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N The SM works (too) well ...  ETP.

Standard Model Production Cross Section Measurements Status: May 2020
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@ Measurements in agreement with predictions No need for

@ Including the Higgs the SM is self-consistent =~ new physics
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m Why do we need new physics? [A1:)

| CERN, July 2012

ses has been found:
the Higgs boson!

CERN _
main auditorium We know everything!

Symmetry Magazine
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Why do we need new physics? |31

[ CERN, July 2012 Symmetry Magazine
| Centre piece of the

CERN _
main auditorium We know everything!

ESA 2015
Only 4.9 % ordinary 9
|matter in the universe!l Dark Matter

Universe _ _
cosmic microwave background We still know nothing!
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ETP
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| Let’s collect some arguments
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L.

Your collected arguments

ETP

Institut fur Experimentelle Teilchenphysik

Matter-antimatter-asymmetry

Neutrino masses nonzero, but unknown

Complicated gauge symmetry groups; something simpler should exist
Large number of SM parameters

Only one Higgs boson; why not more?

Why four forces? No gravity in SM.

Unification of electroweak and strong forces

No CP violation in strong interaction although possible

P, CP, and T symmetries violated; why not CPT?

Cosmology: Can matter distribution in universe be explained?
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Previously collected arguments ETP’
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| Dark Matter and Dark Energy ET
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bservations
from starlight

Velocity
(km s-1)

Expected from
the visible di

" ——
- —_

20,000 30,000 40,000

Distance (light years)

d Rotational speed of stars in galaxies @ Cosmic microwave background

% Too little visible matter % Accelerated expansion of universe
% Dark Matter %+ SM of Cosmology: ACDM
% Dark Energy
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ETP
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| Standard Model and Gravity

Gravitational waves Nobel prize 2017

LIGO

@ But gravity is not included in the Standard Model of Particle Physics
%+ SM: Gauge quantum field theory in flat 4d spacetime
% GR: Nonquantised geometric field theory
a No quantum field theory of gravity so far ...
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CKM

0.97434

0.22492

0.00875

0.22506 0.00357
0.97351 0.0411
0.0403 0.99915

a Baryon asymmtry in the universe

% Requires CP violation (Sakharov 1967)

% Only known source in SM, CKM matrix, not sufficient!

Klaus Rabbertz

Karlsruhe, 16.02.2021

Quantum diaries
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A Neutrino properties

PMNS . sin2023 -y
matrix
va
Sin2913 Myl —
atmospheric
Ve Vu V1t V2 ~2x103eV?2

atmospheric
~2x1073eV?

Sin4612 my2 |

"112__
Ve Vu Vi &
0

@ Neutrinos in SM of particle physics are massless

102950 (£102) 92 'sAud-boid-idey

0

d Observation of neutrino oscillations well estabishled

+ Neutrinos must have some very small masses!
+ Analog to CKM matrix exists: PMNS

d |s there CP violation in PMNS?

@ Are neutrinos their own antiparticles (Majorana instead of Dirac)?
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| Muon anomalous magnetic momentETP)

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

@ Interaction of particle with spin S in R
magnetic field B E=—, - B DHMZ 2019 e § | BNL-E821
m -261+48 (3.30) °C<3 0+63
+ Dirac:g =2 R q = s
g Hm — 92 S g
m 8
KNT 2018 —e—i &
o ] o 270+ 36 (3.70)
@ Radiative corrections allow deviation
% Anomalous magnetic moment (g - 2) 12018
-315 +44 (4.10)
IIII|IIII|IIII|IIII|IIII|IIII|IIIIiIIII|IIII|II

-600 -500 -400 -300 -200 -100 0 100 200
a, _aﬁxp [ x 10_11]

" P.A.Zyla et al., PDG, Prog.Theor.Exp.Phys. (2020) 083CO01.

@ Extremely precise prediction from theory (at level of 5 107)

9u — 2 0 + In disagreement with measurements!

2 + Corrections (loops) sensitive to new physics (particles)
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| Large number of parameters

a “Standard Model” :
1 8 Standard Model of Elementary Particles
g Nine fermion masses three ger(lft;rrantliit:)rrl;)of matter interactio(r;)so;:)c:lr:)e carriers
| I 1l
Th ree Cou pllng conStantS mass =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 0 A =124.97 GeV/c2
charge | % EZ] %5 0 \ 0
. . spin |15 u 1 G 1 t 1 I 0 H
Higgs mass and vacuum expectation ' 9
value u I charm ' top Jl gluon higgs
% Three CKM mixing angles + one phase @ IO IF® ||| @
@ Including neutrino masses down J| strange J{_bettom J | photen )
. =0.511 MeV/c2 =105.66 MeV/c? =1.7768 GeV/c2 =91.19 GeV/cz m
% Three more fermion masses S e " N N M E-
H ! L |5
v
- Three PMNS angles + one phase 25 . electron muon tau l Z boson g§
f;; <1.0 eVic2 <0.17 MeV/c2 <18.2 MeV/c2 =80.39 GeV/c2 A O
H O o 0 0 +1 L o
d Including strong CP phase parameter cl® [-® |-® ([ @ |8
JW | |
% No CP violation in QCD 26 u neutrinG | n?u‘iﬁﬂo__. neutrino | | W boson §§

d@ Two more for Majorana neutrinos?
% Gauge interactions (couplings): 3

Attribution of most parameters + Higgs sector (masses): 14 !
+ Flavour sector (CP): 8!
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A Theory deficits

@ Complicated gauge structure of three interactions SU(3)c x SU(2)r, x U(1)y

% Reason for gauge groups?
=% |s there some unification to one elemental force?

@ CP violating term in QCD Lagrangian — 0 93

% Why so small? 0 39772

~ v
~G,G A
@ Minimal Higgs sector added “ad hoc”

%+ Twelve hugely different Yukawa couplings to give the observed fermion masses

@ “Conspiracy” between electroweak and strong parameters v

% Atoms are electrically neutral, electron and quark charges compensate

+ No chiral anomaly, chiral current is conserved (). + N¢ - (Q, + Q4) =0
@ Hierarchy problem 2

+ SM as effective theory valid from A, ~ 10°GeV up to some scale

+ Gravity not included so could be Apj.nck =~ 1019GeV

% New physics needed, but nothing for 17 orders of magnitude?
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A Summary of open points

@ Evidence from cosmology

+ No particle candidate for dark matter or energy
% Gravity not included in the “Standard Model of Particle Physics”
+ Matter-antimatter asymmetry not explained

@ Evidence from lab experiments

% Neutrino oscillations require neutrino masses (not in SM)
<+ Deviations in precision experiments (g-2)

d@ Theoretical deficits

% Large number of free parameters — are there any relations?

+ Complicated gauge structure — is there a simpler more unified one?

+ |s there enough CP violation?

+ Ad hoc Higgs sector: What explains the hugely different particle masses?
+ Relation between QCD and EWK parameters — is there a deeper reason?

+ |s there nothing between the electroweak and Planck (gravity) scale?
Klaus Rabbertz Karlsruhe, 16.02.2021 Teilchenphysik | 15



A

Wishlist to SM extensions

Institut fur Experimentelle Teilchenphysik

@ Wishlist to BSM physics

=g

Containment:
SM as low-energy
approximation

Predictive power:
Explains new phenomena

Simplicity:
Simpler structure

Deductibility:
Less ad hoc assumptions
and/or free parameters

Completeness:

Inherent reasons for
nonexistence of otherwise
possible effects

LHC

Origin of Mass
New particles

Dark Matter

Origin of Universe

Unification of Forces

New Physics
Beyond the Standard Model

Dark Energy

o

Cosmic Particles \.}{\

based on graphic from www.fnal.gov

Klaus Rabbertz Karlsruhe, 16.02.2021 Teilchenphysik |
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N\ Possible SM extensions  ETP)

@ New symmetries

% Grand Unified Theories (GUT): Unification of SM gauge interactions into one
% Supersymmetry (SUSY): Symmetry between fermions and bosons
<+ Further gauge groups, e.g. U(1) or new right-handed gauge bosons

@ New substructures

+ Compositeness: Quarks and leptons not elementary
+ Technicolor: Higgs (and W/Z) bosons not elementary
- Bound states of massless particles: Mass = binding energy
@ New concepts

% Further spacetime dimensions

<+ Strings instead of particles

Klaus Rabbertz Karlsruhe, 16.02.2021 Teilchenphysik | 17



A GUT: Motivation

Institut fur Experimentelle Teilchenphysik

@ Electroweak HERAL _
unification: DIS: NC e £ ¢ ' il
8 10 it H1 e'p NC 03-04 (prel.) N
. = = X A H1e'p NC 2005 (prel.) 3
% Electromagnetic and € y g ¢ . NC Ey S N
weak interaction as ?J = = ©  ZEUS €p NC 04-05 (prel.) 5
= TRy, e SM e‘p NC (CTEQEM)
same force E 108 _ CC —— SMe'p NG (CTEQEM)  __
% Same strength for P *O > SRR Y -
2 2 = E
Q >> MW,Z 103: H1e'p CC 03-04 (prel.) *i :
. e * Hie'p prel. =
= Low-energy DIS' CC ¥ E a4 H1e'p CC 2005 (prel.) ; i
. _ = ZEUSe'p CC 2004 ]
g'fferences due to e ? e ZEUS e'p CC 04-05 (prel.) ?
oson masses W 58 ;_ _____ SM e’p GG (CTEQSM) _;
(propagators) = —— SMepCC (CTEQEM) :
E y<0.9 E
p ,‘ : = Pe =0 -
10—? = 1 | I | 1 L1 1111 | |

10 10°
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A\ GUT: Historical successes ETP)
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elemﬂ:ﬁ’ ElechMsmabhe Tic
MAENEE sy / il’:T 'H'u}, B
F':?:.;-JELE
P :
Fople electroneale
inrerachon GU
~f m Is
o ;:ni‘_‘,\
Meraz o -~
£/ TSUICES
gt fOF-CE Y
-;w:—/ oy —=
®
i
hitp://www.symmetrymagazine.org
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A GUT: Example SU(5)

@ SU(5) simplest group to embed SM:

1/,
n
=

% New bosons X with weak isospin and color

(leptoquarks) 60 - _1/a,
% Predicts unification of gauge coupling strengths e

-~ Running couplings a__, o, a_almost meet at - e T
40 b
15
AGUT 107°GeV =~ APlanck ] o

-~ Hint towards unification with gravity? 20 o
@ Big desert:

% No new physics inbetween

=% Unification not exact; something else in addition? 0 b b

o 0 5 10 15
@ Predicts: log,,(Q/GeV)

% ~ Value of weak mixing angle
arXiv:hep-ph/0012288
% No anomaly — neutral atoms
% No B or L conservation; proton decay 5y
_ Remark: In SU(5) o — o = 5
% Magnetic monopoles 3 cos? Oy

Klaus Rabbertz Karlsruhe, 16.02.2021 Teilchenphysik | 20
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A Supersymmetry (SUSY)  ETP)

@ Supersymmetry SUSY

+ Symmetry between fermions and bosons

<+ Postulate: Lagrangian invariant under supersymmtry transformations
<% Original motivation: Extension of Poincare-Group

% First prototype: Wess-Zumino model at Uni Karlsruhe

@ Minimal Supersymmetric Standard Model (MSSM)

% Superpartners to existing particles with spin different by * -
% Other properties identical between normal and SUSY particles
+ Contains dark matter candidates, e.g. neutralinos

<+ Unification of coupling strengths

+ Solution of Hierarchy problem in Higgs sector

% Dynamic generation of electroweak symmetry breaking

% No superpartners with identical properties (mass) found —
must be broken symmetry with SUSY particle masses LARGER

Klaus Rabbertz Karlsruhe, 16.02.2021 Teilchenphysik | 21



A

MSSM: Particle content

ETP.

Institut fur Experimentelle Teilchenphysik

@ Particle content:

% Spin-'2 fermions and spin-0 sfermions

% Spin-1 gauge bosons and spin-'2 gauginos

+ More complex Higgs sector required (two Higgs doublets — five Higgs’ses)

Leptons %
Sleptons 0

1
Quarks 5
Squarks 0

Ve |
ey : R
up
(ﬂl) ,» UR, dR

Gauge bosons 1
Gauginos

Higgsinos

P = | ==

Higgs bosons 0

h, H, A, HT

Neutralinos Charginos

Klaus Rabbertz

Karlsruhe, 16.02.2021
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A MSSM at LHC

Unification of couplings actually works g SM g

Ideal scale for superpartners: 1 TeV 60 - 1o, 60 - v
— perfect for discovery at the LHC : \ i H
Lighest SUSY particle (LSP) candidate 40 |- | 40 - %
for Cold Dark Matter (CDM)! __ _ g
— WIMP searches, also elsewhere 20 |- 20 - ”;'::
(Weakly Interacting Massive Particles) ot o, N

SUPERSYMMETRY o '1‘5' I ‘1'5‘ -

09,,(Q/GeV) log,,(Q/GeV)

Not the slighest glimpse found
of something SUSY at the LHC

— no massive superpartners

— no missing E_signatures of
CDM candidates

— No WIMPs found
Standard particles SUSY particles M aybe tl'y ALPs

Klaus Rabbertz Karlsruhe, 16.02.2021 Teilchenphysik | 23
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A\l QCD and C, P, T Invariance

1 | Ry =
Lorentz-scalar in QED _1]:“”]:“’/ — 5 (E2 — BQ) 0]
No effect, since 1 - S o
surface term with —— MVFMV = (E : B) | )
QED fields — 0 at « 4
~ LV |
The case of QCD Dual tensor: 7 = —""POF

If all m_ > 0, possible term of

g
0 S
327Tg g

should have effect, because of
degenerate nonperturbative QCD
vacuum with phase 0 < 0 < 21r.

Klaus Rabbertz Karlsruhe, 16.02.2021 Teilchenphysik | (24 |
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A\l Neutron EDM

Including weak CP violating effects — [

where 0 < 0 < 277

NMR measurement with spin-polarised, 10—26
trapped (t = 150s), ultracold neutrons d’n <29 EO eCim
(v < 7 m/s — total reflection) Bestlimit » g « 1010
B=1uT, E=10kV/cm

hver = 20, B + 2d, E

hvy = 2u,B — 2d, E

Measure change in spin precession
frequency between E parallel and anti-par.

neutron electric
dipole moment

—ov =4d,FE/h
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A\l Neutron EDM

Including weak CP violating effects —

Upper limits dp, < 2.9-10"*°ecm

n beams ultra cold

o neutrons Best limit — 5 < 10_10
° . ILL Grenoble

2 (@]
o O
@]
(a]e]

o ébé\}' '

~—[sv]

16"
1950 1960 1970 1980 1990 2000 2010 2020
Year of Experiment
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A\l Pool Table Analogy

QCD conserves CP invariance

‘ Flat pool table ‘ ' Perfectly symmetric

Gravity

P. Sikivie, Physics Today, 12/1996;

arXiv:hep-ph/9506229
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A\l Pool Table Analogy

QCD conserves CP invariance
Flat pool table ‘

Gravity
Perfectly symmetric

relative to gravity

But why ...?

Floor inclined —
broken symmetry

By accident?
Everywhere?
— perfect tuning ...

P. Sikivie, Physics Today, 12/1996;

arXiv:hep-ph/9506229
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A\l Pool Table Analogy

QCD conserves CP invariance

Gravity
Flat pool table ‘ Perfectly symmetric

relative to gravity
Floor inclined —
broken symmetry

New degree Symme_try restored

of freedom dynamically ...

— Axion at the cost of

potential oscillations

P. Sikivie, Physics Today, 12/1996;

arXiv:hep-ph/9506229
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B Peccei-Quinn Mechanism (1977)[a1:

Repeat successful recipes —
Similar to Brout-Englert-Higgs mechanism!

Postulate global U(1),, chiral symmetry, spontaneously broken at scale f,

-+ Dynamically generated CP violating term restores QCD CP invariance

=+ Axions as resulting pseudoscalar bosons (Wilczek, Weinberg, 1978)

EmAgprf K,

e Upo(1) explicitly broken
by QCD vacuum effects

* Mexican hat tilts
e Axions acquire a mass G. Raffelt

6=0

Mexican-hat potential > minimum at0 =20
Klaus Rabbertz Karlsruhe, 16.02.2021 Teilchenphysik | | 30 |



Axion Properties

Reinterpretation 5 CL(CE) — pseudo-scalar axion field

~

fa — PQ scale, axion decay constant

Original PQWW axion suggestion —-1/2
quickly excluded by experiment ... fa ~ (\/iGF) ~ 247 GeV

— axions mix with 1
— properties scale

mafa i mwfw
~ 140 MeV - 100 MeV

Axions effectively
couple to gluons

Peccei, Quinn, PRL 1977, 38, 1440; PRD 1977, 16, 1791;

Wilczek, PRL 1978, 40, 279; Weinberg, PRL 1978, 40, 223.
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How can we find/
exclude axions ; PQWW axion

In this plane? ruled out

ay [GeV]
2 3

<
o

Invisible Axions
(Dark Matter)

(@)
(@)
IE
_Q
-
o]
(&
1
c
o
il
o
i -
?.
c
9
X
<

—

<
-
(o0]

10° 10° 103% 100
axion mass m_[eV]
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A\l Axion Properties

Reinterpretation 5 CZ(ZB) — pseudo-scalar axion field

v

fa — PQ scale, axion decay constant

Original PQWW axion suggestion —-1/2
quickly excluded by experiment ... fa ~ (\/iGF) ~ 247 GeV

Two alternatives not in contradiction KSVZ Axion, PRL 1979, 43,103; NPB 1980, 166, 493.
- - DFSZ Axion, SUNP 1980, 31, 260; PLB 1981, 104, 199.

with experiment:

KSVZ (Kim-Shifman-[_\éainshtein Zakharov)

DFSZ (Dine-Fischler-Srednicki-Zhitnitskii)

mg, < 10meV

Y

— Low Energy Physics!
ALPs: axion-like particles:
WEAKLY INTERACTING AND LIGHT!

Klaus Rabbertz Karlsruhe, 16.02.2021 Teilchenphysik | [ 33 |




B\ Cosmic Axions — Haloscopes [(3]

m_=1 peV - 10meV

v_ = 300 km/s

—E =(1£10°) m_
P = 102 W

- -

CL.———»——g\/

Classical EM field Sea of virtual photons Primakoff Effect
—> | <« Avy/vg~ 2~ 10°

— Adapted from ADMX
Frequency Graham et al., ARNPS 2015, 65, 485.
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* nilar AXIC o ]I1C DDE ETP)
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E_, keV's X ray telescopes

L=92&6m
Solar Sunset Vi o Sunrise
axion flux system | X-ray telescope system
i\
:'l II. II.
:lf gy —=———=—=- } | '|I \l v
—_—— ——:::::; Magnet T » P 4 T_ I'II' R R W ! —_——
_______ > bore B - l'-" ¥ ; _ >
— . I—
__________ R | = = = === = - — 1 1
| ¢ T T T T e N
H 1 ) Shielding -
i 8
1 1
1 X-ray detector .
10°% ¢ X L
CAST “He and 3He P . BS]‘H(q /2)
a—)*y - ga’y q
£ m, < 0.02eV q=my/2E
10710 |- CAST phase |
T
=
[
Y
o
101 -
‘|O—12

P CAST, Nat. Phys. 2017.

Graham et al., ARNPS 2015, 65, 485.
Teilchenphysik |

m, (eV)
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Lab Axions — LSW

Injection / Photon\ Photon
optics detector detector

Matched Fabry—Pérot cavities

Graham et al., ARNPS 2015, 65, 485.
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A\l Edelweiss

~100 — 103 . e
m,=10°-10" eV ESiidh et

. Edelweiss, JCAP 2013, 1311, 067.
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Example for direct search for new phenomena: Dijet resonance
Absolute prediction of QCD not required,

19.7 tb™ (8 TeV)

- - - 10 % | T TTT | T T 171 T TTT T T T T T | T T TT | T | T T | E
only shape of distribution needed = CMS 4 Deta ]
— perform a “bump hunt” 'E - E

7= Mo QCD MC E
102 i_ JES uncertainty _i
Nothing found so far! Not in Run 1 or 2, I =
neither with ATLAS nor CMS. g g Wide jets (R=1.1)
e = ]
do_ E‘«_ 104'5_ <25 & |Al]”| <13 35
=3 = . =
Lg 10°° = ‘. g (3.6TeV) —=
dmal S L 5
.-E 0 = == — L | :

1000 2000 3000 4000 5000

Dijet mass (GeV)

CMS, PR, 2015, D91, 0520009.
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imentelle Teilchenphysik

Resonance at about 125 GeV ...

In this case in the diphoton mass spectrum ...

Even;[s_/ éé\7

BataBikg

2400 = AL I L B L LR %?OOO :_ CMS Pre“minary —— S/B Weighted Data
2200 Selected diphoton sample — " s=7TeV L=51fo' S+B Fit
2000 E- ° Data 2011 and 2012 = G1800 7 _8T V’ Los3fy! Bkg Fit Component
- Sig + Bkg inclusive fit (m = 126.5 GeV) 3 B‘I 600 e IS=0leV,L=9. [ JHio
1800 — 4 000 mememeee 4th order polynomial = — L [ J+20
1600 + B s
= \(§=7Tev,f|_o|t=4.8fb1 5 J1400¢
1400 — ] ) -
1200 \!5-8TerLdt—59fb'1 3 £1200
— - ’ e = o 0
1000 = LI>J1 000
800 = B 800 =
600 — — - I
= = < 600
400— —] o il
200~ ATLAS Preliminary = %) 400 F
= H————— I — = 200 -
100— — u
T + = O 0 L ! | ! 1 ! | I I
°F | " : 120 140
100 = n L L1 - 1 = mY'Y (GeV)
100 110 120 130 140 150 160
m,, [GeV] CERN Seminar, 04.07.2012

Klaus Rabbertz

Karlsruhe, 16.02.2021
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| Recall lecture: Four-fermion couplin

B-decay _ p-decay W-propagator e

S e
Wikipedia P
W- <
I I p . .& Ve
- 2
GF Jw \V/

- 8M3E, "

N

Versuch einer Theorie der g-Strahlen. IY).
Von E.Fermi in Rom. .
Mit 3 Abbildungen. (Eingegangen am 186. Januar 1934.)

Eine quantitative Theorie des g-Zerfalls wird vorgeschlagen, in welcher man

die Existenz des Neutrinos annimmt, und die Emission der Elektronen und

Neutrinos aus einem Kern beim S-Zerfall mit einer dhnlichen Methode behandelt,

wie die Emission eines Lichtquants aus einem angeregten Atom in der Strah-

lungstheorie. Formeln fiir die Liebensdauer und fiir die Form des emittierten

kontinuierlichen f-Strahlenspektrums werden abgeleitet und mit der Erfahrung
verglichen.

Fermi, Z. Phys., 1934, 88, 16; Nuovo Cim., 1934, 11, 1
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A\ Contact interactions (Cl)  ETP
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. . Terazawa, Phys. Rev. D, 1980, 22, 184.
Models considering elementary Eichten, Lane, Peskin, Phys. Rev. Lett., 1983, 50, 811,
part|c|es as composﬂe: Baur, Hinchcliffe, Zeppenfeld, Int. J. Mod. Phys. A, 1987, 2, 1285.
. Hewett, Rizzo, Phys. Rept., 1989, 183, 193.
“Compositeness”, ... o Phe

Frampton, Glashow, Phys. Lett. B, 1987, 190, 157.
Simmons, Phys. Rev. D, 1997, 55, 1678.
Randall, Sundrum, Phys. Rev. Lett., 1999, 83, 3370.

Approximate low-energy phenomena as contact interaction:

QCD: t-channel scattering ~ Rutherford Cl addition to SM Lagrangian
New physics: More isotropic! 0 (flavour-diagonal, avoids FCNC)
2 TN
D%qq — > 1L (QLY C]L) (CJL%u CJL)
n—ratio 2A4 L
v New Physics

< - +2nr (GrY"qL) (@R Yu QR)

-
= e
-
-
-
-
-
-

X aco +Nrr (GRY" qR) (QR'}’MQR) }

dijet mass

Eichten, Hinchcliffe, Lane, Quigg, Rev. Mod. Phys., 1984, 56, 579.
Klaus Rabbertz Karlsruhe, 16.02.2021 Teilchenphysik | 41



L.

Indirect search in dijet system ETP)
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35.9 fb' (13 TeV)

:‘g . -E—J. I T 1 | T T T | | | I | T 1 | T T
-E‘: 0.14 - — ztggerford Scattering .UE . __ _+_ Data CMS __
2 012 L New Physics HE? - ‘ sums NLO QCD + EW -
b 01F: 3 [ - AL(C)=14TeV 1
0.08 [ : 5? - : Ay (Cl)=14 TeV =
y e s s L o5F —
006 | T T e T — e ==== A, (GRW)=10TeV _
T2 4 6 s 1012 14 18 Upwards S I - Mas (M, =6 ADD) =8 TeV ]
fluctuation , | _
Laijer = EXPY4—Y,)) ,s' 0.1 — M; > 6.0 TeV —
~ Y 4 B 7]
14| cos(6)] s " T
— eX - — — -~ - H l'f-‘-_'tl'lf —
X p(‘nl ?72‘) 1_| COS(@)‘ ,,' i Fo— i g
;s 0.05 — -
CMS Result 2018: 7 4

Compatible with SM only :-( ) T
:I——I LI | | | T 11 | T 171 | | | 1T 1 | T T I:
NLO (QCD + EW) + NLO ClI d T E
Observed o -
smaller than &[S E B - £ :
expected limits S ¢ | e
Model Observed lower limit (TeV) Expected lower limit (TeV) 0o 12 14 16
CIl Al re 12.8 < 146+ 0.8 X it
ALL/RR 17.5 23530  cums, EPJC 78 (2018) 789.

Karlsruhe, 16.02.2021
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Institut fur Experimentelle Teilchenphysik

! To be continued ... SS2021 ETP;

Teilchenphysik II: Top-Quarks und Jets am LHC

Sommersemester 2021 (4022171) A

Institut fiir E lle Teilchenphysik

Link zur Webseite

d Tellchenphysik II:

% Top-Quarks und Jets am LHC (N. Jafari, K. Rabbertz)
+ W, Z und Higgs an Collidern (R. Wolf)

@ Moderne Methoden der Datenanalyse (P. Goldenzweig, G. Quast, R. Wolf)
@ Sowie ggf. Theorie, Astroteilchenphysik, Beschleunigerphysik, ...

Klaus Rabbertz Karlsruhe, 16.02.2021 Teilchenphysik | 43
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Institut fur Experimentelle Teilchenphysik

] To be continued ... SS2021 ETP.

Hauptseminar
,EXperimentelle und Theoretische @ Themengebiete:
Methoden der Teilchenphysik “ + Beschleuniaer &
Prof. Dr. G. Heinrich, Prof. Dr. G. Quast, Dr. S. Gieseke . g
Mi. 16:00-17:30, Geb. 30.23, Raum 12-1 Teilchendetektoren
als Blockseminar am Ende des Semesters + Monte-Carlo-Simulation und

Statistische Datenanalyse

+ Eichtheorien und Higgs-
Mechanismus

% Neue Ergebnisse vom Large-
Hadron-Collider am CERN

% Suche nach Physik jenseits des
Standardmodells

@ Vorbesprechung: Mi, 14.04.2021

@ Anmeldung uber ILIAS
erforderlich

Klaus Rabbertz Karlsruhe, 16.02.2021 Teilchenphysik | 44
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N Collider-Physik am ETP  ETP)

& CMS: Collider-Physik bei den hochsten Energien am LHC

% Physikanalyse:

-+ Prazisionsmessungen zu QCD, Top, W/Z
- Higgs-Eigenschaften

Compact Muon Salenoid

-~ Suche nach Abweichungen und neuer Physik (DM, ...)
% Siliziumdetektoren

% Grid-Computing
@ Belle/Belle lI: B-Physik and der Y(4S)-Resonanz
% Analyse der Belle-Daten: CP-Verletzung im B-System

% Computing und Spurfindungsoftware fur Belle Il

@ Viele Gelegenheiten zu Bachelor/Master-Arbeiten

% Info direkt bei uns am ETP

<+ Bisher: http://www.etp.kit.edu/veroeffentlichungen.php

Klaus Rabbertz Karlsruhe, 16.02.2021 Teilchenphysik | 45
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