potential to improve the precision of the indirect determina-
tion of mt is through a more precise measurement of MW .
Perfect knowledge of MW would result in an uncertainty on
mt of 0.9 GeV.

The strong coupling strength at the Z -boson mass scale is
determined to be

αS(M2
Z ) = 0.1194 ± 0.0029, (5)

which corresponds to a determination at full next-to-next-to
leading order (NNLO) for electroweak and strong contribu-
tions, and partial strong next-to-NNLO (NNNLO) correc-
tions. The theory uncertainty of this result is 0.0009, which
is shared in equal parts between missing higher orders in the
calculations of the radiator functions and the partial widths
of the Z boson. The most important constraints on αS(M2

Z )

come from the measurements of R0
' , (Z and σ 0

had, also shown
in Fig. 6. The values of αS(M2

Z ) obtained from the individual

123

EPJC 78 (2018) 675 
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Kopplungen des Higgs-Bosons
Frage: Koppelt Higgs-Boson an die 
Masse von Elementarteilchen  
(SM: Fermionen ~mf, Bosonen ~mV2)? 

Analyse aller Produktions- und 
Zerfallskanäle (und deren Korrelationen): 

Entdeckungskanäle H → ZZ → 4ℓ,  
H → γγ: sauber, hohe Massenauflösung 
H → W+W– → 𝓵𝝂 𝓵𝝂: großer Wirkungs-
querschnitt, schlechte Massenauflösung 
(zwei Neutrinos) 
Fermionische Zerfälle H → bb, H → 𝜏+𝜏–: 
hoher Untergrund, mäßige 
Massenauflösung
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Yukawa-Kopplung
Fermionen: Yukawa-Kopplung ans 
Higgs-Boson 

Indirekte Hinweise: Higgs-Produktion in 
Gluon-Gluon-Fusion und Zerfall in 
Photonen (modellabhängig: ggf. 
unbekannte weitere Teilchen in Schleife) 
Erster direkter Nachweis: Evidenz für 
Zerfall H → 𝝉𝝉 (Nature Phys. 10 (2014) 557) 

Modellunabhängige Messung der 
Kopplungsstärke: assoziierte ttH-
Produktion (und tHq/tHW)  
→ erstmals 2018 beobachtet (CMS, ATLAS) 0 5 10
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http://www.nature.com/nphys/journal/v10/n8/full/nphys3005.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.231801
https://www.sciencedirect.com/science/article/pii/S0370269318305732?via%3Dihub
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Quantenzahlen des Higgs-Bosons
Analysestrategie: Quantenzahlen des Higgs-Bosons 

Geeignete Zerfallskanäle: bosonische Zerfälle 
Aufwändige Analyse der Kopplungsstruktur, hier nur einfache Argumente 
Hypothesentest: alternative Hypothese gegen Standardmodell (JP = 0+) 

Einfaches Beispiel: Test auf Spin 0 in H → WW → ℓ𝜈 ℓ𝜈 
Spin 0: Zerfall in W+ und W– mit derselben Helizität (hier: rechtshändig) 
W → ℓ𝜈 ist V–A-Zerfall: linkshändiges ℓ–, 
rechtshändiges ℓ+ → Leptonen in 
dieselbe Richtung emittiert  
Winkelverteilungen der Leptonen: 
→ kleiner Öffnungswinkel für Spin 0

HW–

Spin 1

W+

Spin 1

ℓ+ℓ–

Spin 1/2Spin 1/2
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Quantenzahlen des Higgs-Bosons
Spin-1-Hypothese: bereits ausgeschlossen 

Landau-Yang-Theorem:  
massives Spin-1-Teilchen kann nicht in zwei 
masselose Spin-1-Teilchen zerfallen 
Hauptproduktionskanal gg → H und 
Beobachtung von Zerfall H → γγ:  
Widerspruch zu Landau-Yang-Theorem falls 
Higgs-Boson Spin 1 besitzt 

Spin-2-Hypothese:  
Aufwändige Winkelanalysen (z. B. H → ZZ(*)) 
Resultat: alle alternativen Hypothesen 
ausgeschlossen (>99% Konfidenzniveau)

40 6 Study of spin-zero HVV couplings

and the combined results are shown in Table 11. In Fig. 19 examples of the test statistic, q =
�2 ln(LJP /L0+), are shown for various fractions of the qq production mechanism f (qq). As a
result, the 2+m model is excluded with a 99.87% CL or higher for any combination of the gg and
qq production mechanisms.

Table 11: Results of the study of the 2+m model for the combination of the X ! ZZ, WW, and
gg decay channels. The expected separation is quoted for the three channels separately and
for the combination with the signal strength for each hypothesis determined from the fit to
data independently in each channel. Also shown in parentheses is the expectation with the SM
signal cross section (µ=1). The observed separation shows the consistency of the observation
with the SM 0+ model or JP model and corresponds to the scenario where the signal strength
is floated in the fit to data.

JP JP Expected Expected Expected Expected
Model Prod. X ! ZZ X ! WW X ! gg (µ=1) Obs. 0+ Obs. JP CLs
2+m gg 1.9s 1.8s 1.6 s 3.0s (3.7s) �0.2s +3.3s 0.13%
2+m qq 1.7s 2.7s 1.2 s 3.3s (4.4s) �0.9s +4.7s 0.001%
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Figure 19: Left: Distributions of the test statistic q = �2 ln(LJP /L0+) in the combination of
the X ! ZZ, WW, and gg channels for the hypothesis of gg ! X(2+m) tested against the SM
Higgs boson hypothesis (0+). The expectation for the SM Higgs boson is represented by the
yellow histogram on the right and the alternative JP hypothesis by the blue histogram on the
left. The red arrow indicates the observed q value. Right: Distributions of the test statistic
q = �2 ln(LJP /L0+) as a function of f (qq) for the hypotheses of the 2+m model tested against
the SM Higgs boson hypothesis in the X ! ZZ, WW, and gg channels. The median expectation
for the SM Higgs boson is represented with the solid green (68% CL) and yellow (95% CL)
regions. The alternative 2+m hypotheses are represented by the blue triangles with the red (68%
CL) and blue (95% CL) hatched regions. The observed values are indicated by the black dots.

6 Study of spin-zero HVV couplings

Given the exclusion of the exotic spin-one and spin-two scenarios presented in Section 5, de-
tailed studies of HVV interactions under the assumption that the new boson is a spin-zero
resonance are performed. The results are obtained following the techniques presented in Sec-
tion 4.

Hypothesentest: JP = 2+
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Wahrscheinlichkeitsdichten  
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Aufgabe 30
Welche Aussagen zur Top-Quark- und Higgs-Boson-Physik am Hadron-
Collider sind korrekt? 
A. Top-Quarks können sowohl über die starke als auch über die elektroschwache 

Wechselwirkung produziert werden. 
B. Das Higgs-Boson koppelt an die Masse, daher kann es nicht in Gluon-Gluon-

Fusion produziert werden. 
C. Das Higgs-Boson ist ein pseudoskalares Teilchen. 
D. Zerfälle des Higgs-Bosons in zwei Gluonen sind aufgrund des hohen 

Untergrunds in der Praxis ungeeignet. 
E. Die Massen des Top-Quarks, des W-Bosons und des Higgs-Bosons sind über 

Quantenkorrekturen verknüpft. 

Bitte beantworten Sie diese Frage anonym auf ILIAS:  
https://ilias.studium.kit.edu/goto.php?target=fold_1080516&client_id=produktiv

https://ilias.studium.kit.edu/goto.php?target=fold_1080516&client_id=produktiv
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Zusammenfassung: Higgs-Physik

Higgs-Boson-Physik am LHC heute: genaue Vermessung der 
Eigenschaften des Higgs-Bosons 

Etablierung aller Produktions- und Zerfallskanäle 
Genaue Bestimmung der Higgs-Boson-Masse  
→ Konsistenz der Massen von W-Boson, Top-Quark und Higgs-Boson? 
Messung der Kopplungsstärken an Eichbosonen und Fermionen 
Hypothesentest: Quantenzahlen des Higgs-Bosons JP = 0+?


