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What Is Particle Physics?

We have theories at hand for the largest and the smallest: 
Standard model of particle physics: six quarks and six leptons 
Standard model of cosmology: cold dark matter, dark energy, … 
Guiding principle: start from symmetries 

Particle physics means experiments – with and without accelerators: 
Highest energy: cosmic rays, Large Hadron Collider, … 
Highest precision: B factories, measurement of neutrino masses and 
mixing, Dark Matter searches, … 
Advanced technology: detectors, statistical data analysis, …
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Recommended Reading

Experimental textbooks: 
M. Thomson: Modern Particle Physics, 
Cambridge UP (2013) 
D. Griffith: Introduction to Elementary 
Particles, Wiley (2008) 
A. Bettini: Introduction to Elementary 
Particle Physics, Cambridge UP (2008) 

R. Cahn, G. Goldhaber:  
The Experimental Foundations of 
Particle Physics, Cambridge UP (2009)
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Recommended Reading

Theory textbooks: 
F. Halzen, A. D. Martin:  
Quarks & Leptons, Wiley (1984) 
W. N. Cottingham, D. A. Greenwood:  
An Introduction to the Standard Model of 
Particle Physics, Cambridge UP (2007) 
M. D. Schwartz: Quantum Field Theory and 
the Standard Model, Cambridge UP (2013) 
M. E. Peskin, D. V. Schroeder:  
An Introduction to Quantum Field Theory, 
Westview (1995)
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Looking up Particle Properties

The Review of Particle Physics:  
PDG – the “holy book” of particle physics: 
particle properties, overview articles for experts 
Current printed version: M. Tanabashi et al., 
Phys. Rev. D 98, 030001 (2018). 
Online version: http://pdglive.lbl.gov/

http://pdg.lbl.gov
http://pdg.lbl.gov
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Online Literature Search

arXiv (http://arxiv.org): 
Preprints of very many scientific publications  
Topics: physics, mathematics, computer science, 
system biology, finance mathematics, statistics, … 

INSPIRE (http://inspirehep.net): 
Specialized literature search for particle physics  
arXiv and other preprints, published articles 
Authors: affiliations, publication statistics, …

arxiv.org:
http://inspirehep.net
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FOUNDATIONS OF  
PARTICLE PHYSICS

Historical Overview, Part I

!8
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Quantum Mechanics & Special Relativity

Theoretical foundations of particle physics: 
Quantum mechanics  
(Heisenberg, Schrödinger, Dirac, …, 1920s) 
Special relativity  (Einstein, 1905) 

Modern theories of particle physics:  
relativistic quantum field theory (QFT) 

Lorentz invariance 
Quantized fields (i.e. fields = QM operators) 
Physical particles = excitations (quanta) of fields

nobelprize.org

Werner Heisenberg

Erwin Schrödinger

Paul A. M. Dirac

Albert Einstein

http://nobelprize.org
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Nuclear Force
Rutherford experiment 
(Rutherford, Geiger, Marsdon, 1911): 

Beam of 𝛼 particles directed at thin gold foil 
→ measure distribution of scattering angles 𝛳  
 
 

Result: scattering angle distribution compatible  
with Coulomb scattering at compact nucleus  
→  atom = nucleus + shell 

Chadwick, Bieler (1921): deviation from sin–4(𝛳/2) 
behavior→ new nuclear force (“strong force”) Ernest Rutherford James Chadwick

nobelprize.org
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⇠ 1
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Nuclear Force

Discovery of the neutron (Chadwick, 1932) 

Mesons as messengers of nuclear force (Yukawa, 1935) 
Analogous to photon in electrodynamics 
Limited range of nuclear force λ: Yukawa potential  
= exponentially damped Coulomb potential 
 
 

Experimentally: λ ≅1 fm  
→ mmeson ≅ 200 MeV: pions!

V (r ) ⇠ �exp[�r/�]
r

– Yukawa potential 
– Coulomb potential

Hideki Yukawa

nobelprize.org

http://nobelprize.org
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Isospin
New internal degree of freedom for nuclei: isospin (short for: “isotopic spin”) 
(Discovery: Heisenberg 1932, name “isospin” coined by Wigner 1937) 

Proton/neutron: similar properties (if charge is ignored) 
Experiment: scattering off mirror nuclei (number of protons/neutrons exchanged, 
e.g. 3H ⟷ 3He, 15N ⟷ 15O) → strong force independent of electric charge 

New view on the strong force:  
If there was only the strong force: proton = neutron = “nucleon” 
→ symmetry between protons and neutrons: (strong) isospin I 
Mathematical description: group theory – SU(2) group (like for spin),  
nucleon as isospin doublet: 
 
  nucleon =

✓
|pi
|ni

◆
=

 
|I = 1

2 , I3 = + 1
2 i

|I = 1
2 , I3 = � 1

2 i

!

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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Isospin
Isospin concept can be extended to further particle classes:  

Example: pion = isospin triplet  
 
 
 

Compare third component I3 of isospin for nucleons and pions: 
I3 depends on charge Q (in e) – different for mesons and baryons 
Connection to baryon number B  (reminder: B = (#quarks – #antiquarks)/3):  
 

I3 = Q � B
2

pion =

0

@
� |⇡+i
|⇡0i
|⇡�i

1

A =

0

@
|I = 1, I3 = +1i
|I = 1, I3 = 0i
|I = 1, I3 = �1i

1

A
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Strangeness
1940s: new “strange” particles in cosmic rays (Rochester, Butler, 1947) 

Experimental technique: stereoscopic bubble chamber pictures 
Signature: V0 (“neutral vertex”) created in lead block 
Today: V0 decays are mainly 
 
 
 
 
 
 
 
 
 
 
 

G.D. Rochester, C.C. Butler,  Nature 160 (1947) 855

K 0
S ! ⇡+⇡�, ⇤0 ! p⇡�

http://www.nature.com/nature/journal/v160/n4077/pdf/160855a0.pdf
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Strangeness & Parity
Theta-tau puzzle: 

Observation: “two" particle decays with different final state parity  
 

But: both particles have the same mass and lifetimes → same particle? 
 

Solution: new quantum number S = strangeness (Gell-Mann; Nakano, Nishijima, 1953)  

Indeed: two different decays of the same particle                       , in today’s language: 
Strangeness conserved in K+ production (strong interaction) 
Strangeness violated in K+ decay (weak interaction) 
Another important consequence: weak interaction violates parity 

✓+ ! ⇡+⇡0, ⌧+ ! ⇡+⇡0⇡0
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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From Strangeness to Flavor
Group theory: from isospin SU(2) to flavor SU(2) 

Describe states with two quantum numbers, e.g. I3 and S 
Alternative choice: I3 and (flavor) hypercharge YF = B + S 
Relation to electric charge: Gell-Mann–Nishijima formula  
 
 

Generalized to today’s six flavors: YF = B + S + C + ℬ + T 
 C  = charm 
 ℬ  = bottomness (also: beauty) 
 T  = topness (also: truth)

Murray Gell-Mann

Kazuhiko Nishijima

nobelprize.org
K
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I3 = Q � YF
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= Q � 1
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(B + S)
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Quark Model
1960s: particle zoo 

Many further “elementary” particles discovered, e.g. 
 

Missing: classification scheme (cf. Mendeleev’s periodic table) 

Quarks (Gell-Mann, 1964) and Aces (Zweig, 1964) 
Fundamental representation of flavor SU(3):  
three quarks (u = up, d = down, s = strange) 
Baryon and meson multiplets as further representations of  
flavor SU(3) 
Straightforward extension to four quarks: flavor SU(4) 
Initially: purely mathematical tool, no physical reality
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Quark-Parton Model
Stanford Linear Accelerator Center (SLAC), 1960s: 

Scattering experiment: 20-GeV electron beam on fixed target → nucleon 
structure (expressed through form factors, e.g. for charge distribution) 
Process: deep inelastic scattering (DIS)

media.desy.de 

Electron

(energy E)

(energy E’)

Momentum transfer to proton
q2 = 2EE 0(1 � cos ✓)

Scattering angle θ

Electron

http://media.desy.de/DESYmediabank/?l=de&c=13849&r=19380&p=1
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Quark-Parton Model
Discovery of nucleon substructure  
(Breidenbach et al., 1969) 

Theoretical interpretation: 
Substructure = “partons” – pointlike 
spin-1/2 particles (Feynman, 1969) 
These partons can be identified with quarks 
(Bjorken, Paschos, 1969) 
 
 
 
 

Martin Breidenbach James D. Bjorken Emmanuel Paschos
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characterize the deep inelastic scattering and which suggested point-like nucleon constituents.
The q2 dependence of elastic scattering is shown also; these cross sections have been divided
by CM
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Quantum Chromodynamics
Yang-Mills theory (Yang, Mills, 1954):  

Use gauge symmetries to construct theories of of  
strong & weak interactions (symmetry group: SU(N))  
Prediction: massless mediators (= force carriers) 
But: massive pions as mediators of nuclear force, 
Fermi coupling constant GF of weak interactions not 
dimensionless → contradiction to theory 

Hints of unknown new internal degree of freedom for quarks: 
Example: Ω– baryon has quark content |sss〉 

Ω–  is a fermion, but wave functions in position, spin, and flavor space  
symmetric → wave function antisymmetric in new degree of freedom: “color”

Chen Ning Yang, Robert L. Mills (1999)

www-rnc.lbl.gov
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Quantum Chromodynamics

9. Quantum chromodynamics 39

They are well within the uncertainty of the overall world average quoted above. Note,
however, that the average excluding the lattice result is no longer as close to the value
obtained from lattice alone as was the case in the 2013 Review, but is now smaller by
almost one standard deviation of its assigned uncertainty.

Notwithstanding the many open issues still present within each of the sub-fields
summarised in this Review, the wealth of available results provides a rather precise and
reasonably stable world average value of αs(M2

Z), as well as a clear signature and proof of
the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.

QCD αs(Mz) = 0.1181 ± 0.0011

pp –> jets
e.w. precision fits (N3LO)  

0.1

0.2

0.3

αs (Q2)

1 10 100Q [GeV]

Heavy Quarkonia (NLO)
e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

April 2016

τ decays (N3LO)

1000

 (NLO
pp –> tt (NNLO)

)(–)

Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).

♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [381],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.

October 1, 2016 19:59

pdg.lbl.gov

Energy Dependence of QCD CouplingColor-SU(3)  
(Fritzsch, Gell-Mann, Leutwyler, 1973):  

Strong interaction described as SU(3) 
gauge theory for quarks 
Mediators (“force carriers”): 8 gluons 
Quarks and gluons carry “color charge”  
→ quantum chromodynamics (QCD) 

Asymptotic freedom (Gross, Wilczek, Politzer, 1973):  
QCD coupling αS gets weaker with increasing energy 

Quarks approximately free particles in DIS 
Low energies: confinement  → no free quarks
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Weak Interactions
Process known from radioactive beta decay (A: mass number, Z: atomic number) 

Apparent two-body decay: expect fixed electron energy  
→ contradicts observation 
Solution (Pauli, 1930): neutrino postulate 

Fermi’s theory of weak interactions: 
Vector currents (like in electrodynamics) 

Contact interactions with Fermi coupling constant GF  

Dimension of GF: [energy]–2  
→ hint of massive mediator particle (today: W boson)

e
−

e
−

µ
−

µ
−

γ

p n

ν̄e e
+

QED Process

Weak Process

 GF

(A, Z ) ! (A, Z + 1) + e� + ⌫̄e
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Parity Violation in Weak Interactions
Discrete symmetries of particle physics:  
C (charge conjugation), P (parity), and T (time reversal)  

Each conserved individually in strong and electromagnetic interactions 
Expectation: parity conservation also for weak interactions 

Starting from theta-tau puzzle (see above): 
Lee/Yang: suggestion of parity violation in weak interactions (1956) 
Parity violation first observed in Wu experiment (1957) 
Goldhaber, Grodzins, Sunyar experiment (1958): massless neutrinos are left-handed 
→ maximal parity violation → weak interactions only act on left-handed particles 

Improved theory of weak interactions: V–A theory (Feynman, Gell-Mann; 
Sudarshan, Marshak, 1958) → weak current = “vector minus axial vector” current
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CP Violation
Search for CP violation in neutral K meson (“K long”) decays 
(Christenson, Cronin, Fitch, Turlay, 1964): 

CP conserving: 
CP violating:                            (2000 times smaller) 
Weak interaction also violates combined CP symmetry 

Cosmological implications of CP violation: each explanation of the baryon 

asymmetry                    in the universe requires (Sakharov, 1967): 

Thermal non-equilibrium 
CP violation 
Baryon number violation

nB � nB
n�

⇡ 10�9

K 0
L ! ⇡+⇡�⇡0
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THE STANDARD MODEL OF 
PARTICLE PHYSICS

Historical Overview, Part II

!25
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Electroweak Theory

Unitarity problem in V–A theory: 
Cross section for neutrino-electron scattering 
prediction by V–A theory proportional to s (center-
of-mass energy squared), infinitely large for s→∞ 
Solution: unified theory of weak and 
electromagnetic interactions  
→ Glashow-Salam-Weinberg model (GSW) 
Gauge group (Glashow, 1961): 
 SU(2):  weak isospin 
 U(1):  weak hypercharge

SU(2) ⇥ U(1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

S.L. Glashow

nobelprize.org

A. Salam S. Weinberg
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Electroweak Theory
(Brout-Englert-)Higgs mechanism: 
spontaneous symmetry breaking (SSB) 
through Higgs potential V(𝜙) 

SSB: ground state of a theory does not preserve 
symmetry of Lagrangian 
Discovered independently by several groups: 
Higgs; Brout, Englert; Goldstone, Jona-Lasinio, 
Nambu; Guralnik, Hagen, Kibble (1960s) 
Application of Higgs mechanism on SU(2)×U(1) 
theory (Salam, Weinberg, 1968)  
→ massive W und Z bosons, massless photon  
→ prediction of a Higgs boson

Re(𝜙)

Im(𝜙)

V(𝜙)

µ2 < 0

2D Analogy of Higgs Potential
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Discoveries

Volume 122B, number  1 PHYSICS LETTERS 24 February 1983 

acterized by an electron trigger flag. 
Event filtering by calorimetric information was fur- 

ther perfected by off-line selection of 28 000 events with 
E T > 15 GeV in two gondolas, o rE  T > 15 GeV in 
two bouchon petals with valid position-detector infor- 
mation. These events were finally processed with the 
central detector reconstruction. Of these events there 
are 2125 with a good quality, vertex-associated charged 
track of PT > 7 GeV/c. This sample will be used for 
the subsequent analysis of events in the gondolas. 

6. Search for electron candidates. We now require 
three conditions in succession in order to ensure that 
the track is isolated, namely to reject the debris of jets: 

(i) The fast track (PT > 7 GeV/c) as recorded by 
the central detector must hit a pair of adjacent gondo- 
las with transverse energy E T > 15 GeV (1106 events). 

(ii) Other charged tracks, entering the same pair of 
gondolas, must not add up to more than 2 GeV/c of 
transverse momenta (276 events). 

(iii) The q~ information from pulse division from 
gondola phototubes must agree within 3o with the 
impact of the track (167 events). 

Next we introduce two simple conditions to en- 
hance its electromagnetic nature: 

(iv) The energy deposition E c in the hadronic calo- 
rimeters aimed at by the track must not exceed 600 
MeV (72 events). 

(v) The energy deposited in the gondolas Egon must 
match the measurement of the momentum of the 
track PCD, namely I1/PCD -- 1/Egon [ < 30. 

At this point only 39 events are left, which were 
individually examined by physicists on the visual scan- 
ning and interactive facility Megatek. The surviving 
events break up cleanly into three classes, namely 5 
events with no jet activity *2, 11 with a jet opposite 

' 2  The definition of  a jet is based on the UAI  standard algo- 
r i thm, applied separately on the Calorimetry and on the 
central detector  data. Positive results on either set are taken 
as evidence for a jet .  In the  calorimetry a four-vector (ki, 
El) pointing to the  interaction vertex is associated with 
each s truck cell. Working in the transverse plane, all vectors 
with k T > 2.5 GeV are ordered and are used as potential  
je t  initiators. They are combined if their separation in phase 
space satisfies the  cut  AR = [(Ar/) 2 + (Aq~)2] I/2 < 1 (with 

in radians). The remaining soft particles are added to the 
nearest jet  in A~ and Aq~, provided the  relative PT.is < 1 

o et GeV and A0 < 45 . A jet is considered valid i f E ~  > 10 
GeV. This same procedure is used for central detector 
tracks with appropriately adjusted parameters.  

to the track within a 30 ° angle in q~, and 23 with two 
jets (one of which contains the electron candidate) or 
clear e+e - conversion pairs. A similar analysis per- 
formed on the bouchon has led to another event with 
no jets. The classes of events have striking differences. 
We find that whilst events with jet activity have essen- 
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Fig. 2. The  missing transverse energy (Ev) is plotted vcctorially 
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electron search: (a) wi thout  jets,  (b) with jets.  
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P
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W and Z Boson Discovery (SppS, CERN, 1983)

36 CMS Collaboration / Physics Letters B 716 (2012) 30–61

Table 3
The number of selected events, compared to the expected background yields and expected number of signal
events (mH = 125 GeV) for each final state in the H → ZZ analysis. The estimates of the Z + X background
are based on data. These results are given for the mass range from 110 to 160 GeV. The total background
and the observed numbers of events are also shown for the three bins (“signal region”) of Fig. 4 where an
excess is seen (121.5 < m4ℓ < 130.5 GeV).

Channel 4e 4µ 2e2µ 4ℓ

ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1

−0.8 0.9+0.7
−0.6 2.3+1.8

−1.4 4.4+2.2
−1.7

All backgrounds (110 < m4ℓ < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4ℓ < 160 GeV) 6 6 9 21

Signal (mH = 125 GeV) 1.36 ± 0.22 2.74 ± 0.32 3.44 ± 0.44 7.54 ± 0.78

All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9

and the other pair is required to have a mass in the range
12–120 GeV. The ZZ background is evaluated from MC simula-
tion studies. Two different approaches are employed to estimate
the reducible and instrumental backgrounds from data. Both start
by selecting events in a background control region, well separated
from the signal region, by relaxing the isolation and identification
criteria for two same-flavour reconstructed leptons. In the first ap-
proach, the additional pair of leptons is required to have the same
charge (to avoid signal contamination) while in the second, two
opposite-charge leptons failing the isolation and identification cri-
teria are required. In addition, a control region with three passing
leptons and one failing lepton is used to estimate contributions
from backgrounds with three prompt leptons and one misidenti-
fied lepton. The event rates measured in the background control
region are extrapolated to the signal region using the measured
probability for a reconstructed lepton to pass the isolation and
identification requirements. This probability is measured in an in-
dependent sample. Within uncertainties, comparable background
counts in the signal region are estimated by both methods.

The number of selected ZZ → 4ℓ candidate events in the mass
range 110 < m4ℓ < 160 GeV, in each of the three final states, is
given in Table 3, where m4ℓ is the four-lepton invariant mass. The
number of predicted background events, in each of the three fi-
nal states, and their uncertainties are also given, together with
the number of signal events expected from a SM Higgs boson of
mH = 125 GeV. The m4ℓ distribution is shown in Fig. 4. There is a
clear peak at the Z boson mass where the decay Z → 4ℓ is re-
constructed. This feature of the data is well reproduced by the
background estimation. The figure also shows an excess of events
above the expected background around 125 GeV. The total back-
ground and the numbers of events observed in the three bins
where an excess is seen are also shown in Table 3. The combined
signal reconstruction and selection efficiency, with respect to the
mH = 125 GeV generated signal with mℓℓ > 1 GeV as the only cut,
is 18% for the 4e channel, 40% for the 4µ channel, and 27% for the
2e2µ channel.

The kinematics of the H → ZZ → 4ℓ process in its centre-of-
mass frame, for a given invariant mass of the four-lepton system,
is fully described by five angles and the invariant masses of the
two lepton pairs [123–125]. These seven variables provide signif-
icant discriminating power between signal and background. The
momentum of the ZZ system may further differentiate signal from
background, but would introduce dependence on the production
mechanism, and on the modelling of the QCD effects, and is there-
fore not considered here. A kinematic discriminant is constructed
based on the probability ratio of the signal and background hy-
potheses, K D = Psig/(Psig + Pbkg), as described in Ref. [126]. The
likelihood ratio is defined for each value of m4ℓ . For the signal, the
phase-space and Z propagator terms [127] are included in a fully
analytic parameterization [124], while the background probability

Fig. 4. Distribution of the four-lepton invariant mass for the ZZ → 4ℓ analysis.
The points represent the data, the filled histograms represent the background,
and the open histogram shows the signal expectation for a Higgs boson of mass
mH = 125 GeV, added to the background expectation. The inset shows the m4ℓ dis-
tribution after selection of events with K D > 0.5, as described in the text.

is tabulated using a simulation of the qq → ZZ/Zγ process. The
statistical analysis only includes events with m4ℓ > 100 GeV.

Fig. 5 (upper) shows the distribution of K D versus m4ℓ for
events selected in the 4ℓ subchannels. The colour-coded regions
show the expected background. Fig. 5 (lower) shows the same two-
dimensional distribution of events, but this time superimposed
on the expected event density from a SM Higgs boson (mH =
125 GeV). A clustering of events is observed around 125 GeV with
a large value of K D , where the background expectation is low and
the signal expectation is high, corresponding to the excess seen
in the one-dimensional mass distribution. The m4ℓ distribution of
events satisfying K D > 0.5 is shown in the inset in Fig. 4.

There are three final states and two data sets (7 and 8 TeV),
and thus the statistical treatment requires six simultaneous two-
dimensional maximum-likelihood fits for each value of mH, in the
variables m4ℓ and K D . Systematic uncertainties are evaluated from
data for the trigger efficiency and for the combined lepton re-
construction, identification, and isolation efficiencies, as described
in [128]. Systematic uncertainties in the energy/momentum cal-
ibration and in the energy resolution are estimated from data.
Additional systematic uncertainties arise from limited statistical
precision in the reducible background control regions.

The expected 95% CL upper limit on the signal strength σ /σSM,
in the background-only hypothesis, for the combined 7 and 8 TeV

Higgs Boson Discovery (LHC, CERN, 2012)

P
hys. Lett. B

 716 (2012) 30 
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Quark Mixing and Flavor Physics
Application of GSW model to quarks: 

Eigenstates of weak interactions (= particles interacting with the W boson)  
≠ mass eigenstates (= physical particles) 
W boson couples to linear combination of mass eigenstates d and s  
 
 
→ quark “mixing” with θC “Cabibbo angle”, sin θC ≅0.22 (Cabibbo, 1963) 

GIM mechanism (Glashow, Iliopoulos, Maiani, 1970):  
Observation: decay K+ → ℓ𝜈 much more likely than K0 → µµ 
GIM: K0 → µµ suppressed due to quantum corrections from fourth quark c 
Discovery of the J/𝝍 = bound cc state (SLAC, BNL, 1974)

u ! d 0 = d cos ✓C + s sin ✓C
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Quark Mixing and Flavor Physics
Quark mixing as source of CP violation: 

Only with at least three quark generations (Kobayashi, Maskawa, 1973) 
Mathematical description: (complex, unitary) Cabibbo-Kobayashi-
Maskawa (CKM) mixing matrix 
 
 

Discovery of third generation quarks and leptons: 
Leptons: 𝜏 lepton (Perl et al., 1975), 𝜈𝜏 (DONUT, 2000) 
Quarks: bottom quark (Lederman et al., 1977), top quark (Tevatron, 1995)
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Standard Model of Particle Physics

Particle content: 6 quarks + 6 leptons 
(+ antiparticles) 

Interactions (mediated by gauge 
bosons): electroweak interaction  
(= unified electromagnetic and weak 
interaction), strong interaction

symmetrymagazine.org 

https://www.symmetrymagazine.org/standard-model/
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Beyond the Standard Model?
Higgs-boson discovery: standard model completed with mechanism for 
spontaneous symmetry breaking 

Many open questions remain: 
Does the standard model work also at 
(much) higher energy scales?  
Is the standard model “natural”?  
Or: Why is the Higgs-boson mass so 
small, despite huge quantum 
corrections? Do we care if it is not? 

What lies beyond the standard model? 
(explanations missing for: neutrino 
mass, dark matter, dark energy, …) C. Grupen after C. Flammarion, L'atmosphère (1888)

http://gallica.bnf.fr/ark:/12148/bpt6k408619m.image.f168
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PARTICLE PHYSICS TODAY

!33
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High-pT Collider Physics
B

ildquelle: C
E

R
N

Current flagship: Large Hadron Collider 
World’s largest and most powerful particle accelerator 
27 km circumference, approx. 100 m underground 

Protons accelerated to up to 7 TeV 

Four large multi-purpose experiments:  
ATLAS, CMS, ALICE, LHCb 

Broad physics program: standard model and beyond 

Main topic of this school → more in upcoming lectures



Ulrich Husemann 
Institute of Experimental Particle Physics26/01/2019 Overview of Particle Physics!35

High-Precision Flavor Physics

Stefanie Reichert,  TU Dortmund

B→K*ℓℓ: angular distributions

13
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LHCb data
Belle data

ATLAS data
CMS data

SM from DHMV
SM from ASZB

Courtesy of Tom Blake

CMS PAS BPH-15-008

ATLAS-CONF-2017-023

JHEP 02 (2016) 104

Belle Preprint 2016-15

Curtesy of T. Blake

Angular observable in decay B → K*ℓℓ

b s

ℓ+

ℓ–

?

Search for new physics in quantum 
corrections, e.g.  
 
 
 
 
→ probe indirect effects to much 
higher scales than in high-pT physics 

Only significant source of tensions 
with the SM so far, e.g. muon 
anomalous momentum (“g–2”),  
rare B-meson decays
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Super B Factory: KEKB and Belle II
Picture courtesy of KEK

April 2018: first collisions at SuperKEKB
Experiment at asym-
metric e+e– collider at 
√s ≈ 10.5 GeV 

Pushing the precision 
frontier: 50 ab–1 of 
integrated luminosity 
expected 

Physics program: 
CP violation and  
rare decays in  
heavy quarks
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Neutrino Physics: Some Recent Results
Neutrino oscillations: non-zero mass  
(many experiments) 

Universe contains sources of PeV 
neutrinos (IceCube, South Pole)
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Neutrino Physics: Open Questions

Dirac of Majorana particle?  
→ neutrinoless double-beta decay (0𝜈ββ) d u

e−

d u

e−

W−

ν̄e

ν̄e

W−

mν̄e
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Neutrino Physics: Open Questions

Dirac of Majorana particle?  
→ neutrinoless double-beta decay (0𝜈ββ) 

CP violation in the lepton sector? 
→ accelerator & reactor neutrino beams

Japanese Project: Hyper-Kamiokande

→ J-PARC 𝜈 beam, water Cherenkov detector

US Project: DUNE

→ Fermilab 𝜈 beam, liquid-argon detector

lbnf.fnal.gov

www.hyperk.org

http://lbnf.fnal.gov
http://www.hyperk.org
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Neutrino Physics: Open Questions

Dirac of Majorana particle?  
→ neutrinoless double-beta decay (0𝜈ββ) 

CP violation in the lepton sector? 
→ accelerator & reactor neutrino beams 

Absolute mass scale (& hierarchy) ?  
→ KATRIN (+ 0𝜈ββ + cosmology)

katrin.kit.edu 

http://www.katrin.kit.edu
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Neutrino Physics: Open Questions

Dirac of Majorana particle?  
→ neutrinoless double-beta decay (0𝜈ββ) 

CP violation in the lepton sector? 
→ accelerator & reactor neutrino beams 

Absolute mass scale (& hierarchy) ?  
→ KATRIN (+ 0𝜈ββ + cosmology) 

Additional sterile neutrinos?  
Non-standard model interactions? 
→ small deviations in experiments

3

TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis before
using the constraint from the CC ⌫µ events. Also shown are
the constrained background, as well as the expected number of
events corresponding to the LSND best fit oscillation probabil-
ity of 0.26%, assuming oscillations at large �m2. The table
shows the diagonal-element systematic plus statistical uncer-
tainties, which become substantially reduced in the oscillation
fits when correlations between energy bins and between the
electron and muon neutrino events are included. The antineu-
trino numbers are from a previous analysis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ± 24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.6± 176.9 398.2± 49.7
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

ties from nuclear e↵ects, and uncertainties in detector
modeling and reconstruction. A covariance matrix in
bins of EQE

⌫ is constructed by considering the variation
from each source of systematic uncertainty on the ⌫e and
⌫̄e CCQE signal and background, and the ⌫µ and ⌫̄µ
CCQE prediction as a function of EQE

⌫ . This matrix in-
cludes correlations between any of the ⌫e and ⌫̄e CCQE
signal and background and ⌫µ and ⌫̄µ CCQE samples,
and is used in the �2 calculation of the oscillation fits.

Table I also shows the expected number of events cor-
responding to the LSND best fit oscillation probability
of 0.26%, assuming oscillations at large �m2. LSND
and MiniBooNE have the same average value of L/E,
but MiniBooNE has a larger range of L/E. Therefore,
the appearance probabilities for LSND and MiniBooNE
should not be exactly the same at lower L/E values.

Fig. 1 shows the EQE
⌫ distribution for ⌫e CCQE

data and background in neutrino mode for the total
12.84⇥ 1020 POT data. Each bin of reconstructed EQE

⌫

corresponds to a distribution of “true” generated neu-
trino energies, which can overlap adjacent bins. In neu-
trino mode, a total of 1959 data events pass the ⌫e
CCQE event selection requirements with 200 < EQE

⌫ <
1250 MeV, compared to a background expectation of
1577.8 ± 39.7(stat.) ± 75.4(syst.) events. The excess is
then 381.2 ± 85.2 events or a 4.5� e↵ect. Note that the
162.0 event excess in the first 6.46 ⇥ 1020 POT data is
approximately 1� lower than the average excess, while
the 219.2 event excess in the second 6.38 ⇥ 1020 POT
data is approximately 1� higher than the average ex-

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
 (GeV)QE

νE

0

1

2

3

4

5

Ev
en

ts
/M

eV Data (stat err.)
+/-µ from eν +/- from Keν 0 from Keν

 misid0π
γ N→ Δ

dirt
other
Constr. Syst. Error
Best Fit

3.0

FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming two-neutrino
oscillations. The last bin is for the energy interval from 1500-
3000 MeV.

cess. Fig. 2 shows the excess events in neutrino mode
from the first 6.46 ⇥ 1020 POT data and the second
6.38 ⇥ 1020 POT data (top plot). Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < EQE

⌫ < 1250 MeV en-
ergy region, compared to a background expectation of
1976.5±44.5(stat.)±88.5(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 99.0 events
with respect to expectation or a 4.7� excess. Fig. 2
(bottom plot) shows the total event excesses as a func-
tion of EQE

⌫ in both neutrino mode and antineutrino
mode. The dashed curves show the two-neutrino oscilla-
tion predictions at the best-fit point (�m2 = 0.041 eV2,
sin2 2✓ = 0.92), as well as at a point within 1� of the
best-fit point (�m2 = 0.4 eV2, sin2 2✓ = 0.01).

A two-neutrino model is assumed for the MiniBooNE
oscillation fits in order to compare with the LSND data.
However, the appearance neutrino experiments appear
to be incompatible with the disappearance neutrino ex-
periments in a 3+1 model [10, 12], and other models
[15–19] may provide better fits to the data. The oscil-
lation parameters are extracted from a combined fit of
the observed EQE

⌫ event distributions for muonlike and
electronlike events using the full covariance matrix de-
scribed previously in the full energy range 200 < EQE

⌫ <
3000 MeV. The fit assumes the same oscillation proba-
bility for both the right-sign ⌫e and wrong-sign ⌫̄e, and
no ⌫µ, ⌫̄µ, ⌫e, or ⌫̄e disappearance. Using a likelihood-
ratio technique [3], the confidence level values for the
fitting statistic, ��2 = �2(point) � �2(best), as a func-
tion of oscillation parameters, �m2 and sin2 2✓, is de-

Phys. Rev. Lett. 121 (2018) 221801

LSND/MiniBooNE Anomaly

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.221801
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All That Technology…

Instrumentation: 
Accelerators and 
detectors  
(→ Dobrzynski, Colaleo) 

Trigger & readout 
electronics 

Computing: 
Offline data processing 
Data analysis  
(→ Prosper, UH)

4 33. Passage of particles through matter

with mean M0. Ne is either measured in electrons/g (Ne = NAZ/A) or electrons/cm3

(Ne = NA ρZ/A). The former is used throughout this chapter, since quantities of interest
(dE/dx, X0, etc.) vary smoothly with composition when there is no density dependence.
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Fig. 33.1: Mass stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a function
of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in
kinetic energy). Solid curves indicate the total stopping power. Data below the break at
βγ ≈ 0.1 are taken from ICRU 49 [4], and data at higher energies are from Ref. 5. Vertical
bands indicate boundaries between different approximations discussed in the text. The
short dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence of stopping
power on projectile charge at very low energies [6]. dE/dx in the radiative region is not
simply a function of β.

33.2.2. Maximum energy transfer in a single collision :

For a particle with mass M ,

Wmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (33.4)

In older references [2,8] the “low-energy” approximation Wmax = 2mec2 β2γ2, valid for
2γme ≪ M , is often implicit. For a pion in copper, the error thus introduced into dE/dx
is greater than 6% at 100 GeV. For 2γme ≫ M , Wmax = Mc2 β2γ.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron can
exceed 1 GeV/c, where hadronic structure effects significantly modify the cross sections.

June 5, 2018 19:57

pdg.lbl.gov 
Energy Loss in Matter

CMS L1 Trigger Overview 

2.1 The L1 trigger overview 5
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Figure 2: Overview of the CMS L1 trigger system. Data from the forward (HF) and barrel
(HCAL) hadronic calorimeters, and from the electromagnetic calorimeter (ECAL), are pro-
cessed first regionally (RCT) and then globally (GCT). Energy deposits (hits) from the resistive-
plate chambers (RPC), cathode strip chambers (CSC), and drift tubes (DT) are processed either
via a pattern comparator or via a system of segment- and track-finders and sent onwards to a
global muon trigger (GMT). The information from the GCT and GMT is combined in a global
trigger (GT), which makes the final trigger decision. This decision is sent to the tracker (TRK),
ECAL, HCAL or muon systems (MU) via the trigger, timing and control (TTC) system. The
data acquisition system (DAQ) reads data from various subsystems for offline storage. MIP
stands for minimum-ionizing particle.
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Deep Neural Network Architecture

Marcel Rieger - 1.3.18
63 Two-staged training process

● Motivation:

■ Same event classes / processes can have different topologies

■ Just training on these classes will confuse the network


● Approach:

1. Pre-training on event content from generator (hasH, hasbH, hasblep, ...)

2. Actual training on event classes without generator info

Yannik Rath – 05.10.17

- 12/14 -Two Staged Neural Network Training

● Additional information: Flags that 
specify event content

– Use as training target

● Extend network

● Train on processes

● Connect first new layer to all 
previous layers

➔ Make use of learned internal 
representations
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ttH
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- 12/14 -Two Staged Neural Network Training

● Additional information: Flags that 
specify event content

– Use as training target

● Extend network

● Train on processes

● Connect first new layer to all 
previous layers

➔ Make use of learned internal 
representations
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Summary

Particle physics:  
what is our universe made of on the fundamental level? 

Solid foundation of particle physics  
→ well established standard model of particle physics 

Particle physics today: highly specialized sub-fields  
(e.g. high-pT collider physics, flavor physics, neutrino physics) 

There’s so much more … enjoy the school


