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Overview

* Shortcomings of the Standard Model and Motivations for New Physics
* Features of Grand Unified Theories
* Supersymmetry

e LHC Searches for
e SUSY
e Dark Matter

e Extra Dimensions
A Broad Look at Current LHC Limits
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Introduction: Beyond the Standard Model at LHC

* A significant fraction of all analyses performed at the LHC search for
phenomena beyond the standard model - typically classified in:

o Supersymmetry:. Searching for indications for a concrete, popular and well-
motivated extension of the Standard Model

» Exotics: More generic new phenomena searches - often also motivated by

theoretical ideas, but also very general searches for deviations from Standard
Model expectations

Impossible to cover this in a single lecture - here:

A focus on Supersymmetry as an example to illustrate motivations and
properties of BSM theories

A few examples of other phenomena and search strategies
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Reminder: Limitations of the Standard Model

e The Standard Model with:

 Fundamental fermions (3 pairs of quarks, 3 pairs of leptons)
 Fundamental interactions through gauge fields, manifested through
e W, Z, v (electroweak - SU(2) x U(1))
e gluons (strong - SU(3))

successfully describes all HEP experiments and observations.

BUT:

* it has conceptual problems

it is incomplete: Fails to describe astrophysical / cosmological observations.
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Limitations: Conceptual Problems

possible solution

* Too many free parameters: ~18 masses, couplings,
mixing angles

* No unification of electroweak and strong interaction GUT; E ~ 1016 GeV

* No inclusion of quantum gravity TOE; E ~ 101° GeV
* Family replication: Why 3 families of fundamental

fermions?

e Hierarchy problem: “Fine tuning” of precise SUSY, Extra dimensions, ...

cancellation of radiative corrections E~103 GeV

* Why 1/3 - charges of quarks - or: What ensures
exactly equal charge of protons and electrons?

GUT; E ~ 1016 GeV
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Limitations: Observations

* Dark Matter Shaszaters | New particles?

Velocity
(km s-t)

10,000 20,000 30,000 40,000

Distance (light years)

* Dark Energy

* Baryon asymmetry New interactions?

e Neutrino masses
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ldeas Beyond: Grand Unified Theories

Ut

(Unified Theory)

Gravitation
Allgemeine Relativitatstheorie

Elektromagnetische Kraft
Theorie: Quantenelekrodynamik
Gruppe: U(1)

Elektroschwache Kraft Boson: Photon Y

Theorie: GSW- Theorie

Gruppe: U (1) xSU (2)

Bosonen: W= W* Z° ¥ Schwache Kraft
Theorie: Glashow-Theorie
Gruppe: SU (2)
Bosonen: W~ W+ 2°

(Grand Unified Theories)
Starke Kraft

Theorie: Quantenchromodynamik
Gruppe: SU (3)
Bosonen: 8 Gluonen g

* The simplest symmetry that contains U(1), SU(2) and SU(3): SU(5)
(Georgi, Glashow 1974)
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ldeas Beyond: Grand Unified Theories

The particle structure in SU(5) GUT:

* Multiplets of (known) leptons and quarks, which can be transformed by the
exchange of new heavy bosons (“leptoquarks”) X, Y with -1/3 and -1/4 charge

a direct consequence: Proton decay via p — mi%e+

4
M + [
X _10°%! yr

T~ ~ ~
p 2 5 ‘ !
AGu TM p | ;

for Mx ~ 1015 GeV

already excluded by SuperKamiokande: Standard SUSY-GUT excluded.

more next week!
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ldeas Beyond: Grand Unified Theories

* Electric charge is one of the generators of SU(5)
* Quantisation of charge follows from exchange rules

« Sum of all charges in each fermion multiplet = 0
(e.g. each family: neutrino, lepton, 3 x up-type quark, 3 x down-type quark)

=> Explains 1/3 charges of quarks by existence of 3 colors
=> Guarantees equal charge of proton and electron

Additional consequences:
* Small, but finite neutrino mass
* Existence of heavy magnetic monopoles

% Particle Physics at Colliders and in the High Energy Universe:
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Coupling Constants: Unification?

* For GUTs: unification of running coupling constants?

a1(My) = a,(My) = a3(My)  with: ay =8 a.,/3 = 8(e2/4m)/3 ;
a, = g2/4m; (g=e/sinB,)

(13:(13
: 1IN, -4N
o :
energy dependence: a(q2)= EM ) s 5 mit —fiy = - S
1= Boa(u™)In(g” /u”) 127

Ne=0, 2,3 far U(1), SU@2), SU(3),
Nt = 3 (Number of fermion generations)

additional SUSY particles in loops:
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* The problem: Two mass scales: The Planck scale (~101% GeV) and the
electroweak scale (~102 GeV) - separated by 17 orders of magnitude!

 The consequence: Gravitation is much weaker than all other interactions
* In the Standard Model: Higgs-Mass of 125 GeV: How is this stabilized?

Particle Physics at Colliders and in the High Energy Universe:
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The Hierarchy Problem: Quantum Corrections

Quantum corrections to the Higgs mass via particle loops

S
f T N
/ \

H i i

o - H_ ~_ . __._
Contribution of fermion loops contribution of boson loops

.. Ael? . . As .. .
Amf[ = — As ‘2 Afj\, — Am4; = ."",) [Af)v\- —2m% In(Ayv/ms) + .. ]
8T 1674

Corrections depend on the scale until which they have to be taken into account - The
natural UV scale: Mp, results in enormous corrections due to the A2 behavior

In the SM: Largest contribution from the top quark: Strongest coupling to the Higgs
field, As ~ 1

___

" Also so far unknown, heavy particles contribute, the heavist partiéle which couples to the
- Higgs field dominates!
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A popular Idea: Supersymmetry

* The strategy for a solution is suggested by the correction terms:

JVIEE - AS ‘, o
_ ‘871;’2 Aizw I Am.f{ = Ta3 [Af)_v\- — 2772_7; In(Ayv/msg) + .. ]

Contributions of fermions and bosons have opposite sign!

Amy =

* Cancelation of these contributions is automatic, if there is a symmetry between
bosons and fermions, a so-called Supersymmetry

* A SUSY - gauge transformation transforms bosons into fermions and vice versa:
()|Boson) = |Fermion), ()|Fermion) = |Boson)

* Consequences of Supersymmetry:

* Each fermion in the SM has a bosonic “superpartner” with 1/2 different spin,
analoguous for every boson

* The partners are arranged in so-called “super-multipletts”

* For an exact symmetry, the masses of particles and their superpartners are
identical
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Supersymmetry: Part

* Each SM particle gets a supersymmetric partner

Quarks

Ap Dzt

Graviton

O Leptons ‘ Force particles
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Squarks

Teilchen Spin S-Teilchen Spin
Quark O 1/2 Squark Q 0 _
Lepton | 12 Slepton | 0 Higgs structure gets more
Photon vy 1 Photino y~ 1/2 complex: 2 comp.lex .

. = doublets, results in 5 physical
Gluon g I Gluino ¢ 1/2 Higgs fields - Gauginos and
W 1 Wino W= 1/.2 Higgsinos mix to form
z 1 Zino 7’ 172 Charginos and Neutralinos

4 neutralinos

X

2 char

L

Gravitino

| Sleptons ' Susy
Force particles
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Supersymmetry: Models & Phenomenology

* 128 free parameters to describe masses and couplings of all SUSY particles

e reduced to a few by adding additional assumptions on breaking mechanism etc.

 New conserved quantity: R - Parity - a multiplicative quantity

R = (-1)3B-b+2S (B/L: baryon, lepton number, S: spin)
R =1 for “normal” particles, = -1 for SUSY particles

R parity conservation implies that the lightest SUSY particle (LSP)

has to be stable => a good Dark Matter candidate!

700 | e
N_B_: AlSO mOdels With m [GeV] mSUGRA SPS 1a’'/SPA |
600 | g
R - Parity violation exist... =
500 L S
o H A" —— H” Q3
400 L z— — 1
one.example of a SUSY o mo=100GeV
particle spectrum o m, = 250 GeV
... excluded by LHC after a ) f“n; '1?3 oeV. ) o
e tanp = -
few month of running o sgn(u) = +1 wo| M— m—
0
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Interaction of SUSY Particles

* SUSY particles interact just as SM particles according to their quantum
numbers

e Right-sfermions (handedness here refers to the SM partners, since the sfermions
have spin 0) do not carry weak isospin and therefore do not couple to
W bosons

* Coupling to SUSY gauge bosons:

v q, ¢, H,, Hy
v
i

W ‘WL lr, f]u f]d W l, f]u f[d
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Decay of SUSY Partlcles

* Depends on spectrum: Ordering of masses -

/ = déoéo X

| 7 /;;?\ Chtn Clhaming from V& &

Foc 2~ o H 1 A; @nWV“//%A

In general:

/‘/md/ ,oa/ x(/f_s G/L/czyf “"C/"I”(C k_{ (LSP)
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Experimental Searches for SUSY - Principles

* Based on typical production and decay scenarios

\, 7 Vi Typical signatures:
%‘\ . * several high-energy jets
P P X, * several high-energy leptons

5

* missing transverse energy
4
Yeadote) if {-?—,t.)arity IS not conserved:
Ag/m{pm missing energy replaced by
endpoints in momentum
distributions giving mass
differences in decay chains

* Analysis typically performed in “simplified models”:
Generic features - limits expressed for assumed couplings, masses and
particle types, without concrete SUSY parameter assumptions
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T — are sensitive to is much more
% simple...

i

g\j :

600
Q 3
11%

t, 500

oQ?

100%
(»u)

86% of all hadronic
production in LM1 consists
of “simple” decay chains. o

This makes it particularly
amenable to being
approximated well with a

3-particle OSET*

Simplified model spectrum (SMS)

with 3 particles, 2 decay modes 0o N/ 5.0

* OSET = On-Shell Effective Theory

O. Buchmitiller, EPS-HEP 2013

—— E— : : —
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Production of SUSY Particles: General Features

* Cross sections (and with that the mass reach at the LHC) depend strongly on
the production mechanism: Highest reach via the strong interaction:
New particles carrying color charge - gluinos, squarks

O [lpbl: pp = SUSY |

Vs =13 TeV .
NLO+NLL =

10 = ’['t* =

S | |

10 L L 1 | L 1| | [ |
500 1000 1500 2000 2500 3000 3500
m [GeV EPJ C74, 3174 (2014)
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e

Experimental Searches for SUSY - Requirements

* Key experimental capabilities (and uncertainties) for new physics searches:
e Jet and lepton reconstruction
 Hermetic coverage of the events

e Control of backgrounds an pile-up

* reconstruction and resolution of missing (transverse) energy

Missing ET in MHT30 skim |

EFFECT OF THE CLEAN UP CUTS ON THE MET DISTRIBUTION

L2 —_ > S !
S 10 E, MET includes cells with E>0 (no CH) L T CDF Run 11 Preliminary, 254 pb™ Bef :
N 1 B No correction ; F | efore basic 0uts§
B Bad runs were removed 310° - 1, - After 3 jets cut |
4 . > I L . {
10 [[7] Noisy events were removed ] 1 . :I After basic cuts |
D Bad cells/towers were removed - i !

10

2

10

0 50 100 150 200 250 160

Missing ET, GeV

MET, before corrections (Do) MET, after corrections (CDF) /

This is where new physics may sit
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Experimental Searches for SUSY

—_— ==

* Search for strongly interacting SUSY: Characterized by multi-jet final states
from cascade decays

EXPERIMENT

Run Number: 281385, Event Number: 1416156206

Date: 2015-10-10 21:24:31 CEST

2gc

805

|

| NOITIIgrn

i AN ‘ " -
e --\m_@ I £==:

=
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Experimental Searches for SUSY - Examples

> 1 06 [ [ [ [ | [ [ [ [ | [ [ [ [ [ [ | [ [ [ [ | [ [ [
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ATLAS-CONF-2018-041
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Experimental Searches for SUSY - Examples

3500
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Vs=13 TeV, 36.1 - 79.8 fb™ September 2018
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0— bbx = 3 b-jets [CONF-2018-041]
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Limits beyond 2 TeV for
some scenarios for
gluinos
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Searching for Dark Matter at Colliders - Principles

* Related to SUSY searches - but also more general

From cosmology: Expect some interaction between
Dark Matter and SM particles - thermal equilibrium
in early universe, followed by freeze-out

Could produce DM at colliders:

3 different search approaches
/" Dy

detection in complex decay
chains (such as SUSY)Z

o
R
.

search for possible
mediators

direct production via mediators,
tagging of interaction

—— = ——— - —_—
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Dark Matter / SUSY Searches: Monojets

EXPERIMENT

* Mono-jet (or mono-
photon) signatures:
Detecting the
production of invisible
final states through
Initial state radiation

Run Number: 279284, Event Number: 606734214

Date: 2015-09-14 12:05:34 CEST

Particle Physics at Colliders and in the High Energy Universe:
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Searching for Dark Matter at Colliders - Mediators

* A search for new force carriers - looking for + / b ek

high-mass resonances
3 ? éz,/ '[} q ok
Jet pr 3.8 TeV, di-jet invariant mass 8.12 TeV e

.E E T T T | T T IIIIIII|IIIIIIII | TTTTTTT IIIIIIIII|IIIIIIIII|IIIIIIII¥
I ATLAS ]
510 s=13 TeV, 37.0 fb™ =
T oC e Data —
q>,> 10 Background fit iE
W BumpHunter interval -
10" = o~ g, m _ =40TeV =
s —-H-- g7, mz*=5.0TeV -
10" - =
10° G =
102 =
10 g%, ox10 —
= p-value =0.63 5
1=- Fit Range: 1.1 -8.2TeV =
. — ly*l<0.6 -
10 E L o o b e i
8 T T T T T T T T | 1T T T T T 17T | L | LI I
s 2
2 0
5 -2
n
Q| 0.5
S
g2 0
Al 0.5
— | T |
2 3 4
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Dark Matter Searches - Limits

* Limits of collider searches are model-dependent: Assumptions on couplings
between DM particles. mediators and SM particles. form of interaction, ...

— ‘IO_37 S A —
N - -
= ATLAS Preliminary July 2( ¢
O, -38 o
— 10 —
c c
@) (@)
o -39 \ O
s 10 =
2 40 2
1 - CRESST Il !
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Q 41 Q
—_ 10 a
n \—\ %)
o o)
107% -
DarkSide
10-43 !
10% g
10-45 L
107%° E
i -~ Vector mediator, Dirac DM
10 g,=0259=0g =1
E ATLAS limits at 95% CL, direct detection limits :
-48 \ Ll L
10
1 10
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Extra Space Dimensions

* An approach to solve the hierarchy problem from the side of gravity:
Lowering the Planck scale

* Naively: The Planck scale is the mass that is required for an elementary particle
such that its gravity is “strong” (comparable to other forces):

he . . .
my = rel ~ 1 x 10"GeV assuming 3 space dimensions
9 () r=R
7 10} If there would be more dimensions:
O S
183 Steeper growth of gravitational
O o
3° strength for smaller separations,
® lower mp
5 1
Newton's
Gravitational Law
/
' = ' >
0 0.5 1 15 . n
% Particle Physics at Colliders and in the High Energy Universe: Frank Simon (fsimon@mpp.mpg.de) 30

WS 19/20, 13: New Physics at the Energy Frontier



and only visible to gravity

effective lowering of Planck mass by R-n/z:
n: number of extra dimensions

R: radius For large n and large R smaller mp, can reach TeV scale for
nm - scale extra dimensions with n > 3

% Particle Physics at Colliders and in the High Energy Universe:
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Extra Dimensions: Experimental Signatures

* Excitations in extra dimensions: High-mass resonances

* Creation and decay of micro - Black Holes: High-energy many-particle final
states

Generic signatures for a number of “exotic” New Physics scenarios

signal
background
pair mass energy of system internal property
(jets, leptons, bosons) (visible, invisible) (e.g. angular distribution)
% Particle Physics at Colliders and in the High Energy Universe: Frank Simon (fsimon@mpp.mpg.de) 30
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Black Hole Search: One Example

————— * Looking for an

> 10% I —T ' 1 " T T T T T L
@ - z —e— Data 2015 = . .
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< = ; W #hTm =200 S high jet multiplicities

102 —13T Vdet:S.Ofb'1_§ .
2 F \s =13 TeV. = (here 8 or more jets)
10 Net =28 - .
L - = * High total transverse

1= - —.— -
= = Energy (Hr)
107" =— E E
102 = =

= YL, O R N I IO OO OO

Data/MC
O it
LI
é
_’—
+—
Bl

JHEP 03, 026 (2016)
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Black Hole Search: One Example

10 JetS Run: 282712
Bvent: 474587238
HT =4.4 TeV 2015-10-21 06:26:57 CEST

EXPERIMENT

Frank Simon (fsimon@mpp.mpg.de)
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ldeas that Capture the Imagination...

THE SMALLEST BLACK HOLE YET
DISCOVERED BY HUMANS
LOCATED AT BINARY XTE J1650~500.

WHAT DO You ME AN .
THERE'S A SIGN ORBITING
THE BLACK HOLE THAT SAYS
“WE HAD A LARGE. HADRON

COLLIDER TOO"?!

er HTTP!//WWW.USERFRIENDLY.ORG/

Hliad™ Fraz.

COPYRIGHTE) 2008 J.D. ™

Userériendly.rg
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ldeas that Capture the Imaglnatlon

e e . e e e e P —— 3 — e

HADRONN
CJOLIDDER

e t——— S e A R e e _— - —
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Periods of Excitement
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ATLAS SUSY Searches* - 95% CL Lower Limits

A Broader View: Status of SUSY Searches at LHC

—— —=

ATLAS Preliminary

*Only a selection of the available mass limits on new states or

phenomena is shown. Many of the limits are based on

simplified models, c.f. refs. for the assumptions made.
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Mass scale [TeV]

October 2019 Vs =13TeV
. ) .
Model Signature  [£dr 7] Mass limit Reference
T T T T T T T I T T T T T
4, 3—¢%) Oep 2-6jets EMS 139 |§ [10x Degen] 1.9 m(¥))<400 GeV ATLAS-CONF-2019-040
o mono-jet  1-3jets EMS 361 0.71 m(3)-m(¥})=5GeV 1711.03301
8 28, 2—qa¥\ Oe,u 2-6jets ENs 139 |z 2.35 m(¥)=0 GeV ATLAS-CONF-2019-040
S F Forbidden 1.15-1.95 m()=1000 GeV ATLAS-CONF-2019-040
B 38 g-qaOr Seu djets 861 |2 1.85 m(¥})<800 GeV 1706.03731
o ee, py 2jets  EP 361 g 1.2 m(g)-m(¥1)=50 GeV 1805.11381
B gz goqqWZh) Oep  7-1jets EP™ 361 |2 1.8 m(@%) <400 GeV 1708.02794
> SSe,pu 6 jets 139 |2 1.15 m(g)-m(¥})=200 GeV 1909.08457
S )
= 78,z 0-1e,u 3b EPs 798 |% 2.25 m(¥})<200 GeV ATLAS-CONF-2018-041
SSe,pu 6 jets 139 4 1.25 m(z)-m(¥})=300 GeV ATLAS-CONF-2019-015
Bbiby, by—bXY iVt Multiple 361 | b Forbidden 0.9 m(¥)=300 GeV, BR(b¥))=1 1708.09266, 1711.03301
Multiple 36.1 by Forbidden 0.58-0.82 m(¥})=300 GeV, BR(b¥))=BR(:Y})=0.5 1708.09266
Multiple 139 by Forbidden 0.74 m(¥))=200 GeV, m(¥})=300 GeV, BR(:Y})=1 ATLAS-CONF-2019-015
w o Dibi, bi—bl) — bt} Oe,u 6b  EPS 139 | B Forbidden 0.23-1.35 Am(F3,17)=130 GeV, m(¥})=100 GeV 1908.03122
< S By 0.23-0.48 Am(¥3.¥7)=130 GeV, m(¥})=0 GeV 1908.03122
T B .
g§ fif, i WHE or 70 0-2e,u 0-2jets/1-2bEMS 361 |7 1.0 m(¥)=1 GeV 1506.08616, 1709.04183, 1711.11520
2 g fify, i WhiY 1en 3jets/1 b EMs 139 i 0.44-0.59 m(¥Y)=400 GeV ATLAS-CONF-2019-017
o5 i, i —>T1bv, 711G 1r+1eput 2jets/1 b E;‘i“ 36.1 f 1.16 m(71)=800 GeV 1803.10178
T % fif, Fioob) 1 &8, okt Oe,p 2c  EPS 361 @ 0.85 m(¥%)=0 GeV 1805.01649
@ ) i 0.46 m(f,,&)-m(¥})=50 GeV 1805.01649
Oep mono-jet  EF™S  36.1 i 0.43 m(i;,&)-m(¥])=5 GeV 1711.03301
fafy, o) + h 1-2e,u 4b Emiss 36,1 i 0.32-0.88 m(E))=0 GeV, m(7,)-m(¥})= 180 GeV 1706.03986
b, h—-h +Z 3e,u 1b EF'S 139 17 Forbidden 0.86 m(¥})=360 GeV, m(f; )-m(¥})= 40 GeV ATLAS-CONF-2019-016
Xi¥ via Wz 2-3e,u Ep 361 |G 0.6 m(r)=0 1403.5294, 1806.02293
ee, L >1 EPS 139 | Xi/X, 0.205 mrT)-m(¥})=5 GeV ATLAS-CONF-2019-014
XX viaww 2e,u Emis 139 |4} 0.42 m@E%)=0 1908.08215
- Y via Wh 0-1e,u 262y  EPS 139 | X;/k)  Forbidden 0.74 m(¥})=70 GeV ATLAS-CONF-2019-019, 1909.09226
= § M vial/v 2e,p Epis 139 | X} 1.0 m(Z,7)=0.5(m (¥} }+m(¥})) ATLAS-CONF-2019-008
WE 7 200 27 EMs 439 |7 L. frL! NONE0:3] 0.12-0.39 mE%)=0 ATLAS-CONF-2019-018
TLrlLg, 7] 2e,pu Ojets  EMms 139 |7 0.7 m(Ed)=0 ATLAS-CONF-2019-008
2e,u >1 EPS 139 7 m(@)-m(¥})=10 GeV ATLAS-CONF-2019-014
HH, H—hG[Z2G Oepu >3bh  EMS 361 )i 4 0.13-0.23 0.29-0.88 BR(E — hG)=1 1806.04030
depu Ojets  EP™  36.1 H BR(¥! - ZG)=1 1804.03602
T @ Direct ¥1%7 prod., long-lived ¥} Disapp. trk ~ 1jet  EM 361 X 0.46 Pure Wino 1712.02118
g % % Pure Higgsino ATL-PHYS-PUB-2017-019
= O
2 ‘% Stable z R-hadron Multiple 36.1 1902.01636,1808.04095
3 Q Metastable g R-hadron, g—>qq)2(1) Multiple 36.1 m(}?)zmo GeV 1710.04901,1808.04095
LFV pp—¥r + X, ¥r—ep/et/ut ep,eT,ut 3.2 A41,=0.11, A132/133233=0.07 1607.08079
TET 10 — wwyzeetevy depn Ojets  EMs 361 m(¥})=100 GeV 1804.03602
7%, 3998, ¥ > qqq 4-5 large-R jets 36.1 . Large A7, 1804.03568
E Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
0 7 i), X0 > ths Multiple 36.1 m(E))=200 GeV, bino-like ATLAS-CONF-2018-003
fify, hi—bs 2jets+2b 36.7 1710.07171
fi, h—qt 2e,u 2b 36.1 BR(7; —be/bu)>20% 1710.05544
1u DV 136 BR(f —qu)=100%, cosf;=1 ATLAS-CONF-2019-006
Il Il Il Il Il Il Il I Il Il Il Il Il
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A Broader View: Status of BSM Searches at LHC
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: May 2019 £ dt = (3.2-139) fbo! Vs =8,13TeV
Model t,y Jetsi ET™ [rdt[fb] Limit Reference
L L ! ! L ! ! ot
ADD Gkk +g/q Oe,u 1-4]  Yes 3641 Mp 7.7 TeV n=2 1711.03301
‘é ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
.g ADD QBH - 2] - 37.0 Mtn 89TeV n=6 1703.09127
&  ADDBH high ¥ pr >le,pu >2j - 3.2 | Mu 8.2 TeV n=6, Mp =3TeV,rot BH 1606.02265
GE) ADD BH multijet - >3] - 3.6 Min 9.55TeV n=6, Mp=3TeV,rot BH 1512.02586
S | RS1Gkx > yy 2y - - 36.7 Gyk mass 4.1 TeV k/Mp; = 0.1 1707.04147
o Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gk mass 2.3TeV k/Mp; =1.0 1808.02380
= Bulk RS Gk — WW — qqqq Oe u 2J - 139 Gkk mass 1.6 TeV k/Mp =1.0 ATLAS-CONF-2019-003
W Buk RS gk — tt 1eu >1Db>1J2 Yes 361 | ek mass 3.8 TeV I/m=15% 1804.10823
2UED/ RPP leu =22b,>23j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(A®D — tt) =1 1803.09678
SSM Z’ — ¢ 2e,u - - 139 Z’ mass 5.1 TeV 1903.06248
» SSM Z" - 17 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
g Leptophobic Z — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
g Leptophobic Z’ — tt 1e,pu >=1Db,>1J/2) Yes 36.1 Z’ mass 3.0 TeV r/m=1% 1804.10823
Q SSM W’ — ¢y leu - Yes 139 W’ mass 6.0 TeV CERN-EP-2019-100
S SSMW’ -1y 17 - Yes 361 | W’ mass 3.7 TeV 1801.06992
c:u HVT V' - WZ — qqqq modelB O e, u 2J - 139 V’ mass 3.6 TeV gv =3 ATLAS-CONF-2019-003
(0} HVT V/ - WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV gv=3 1712.06518
LRSM Wg — tb multi-channel 36.1 Wr mass 3.25 TeV 1807.10473
LRSM WR - /1NR 2/1 1J - 80 Wg mass 5.0 TeV m(NR) =05TeV, gL = gr 1904.12679
_ Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127
O Cl ttqq 2eu - - 36.1 A 40.0 TeV 7, 1707.02424
Cl tttt >1eu >1b,21j Yes 36.1 A 2.57 TeV |Carl = 4n 1811.02305
Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1 Mped 1.55 TeV g4=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
S  Colored scalar mediator (Dirac DM) 0 e, u 1-4] Yes 36.1 Mmed 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
Q VVxy EFT (Dirac DM) Oe,u 1J,<1] Yes 3.2 M, 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 my 3.4 TeV y =0.4,21=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 15t gen 12e > 2] Yes 36.1 LQ mass 1.4 TeV p=1 1902.00377
G} Scalar LQ 2" gen 1,2u >2j Yes 36.1 LQ mass 1.56 TeV p=1 1902.00377
~ Scalar LQ 3" gen 27 2b - 36.1 LQj mass 1.03 TeV B(LQy —» br) =1 1902.08103
Scalar LQ 3™ gen 0-1epu 2b Yes  36.1 LQJ mass 970 GeV B(LQY - tr) =0 1902.08103
VLQTT — Ht/Zt/Wb+ X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
>0 VLQ BB — Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
T = VLQ Ts/3T53|Ts;3 = Wt + X 2(SS)/23 eu >1b,21] Yes 36.1 Ts/3 mass 1.64 TeV B(Ts3 > Wt)=1, c(Ts3Wt)=1 1807.11883
:(E g_ VLQY - Wb+ X lepu >1b,>1j Yes 36.1 Y mass 1.85 TeV B(Y - Wh)=1, cr(Wb)=1 1812.07343
VLQ B - Hb+ X Oeu,2y =>1b,>1j VYes 79.8 B mass 1.21 TeV kg=0.5 ATLAS-CONF-2018-024
VLQ QQ — WqWgq Tepu z4]  Yes 203 [lQassENeo0GevI 1509.04261
5 @ Excited quark ¢* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) ATLAS-CONF-2019-007
Q g Excited quark g* — qy 1y 1] - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
<;J E Excited quark b* — bg - 1b, 1] - 36.1 b* mass 2.6 TeV 1805.09299
Excited lepton v* 3eu, 1T - - 20.3 A=16TeV 1411.2921
Type Il Seesaw lepu > 2] Yes 79.8 N° mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) = 4.1TeV, g, = gr 1809.11105
§  Higgs triplet H** — ¢¢ 234eu(SS) - - 36.1 £ mass 870 GeV DY production 1710.09748
= Higgs triplet H** — (1 3eut - - 20.3 DY production, B(H;* — £r) =1 1411.2921
¢} Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v;=13Tev ‘/_=13TeV R | 1 1 r ool 1 1 1 1 r ool 1 1 1 1
partial data full data 1 0_1 1 1 0 MaSS Scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
tSmall-radius (large-radius) jets are denoted by the letter j (J).
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Finally...

Absence of evidence is not evidence of absence

meaning:

no sign of physics BSM from Run-I / Run-Il data,
but unexplored phase space still large!

... and there are corners that cannot be fully explored with LHC,
even within its energy / mass reach.
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Summary

* The Standard Model is incomplete - conceptual problems and failures to
describe astrophysical observations. But so far experiments have not yet
revealed concrete discoveries of New Physics

* A wide range of theoretical models:
e Grand Unified Theories as an overarching theory at very high energies

o Supersymmetry, Large Extra Dimensions, ... on the electroweak scale

* Arich array of experimental searches at the LHC, looking for:

 New particles

Dark Matter candidates Up to now: Nothmg found!
 New forces and unexpected phenomena

Next (and final!) Lecture:
Physics beyond the Standard Model in the Early Universe - B. Majorovits, 03.02.2020
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Lecture Overview

14.10. Introduction, Particle Physics Refresher F. Simon
21.10. Introduction to Cosmology | B. Majorovits
28.10. Introduction to Cosmology |l B. Majorovits
04.11. Particle Collisions at High Energy F. Simon
11.11. The Higgs Boson F. Simon
18.11. The Early Universe: Thermal Freeze-out of Particles B. Majorovits
25.11. The Universe as a High Energy Laboratory: BBN B. Majorovits
02.12. Particle Colliders F. Simon
09.12. The Universe as a High Energy Laboratory: CMB B. Majorovits
16.12. Cosmic Rays: Acceleration Mechanisms and Possible Sources B. Majorovits
Christmas Break
13.01. Supernovae Accelerators for Charged Particles and Neutrinos B. Majorovits
20.01. Detectors for Particle Colliders F. Simon
27.01. Searching for New Physics at the Energy Frontier F. Simon
03.02. Physics beyond the Standard Model in the Early Universe B. Majorovits
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