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Particle Physics 1

Open questions
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L=1ab-1, σ=0.92fb → How many events?








1 ab−1 =
1

1 ab
=

1
10−18 b

= 1018 b−1

0.92 fb = 0.92 × 10−9 b

N = 1018 b−1 ⋅ 0.92 × 10−9 b ≈ 109
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Open questions: Pseudorapidity and rapidity
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What do you expect from this lecture?
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More details, more information for the Ex6 topics


Better understanding of the standard model


Overview about particle physics and state of the art research 

How to analyse and interpret data → Lecture 5 (“analysis flow”) and 
exercises 

Details about detectors and accelerators → Lecture 4 (“detectors”) and 
Lecture 6 (“accelerators”) 

Learn about detector simulation → Lecture 4 (GEANT4), several exercises 
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PINGO: Fixed target collision
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If LHC was a fixed target collider, what would the center of mass 
energy be if the proton beam has an energy of 7 TeV and the target is a 
proton at rest?


about 14 TeV


about 7 TeV


about 0.1 TeV

p1 = (E, p) p2 = (m,0)
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PINGO
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PINGO: Fixed target collision
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If LHC was a fixed target collider, what would the center of mass 
energy be if the proton beam has an energy of 7 TeV and the target is a 
proton at rest?


about 14 TeV


about 7 TeV


about 0.1 TeV 
 
(Lecture 1, slide 33) 
 
 
Bonus question: Why would you  
build such a collider anyhow?

p1 = (E, p) p2 = (m,0)
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Learning goals
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Historical context of main ingredients that lead to nowadays 
description of particle physics


Critical thinking towards theory vs. experiment interplay 
 

Usage of the Particle Data Group website
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The beginning of particle physics
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“It is fashionable to carry the story all the way back to the Democritus 
and the Greek atomists, but apart from a few suggestive words their 
metaphysical speculations have nothing in common with modern 
science.” (D. Griffith)
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Particle Physics 1

The classical era: 1890-1930

10

Photon

Atoms  
(protons, neutrons, 

electrons)
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The beginning of particle physics: The electron
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Cathode rays emitted by a hot filament could 
be deflected by electric and magnetic fields 
(Thompson, 1897)


Previous attempts had failed due to experimental 
challenges


Findings:

mass-to-charge ratio was very low compared to H+ ions


mass-to-charge ratio did not change when changing 
anode materials


Conclusion:

velocity and mass-to-charge ratio correct ✓


“plums in a pudding” atom model ✗ 
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Discovery of the nucleus (1911)
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Versuchsaufbau: 
1: Radioaktives Radium,  
2: Bleimantel zur Abschirmung,  
3: Alpha-Teilchenstrahl,  
4: Leuchtschirm bzw. Fotografieschirm  
5: Goldfolie  
6: Punkt, an dem die Strahlen auf die Folie treffen,  
7: Teilchenstrahl trifft den Schirm, nur wenige Teilchen werden abgelenkt.
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Rutherford experiment (also 
Geiger-Marsden-experiment)


Beam of α-particles passes a gold foil 
almost undisturbed with a few crazy 
scatters: 
 




Angular distribution of Coulomb 
scattering on a very small, very heavy 
structure: atom = nucleus + shell

dN
dθ

∝
1

sin4(θ/2)
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Discovery of the neutron (1932)
Chadwick studied the reaction (in 
modern notation): 9Be + 4He → 12C +n


Alternative explanation: Photons hitting 
protons in the paraffin (a hydrocarbon) 
would have lead to very different energy 
spectra
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Nitrogen: 14 protons, 7 “nuclear electrons”, 7 electrons Nitrogen: 7 protons, 7 neutrons, 7 electrons

✓ 
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Photon as a particle
Blackbody spectrum (Planck, ~1900) requires 
quantized radiation to avoid UV catastrophe


Photoelectric-effect (Einstein, 1905) explained 
by light quanta as an intrinsic property of the 
electromagnetic field: E=hν-w


Scattering photons off particles at rest 
(Compton, 1923) behave exactly like elastic 
collisions of a massless particle


In modern notation, photons are the force 
carriers than bind electrons to protons in 
nuclei. In atomic physics, the effects of 
quantized energy spectra only became 
relevant much later (Lamb-shift, 1947). C
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Quantum mechanics and special relativity

15

Theoretical foundation of particle physics 

Quantum mechanics (Heisenberg, Schrödinger, 
Dirac, …) in the 1920s


Special relativity (Einstein) in 1905


Modern theories in particle physics: 
Relativistic quantum field theory QFT):


Lorentz invariant


Quantised fields (fields = quantum mechanical 
operators)


Physical particles = excitation (“quantum”) of the 
fields

Wintersemester 2016/2017Teilchenphysik I (4022031) – 1. Vorlesung

Quantenmechanik & Relativitätstheorie

Theoretische Grundlagen der 
Teilchenphysik: 

Quantenmechanik (Heisenberg, 
Schrödinger, Dirac, …, 1920er Jahre) 
Spezielle Relativitätstheorie  
(Einstein, 1905) 

Moderne Theorien in der 
Teilchenphysik: relativistische 
Quantenfeldtheorie (QFT) 

Lorentzinvarianz 
Quantisierte Felder (also: Felder = 
quantenmechanische Operatoren) 
Physikalische Teilchen = Anregungen 
(Quanten) der Felder

26

nobelprize.org

Werner Heisenberg Erwin Schrödinger

Paul A. M. Dirac Albert Einstein
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The classical era: 1890-1930
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Photon

Atoms  
(protons, neutrons, 

electrons) ✓ 



Particle Physics 117



Particle Physics 1

The post-atom era: 1930-1950

18

antimatter

mesons and nuclear force

neutrinos
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Nuclear force: What holds the nucleus together?

19

Positively charged protons in the nucleus 
should repel one another


New force must be very strong on short 
distances, but very weak on long 
distances


Yukawa (1934) suggested a potential of 
form: 




Experimentally λ≈1fm (size of a nucleus) 
→ m≈200 MeV… new middle-weight 
particle: “meson”*

V(r) ∝ −
exp(−r/λ)

r
, λ ∝

1
m
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*similar notation: 
“light-weight”: lepton 
“middle-weight”: meson 
“heavy-weight”: baryon
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The Mu-meson and the pi-meson
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New particle discovered in 1937  
in cosmic rays with a mass ~6 
times less than the proton 
(modern notation: muon or μ)


However: too light, weak interaction with 
atoms


Another particle discovered in 
1947 in cosmic radiation: The 
pion or π (“pi-meson”) that 
Yukawa predicted
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Antiparticles

21

Dirac equation has two solutions for free 
electrons: One for positive and one for 
negative energies → interpreted (Dirac, 
1931) as positive energy with opposite 
charge


Discovery of different charges in cosmic 
rays (Anderson, 1931)

110 B. Gato-Rivera

Fig. 4.7 Photographs of positron and electron tracks from the cosmic radiation
obtained by Carl Anderson in 1931-1932 using his magnet cloud chamber. On the
left, one can see the first ever published photograph where a positron track could
be identified (B), together with an electron track (A). It appeared in “The Science
News-Letter”, on 19 December 1931. On the right, a group of particles coming
down; electrons bending to the left and positrons to the right. One can distinguish
at least two electron–positron pairs where the electrons and positrons leave very
similar traces which are mirror images of each other. Most tracks in this and other
photographs seem to have a common origin, so Anderson rediscovered the cosmic
ray showers, after Skobeltzyn, and concluded that such tracks are from secondary
particles originating in collisions, not from cosmic-ray particles coming directly from
outer space. Credit Courtesy of Caltech Archives

traces but curving differently, one from an electron and the other from a posi-
tive charged particle, described by the science journalist as “probably a proton”
(but not surely a proton, as Anderson explained to him).

About that time, Neddermeyer joined Anderson as his first graduate
student, and he was assigned the task of continuing the curvature measure-
ments of the traces, paying particular attention to obtaining as precise
measurements as possible for those of highest energy, in the range above
1 GeV (1000 MeV), which completely crushed Millikan’s hypothesis,
although he was very difficult to convince:

One of the first tasks undertaken with the first photographs, in fact the
original purpose of the experiment, was to determine an energy distribution
of the particles by means of the curvature they showed in traversing the
powerful magnetic field. My original measurements showed an energy distribu-
tion extending from very low energies of about 100 MeV up to above 1 GeV,
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108 B. Gato-Rivera

Fig. 4.6 Carl Anderson with the magnet cloud chamber with which he discovered
the positron e+ as well as the muon µ− and antimuon µ+. This picture was taken in
the Guggenheim Aeronautics Laboratory in 1931. Anderson operated this apparatus
also in high-altitude cosmic ray experiments, first carried out in the mountains, on
the summit of Pike’s Peak in 1935, and later on board a B-29 airplane, in 1946. Credit
Courtesy of Caltech Archives

The first results from the magnet cloud chamber were dramatic and completely
unexpected. There were approximately equal numbers of particles of positive
and negative charges, in sharp contrast to the Compton electrons expected
from simply the absorption of high-energy photons. Dr. Millikan was on a
visit to England at the time the first results were obtained, and I sent him
a group of 11 photographs…. Only a few of the low-velocity particles were
clearly identified as protons.

Indeed, in the autumn 1931 Millikan visited Europe and gave lectures in
Paris and Cambridge, showing the 11 photographs he had received from
Anderson. However, he ascribed the positive “anomalous” tracks to high-
energy protons produced by high-energy cosmic-ray photons; to be precise,
these energetic protons would result from the interaction of ultra energetic
γ rays with atomic nuclei. This explanation was in line with Millikan’s
hypothesis about the nature of the cosmic rays (γ rays produced by some
atom-building processes in outer space). Moreover, these ideas seemed to be
very firmly fixed in his mind, according to Anderson, who actually did not

at the “International Symposium on the History of Particle Physics”, held at the Fermi National
Laboratory (Fermilab, near Chicago, USA) in May 1980.
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A + B → C + D
A → B̄ + C + D

A + C̄ → B̄ + D
⋮

γ + e− → γ + e−

e+ + e− → γ + γ

(Compton scattering)

(Pair annihilation)
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PINGO: β-Zerfall

22
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In nuclear beta decays, a heavier nucleus A decays into a lighter 
nucleus B and an electron, A→B+e. What energy spectrum do you 
observe for the electron?


The same energy for each decay  

 

The same energy but significantly smeared because of  
limited energy resolution 
 

A smooth spectrum with all energies up to a maximum energy

Ee = ( m2
A − m2

B + m2
e

2mA )
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PINGO
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PINGO: β-Zerfall

24

Ee

dN
/d

E e

Ee

dN
/d

E e

Ee

dN
/d

E e

In nuclear beta decays, a heavier nucleus A decays into a lighter 
nucleus B and an electron, A→B+e. What energy spectrum do you 
observe for the electron?


The same energy for each decay  

 

The same energy but significantly smeared because of  
limited energy resolution 
 

A smooth spectrum with all energies up to a maximum energy

Ee = ( m2
A − m2

B + m2
e

2mA )
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Neutrinos

25

Observed electron spectrum 
pointed towards violation of 
energy conservation (Bohr) or 
the existence of a (very light) 
neutral particle A→B+e+N.


The inverse beta decay, 
 was only 

observed in 1956 (Cowan, 
Reines) using the Savanna River 
nuclear reactor as neutrino 
source
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The post-atom era: 1930-1950

26

antimatter

mesons and nuclear force

neutrinos

✓ *

*The existence of the muon was puzzling, and a lot of experiments were still done on neutrinos…
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New strange particles

28

Signature: a neutral particle was produced in the lead plate, 
decaying into two charged particles: “V0” (“neutral vertex”)


Today, we identify this particle as neutral Kaon K0


Shortly later another V0 was discovered decaying into a proton and 
a pion


Today, we identify this particle as neutral baryon Λ0
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τ-θ-Puzzle

29

In the early 1950s, experiments observed two new particles (yay!):


 and 


The puzzle was: The mass and lifetime of the two particles was identical…


The parity of the particle was different though since all pions have spin=0 and negative 
parity


Solution: Parity is not conserved in these “weak” decays


Modern notation:  (charged Kaon)


New quantum number: “strangeness” that is not conserved in 
“weak” interactions

θ+ → π+π0 τ+ → π+π0π0

τ+ = θ+ ≡ K+
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Ordering the “particle zoo”

30

Group-theory: Flavour-SU(3) to describe all 
known particles with just two quantum 
numbers:


Isospin component I3 (or Iz) and strangeness S


or charge Q and S  

(Gell-Mann-Nishijima: )


or hypercharge  (baryon number B)


sometimes called the “eightfold-way”


Breakthrough: Prediction and later 
discovery  of Ω- particle with the predicted 
mass and properties

I3 = Q −
YF

2
= Q −

1
2

(B + S)

YF = B + S
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The quark model (1964)

32

Gell-Mann (and Zweig) proposed that 
hadrons are not fundamental particles 
but instead they are composed of 
three quarks: up, down, and strange


(Anti-)Baryons are composed of three 
(anti-)quarks


(Anti-)Mesons are composed of a quark and an 
antiquark


Today we also know tetraquarks ( , 2014) 
and pentaquarks ( , 2015)


Avoid Pauli’s exclusion principle: 
quarks have colors, all particles are 
colorless

qqq̄q̄
qqqqq̄
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The proton substructure

33

Since 1960s: 20 GeV electrons on 
fixed targets at SLAC


Probes nucleon structure via deep 
inelastic scattering (DIS) and strongly 
supports proton substructure
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The November revolution

34

Discovery of a new 
particle, about three 
times heavier than the 
proton in 1974: J/Ψ


Very long lifetime: 10-20s


A fourth quark called “charm”


Theoretically postulated 
already 1970 based on 
symmetry arguments 
(“GIM”-Mechanism)
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Particle zoo with four generations
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Quarks and leptons

36
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Quantum Chromodynamics (QCD)

37

Asymptotic freedom 
(Gross, Wilczek, Politzer 
1973)


QCD coupling strength α 
decreases with larger energy


Quarks behave like (quasi) free 
particles in DIS scattering


At lower energies: Confinement 
and bound quarks
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Quantum Chromodynamics (QCD)

38

Massless mediator particles 
that carry a colour-charge: 
gluons


Experimental discovery at 
DESY in Hamburg (1979) at 
four experiments in three-jet 
events at the PETRA collider So

ur
ce

: T
AS

SO



Particle Physics 1

Weak interaction

39

Fermi (1934) formulated the β decay as so-called contact 
interaction with an effective coupling GF with [GF]=GeV2


Today we identify the mediator particle with the (heavy) W-Boson


Glashow, Salam, Weinberg (GSW) unified the weak and the 
electromagnetic interaction


Electroweak symmetry breaking allows massive W and Z bosons 
but massless photons


Prediction of a massive Higgs boson (= excitation of the Higgs field)
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Vector bosons and Higgs
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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is Γ ħ τ= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where ħ is the reduced Planck's constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.
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Neutrino oscillations (ν from the sun, 
nuclear reactor, and accelerators):  
Δm ≪ eV


Direct electron antineutrino mass 
measurement at KATRIN (Campus North):  
m < 0.8 eV


The SM assumes massless neutrinos…
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gas38. Mono-energetic conversion electrons from the decay of the 
metastable state 83mKr are used to determine spatial and temporal 
variations in the electric potential of the tritium source. These varia-
tions are caused by a weak cold-magnetized plasma, which arises 

from the high magnetic field (2.5 T) and a large number of ions 
and low-energy electrons (~1 × 1012 m−3) in the tritium source. The 
methods of calibration are described in more detail in Methods.

The beamline is equipped with multiple monitoring devices. The 
throughput of tritium gas within the tritium source tube and tritium 
circulation loop is measured by a flow meter. A laser Raman sys-
tem continuously monitors the gas composition, providing a mea-
surement at the ≤0.05%-precision level each minute. A silicon drift 
detector system installed in the transport section and a β-induced 
X-ray system at the rear section39 continuously monitor the tritium 
activity, yielding a result at the 0.03%-precision level each minute. 
The high voltage of the main spectrometer is continuously measured 
at the parts-per-million level with a high-precision voltage divider 
system40,41 and an additional monitoring spectrometer42. The mag-
netic fields are determined with a high-precision magnetic-field 
sensor system43.

The current background level of KATRIN of about 220 mcps 
mainly originates from the spectrometer section. The dominant 
source of background arises from α-decays of 210Po (refs. 44–46) in the 
structural material of the spectrometer vessel. The recoiling 206Pb 
creates highly excited Rydberg states at the inner spectrometer sur-
faces, which can be ionized during propagation in the inner volume 
by thermal radiation. The second source is 219Rn and 220Rn decays 
in the spectrometer volume, creating primary electrons that are 
magnetically trapped and slowly cool down by ionizing the residual 
gas in the spectrometer47–49. The resulting low-energy electrons of 
both sources are accelerated by retarding energy qUana towards the 
focal-plane detector, making them indistinguishable from signal 
electrons using the energy information only.

After the successful commissioning of the complete KATRIN 
beamline in the summer of 2017 (ref. 50), the first tritium opera-
tion was demonstrated with a small tritium activity of 5 × 108 Bq 
in mid-2018 (ref. 51). During the first KATRIN neutrino-mass 
(KNM1) campaign in 2019 (ref. 17), the source was operated in a 
‘burn-in’ configuration at a reduced activity of 2.5 × 1010 Bq, which 
is required when structural materials are exposed to high amounts 
of tritium for the first time. Major technical achievements of the 
second KATRIN neutrino-mass (KNM2) campaign are the oper-
ation of the tritium source at its nominal activity of 9.5 × 1010 Bq 
and improved vacuum conditions by baking of the spectrometer52 
to 200 °C for approximately two weeks that led to a reduction in 
the background by 25% to 220 mcps. The thermal conditioning of 
the surfaces reduces the coverage of weakly bound atoms (which 
contribute to the background) and removes water molecules from 
the cryogenic copper baffles (which improves the capture efficiency 
for radon emanating from the main getter pumps located behind  
the baffles53).

We, thus, increased the β-electron-to-background ratio by a factor 
of 2.7 with respect to the first campaign. In the last 40 eV of the inte-
gral spectrum, we collected a total number of 3.7 × 106 β-electrons. 
Figure 2a compares the spectra of both neutrino-mass campaigns.  
A direct comparison of the experimental parameters is given in 
Table 1.

Measurement of tritium β-decay spectrum
The integral β-decay spectrum is obtained by repeatedly measuring 
the count rate Rdata(qUi) for a set of 39 non-equidistant high-voltage 
settings Ui, creating retarding energy qUi for electrons with charge 
q. The retarding energy is adjusted in the range of qUi ∈ (E0 – 300 eV, 
E0 + 135 eV), where E0 = 18,574 eV is the approximate spectral end-
point. Note that for the spectral fit, only 28 out of those points in the 
range of qUi ∈ [E0 − 40 eV, E0 + 135 eV] are used. Data points further 
below the endpoint are used to monitor the activity stability, com-
plementing the other monitoring devices mentioned above. The 
time spent at each high-voltage set point (called the scan step) var-
ies between 17 and 576 s, which corresponds to a total measurement  
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Fig. 2 | Measured rate at each retarding energy for KNM1 (refs. 17,18) and 
KNM2 campaigns. a, Data points with statistical error (multiplied by a 
factor of 50) and best-fit model (blue and grey lines) individually shown 
for each campaign. The count rates are summed over all the detector rings. 
The graph illustrates a reduced background rate, higher signal strength and 
overall higher statistics (smaller error bars). The fit description is given 
in equation (2). b, Normalized residuals for the fit (blue line) to the data 
from KNM2. The shaded areas indicate statistical and total uncertainties. 
The contribution of systematic uncertainties is derived with the covariance 
matrix method, explained in the main text. c, Data points with statistical 
error (multiplied by a factor of 10) for the 12!detector rings in the KNM2 
campaign. The turquoise lines show the simultaneous fit to all the data 
points. d, Normalized residuals for the fit (turquoise line) to the data of 
the (exemplary) third detector ring. e, Total measurement time at each 
retarding energy for the KNM1 and KNM2 campaigns.
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Fig. 1.—Identification chart for emission regions in M31 for which velocities have been obtained. 
Palomar 48-inch Schmidt ultraviolet photograph, 103aO plate + UG 1 filter, courtesy of Dr. S. van den 
Bergh. 

Rubin and Ford {see page 380) 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

Credit: The Astrophysical 
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24 kpc are 1.66 X ll11 Mo (low minimum) and 1.67 X 1111 Mo (higher minimum); 
those for the mass in the nucleus to = 1 kpc are 5.2 X 109 Mo and 6.2 X 109 Mo, 
respectively. When these values are increased 10 percent to compensate for the assump- 
tion of a flat disk (Brandt 1960), the total mass is 1.8 X 1011 Mo out to 24 kpc. Also 
shown in Figure 10 are the variation in the mass surface density as a function of distance 
from the center, and the variation in the angular velocity, F/jR, as a function of R. 
Note that the solution with the high inner minimum has a positive mass density every- 
where. The solution with the low minimum has a negative surface density near 2? = 1 
kpc. We take this to mean only that the density at this distance is vanishingly small for 
the low-minimum model. 

Fig. 9.—Rotational velocities for OB associations in M31, as a function of distance from the center. 
Solid curve, adopted rotation curve based on the velocities shown in Fig. 4. For R < 12', curve is fifth- 
order polynomial; for R > 12', curve is fourth-order polynomial required to remain approximately flat 
near R — 120'. Dashed curve near i? = 10' is a second rotation curve with higher inner minimum. 

Various other rotation curves for the data in Figures 3 and 4 have been formed, all 
from least-squares solutions, with polynomials of third, fourth, or sixth order. In Figure 
11 we show, superimposed, the fourteen rotation curves from the polynomial representa- 
tions. The various mass determinations from these rotation curves are listed in Table 4. 
Successive columns list the order of the polynomial, the resulting total mass, 1.1 times 
the mass, and the value of the maximum distance to which the mass has been deter- 
mined. The final columns list the depth of the inner minimum, and notes concerning the 
solutions. 

It is apparent from the calculations that there is only a small spread in total mass out 
to i? = 24 kpc from all fourteen solutions. The shaded regions in Figure 12 indicate the 
range of masses which results from the fourteen rotation curves, as well as the range of 
surface densities. For the mass out to Æ = 24 kpc, a value of M = (1.68 ± 0.1) X 
ll11 Mg lies midway between all values. When this is increased 10 percent to compensate 
for the disk approximation, we obtain a mass M = (1.85 ± 0.1) X ll11 Mg out to 
Æ = 24 kpc; the error is estimated from the total range in values. For the entire galaxy, 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

Credit: The Astrophysical Journal, Vol. 159, February 1970

Striking evidence for the 
existence of a new form of 
matter that amounts to about 
80% of all matter in the universe


Galaxy rotation curves (Vera Rubin)


Cosmic microwave background


Galaxy collisions


Structure formation


…


No particle in the SM is a 
suitable candidate…
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The SM has a mechanism for CP violation that has been observed in 
strange, charm, and bottom quarks: CKM Matrix


The observed matter/antimatter baryon asymmetry  

in the universe is much larger than predicted in the SM… 
 
 
 
 

… and many more “anomalies” that we will meet again during this 
lecture.

nB − nB̄

nγ
≈ 10−9
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What questions do you have?


