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Today’s Plan:

1 High Energy Physics
2 Open Questions,

3 =» the Breaking of Symmetry,
4 Extended Scalar Sectors.
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1 What is High Energy Physics?

Oh=i0

et e
REALE

s
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KENNESAW STATE Andr eas Pap aef Stathiou
||||||||||



What is High Energy Physics?

Aim: Smash particles together to “emulate” conditions
closer to the Big Bang! (“Particle Archaeology”)

EVOLUTION OF
THE UNIVERSE

[m]
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What is High Energy Physics?

Aim: Smash particles together to understand the
structure of matter today! (“Particle Sociology”)

ORe0
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o
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What is High Energy Physics?

Aim: Smash particles together to understand the
structure of matter today! (“Particle Sociology”)

understand

particle interactions:
e.g. The “Standard Model” (SM)

The Standard Model

@0
4

N
(0]

s

ie
® Quarks @ Leptons ‘ @ Gauge bosons @ Higgs boson 4 .
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What is High Energy Physics?

Aim: Smash particles together to understand the
structure of matter today! (“Particle Sociology”)

understand

particle interactions:
e.g. The “Standard Model” (SM)

The Standard Model

@0
.

and discover exotic phenomena!
R

e
& ‘*‘ '%- R
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What is High Energy Physics?
Rule: Higher Energy — Smaller Scales!

Milky Way Galaxy

l size (meters)
>

1021 1027

Observable Universe

earth-sun distance
D
S
% Ofids =
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What is High Energy Physics?
Rule: Higher Energy — Smaller Scales!

human + tennis ball

Milky Way Galaxy

Observable Universe

earth-sun distance

m, ~ 1 GeV = To probe proton structure, go to -E',E,‘.','?'

higher energies than this! Gpiges

Andreas Papaefstathiou
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Large Hadron Collider

@ CERN
ngh Energy Partlcle Colliders o Conees o verland

" e
o~

Center-of-mass energy:
13,600 GeV =13.6 TeV

Bl ]
R
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High Energy Particle Colliders
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High Energy Particle Colliders
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High Energy Particle Colliders

e
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High Energy Particle Colliders

El?qv (1]
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LHC: Fun Facts

DID
YOU
KNOW? o4

® Circumference of 27 km (17 miles).
® Lies 100 m (330 feet) underground.
® Produces hundreds of millions of particle collisions/
second (="events”). ‘
® Energy stored in particle beam = Energy of 1000 kg ?} ~s @
car @ 3000 km/h (~1900 mph)!

® The data recorded can fill around 100,000 DVDs
each year!
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This 1s a real “event”!
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How do we make sense of it all?

10 Andreas Papaefstathiou



How do we make sense of it all?

1 .
L=~ FuF" +ilpy

-+ \Ifzyw\lfj -+ h.c.
+|Du®f" — V(@)
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How do we make sense of it all?

1 =
LZ_Z ILLUF’LLV—FZ\IJZ?\IJ

Wiy, T, 4 huc. Experiment

+|D, " — V(@)

Andreas Papaefstathiou



How do we make sense of it all?

|

L= L Fu " +i0 P 2?77?
F Wiy W; 4 hee, Experiment

+|D, " — V(@)
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How do we make sense of it all?

22?

Shut up and Calculate!

Experiment
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(Shut up and Calculate) Using Quantum Field Theory

[m]
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(Shut up and Calculate) Using Quantum Field Theory

¢ Quantum Mechanics — weird & wonderful world of the very small objects.

[m]
T’"’"

Elrﬁ'
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(Shut up and Calculate) Using Quantum Field Theory

¢ Quantum Mechanics — weird & wonderful world of the very small objects.

.
¥ 4% ‘ v ‘ — Calculate ¥,

/5 .¢ Ay \&\\\\\

/f':a‘\}\\\\\\\'g}.m*‘{\&\}&&'., = Probability to find particle somewhere o | v |
A /,5.3:: ‘u\‘“\\ i -

[V is called the “wave function”]
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(Shut up and Calculate) Using Quantum Field Theory

¢ Quantum Mechanics — weird & wonderful world of the very small objects.

— Calculate V¥,

/! 0‘ \‘ \\\“\\ \

/ “‘ i
’7l W l'; y “
A

N = Probability to find particle somewhere o | b Y |

b o
Y ’o"' g“

[V is called the “wave function”]

11
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(Shut up and Calculate) Using Quantum Field Theory

¢ Quantum Mechanics — weird & wonderful world of the very small objects.

2
¥ ‘ ¥ ‘ — Calculate V¥,

A0 “i-,\-,\\

/I,""“‘ \\ \i‘«
Jonittiiing \
,-f/':'{:"’t“:i“‘\e\ \\&'0’0““\\%\{\\\‘*\.
fou Kt LT
g0 IIY00 LTI
INAAA MY :,/,‘I“““ \“ “\\\\.
A

2
= Probability to find particle somewhere o | b g |

[V is called the “wave function”]

& | @y
“ 11
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(Shut up and Calculate) Using Quantum Field Theory

¢ Quantum Mechanics — weird & wonderful world of the very small objects.

)
¥ a ‘ ¥ ‘ — Calculate W,
TR N

H‘ \\\\\\ .
AN
,’0”‘%‘\\:\\“\\\ o) “ “"{\%‘\‘%
/i ‘ “ o i‘\\\ \\\
i jm‘\ \\\\\
‘.',t* “\\\\\\\\\

= Probability to find particle somewhere o | b g |

[V is called the “wave function”]

— Mass and Energy are equivalent!

= You can exchange one for the other!

= Particle creation from Energy!
IEI

) 11
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Quantum Mechanics + Special Relativity = Quantum Field Theory

o= = ol o= ol o= o o
o= 2= 2= D= B B B B
of> 2x= 2= D= 2= D P B =

o= x> 2= 2al= 2= o= 2= 2= =
o= 2al= 2ol al= 2= 2al = l= el =
ef' éfa Gf'éf’eﬁefief’: =

EI
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From Theory to Experiment and Back Again
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From Theory to Experiment and Back Again
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From Theory to Experiment and Back Again
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From Theory to Experiment and Back Again

C —

e —————————

Q............t..........ﬂ....} g?,':’hm
% 1me Ofes
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From Theory to Experiment and Back Again

€

photon

e ———————————

C............t..............Q} g?,':’hm
% 1me Ofes
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From Theory to Experiment and Back Again

e NN

photon

e ———————————

C............t..............Q} g?,':’hm
% 1me Ofes

14
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From Theory to Experiment and Back Again

e NN

< D cey,Ale photon

e ———————————

€

® 6 6 6 6 6 &6 6 & &6 o & o & o & o o o o o oo o o o o o Eﬁm
‘» et e
s time SIFTH
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From Theory to Experiment and Back Again

€

< D cey,Ale photon

— C
® O O ¢ & & & o oo o oo o o oo o o o o oo o o o o oo o ¢ o } _E‘:'gi-'.:::ig
" time (o REE
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From Theory to Experiment and Back Again
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From Theory to Experiment and Back Again

€
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% 1me Ofes

15

KENNESAW STATE Andre s Pa p f ta th ou



From Theory to Experiment and Back Again
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From Theory to Experiment and Back Again

C............t..............Q} g?,':’hm
% 1me Ofes
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From Theory to Experiment and Back Again

Q............t..........ﬂ....} g?,':’hm
% 1me Ofes
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From Theory to Experiment and Back Again

C
— C
e N
— C
€
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. F-’T"*"
4 time [S]RTHE
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From Theory to Experiment and Back Again

— C
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From Theory to Experiment and Back Again

_ C
0 X C
¥ x ¢
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From Theory to Experiment and Back Again
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From Theory to Experiment and Back Again
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From Theory to Experiment and Back Again

_ C
0 . C
¥ x ¢’
o C
+ ® 0 O
o
'.........................Q} _E}?.':’.HE
2 time Elr-"r
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From Theory to Experiment and Back Again

— C
e . C
2
“P‘ x ¢
— C
€
¥|" o« cf +
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€
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4 time EIEHE
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From Theory to Experiment and Back Again

We now know how to calculate probabilities in Quantum Field Theory!
4 6, 8
V| xc"+c’+c"+...

If c* < 1 then we can simply add terms for increased precision!
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From Theory to Experiment and Back Again

We now know how to calculate probabilities in Quantum Field Theory!
A4 6 8
V| xc"+c+c®+...
If c* < 1 then we can simply add terms for increased precision!

2
In reality: | b Y | depends on the energy & momentum of the particles involved!

G
R

Ofe s
% 17

KENNESAW STATE Andre s Pa p f ta th 10U



From Theory to Experiment and Back Again

We now know how to calculate probabilities in Quantum Field Theory!
4 6, 8
V| xc"+c’+c"+...
If c* < 1 then we can simply add terms for increased precision!
2
In reality: | b ¢ | depends on the energy & momentum of the particles involved!
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From Theory to Experiment and Back Again

We now know how to calculate probabilities in Quantum Field Theory!
A4 6 8
V| xc"+c+c®+...
If c* < 1 then we can simply add terms for increased precision!

2
In reality: | b Y | depends on the energy & momentum of the particles involved!
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From Theory to Experiment and Back Again

We now know how to calculate probabilities in Quantum Field Theory!
A4 6 8
V| xc"+c+c®+...
If c* < 1 then we can simply add terms for increased precision!

2
In reality: | b Y | depends on the energy & momentum of the particles involved!

[m]
T’"’"

ergy of electro
% Energy of electron 1 EF:T
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- - o - 4 wa - A

F _ oo
We have a way to describe what we

observe at experiments!
“+ U O

X

sion!

Ifc? < 1t

In reality:| —— | e varticles involved!

S
B

vn: 263962 -
Run: 263962
res Y . 2"°NQANSK
Event: 20805 EF
701 ¢ 5-0% 09:29-:47 CEST
2015-05-05 09:39:47 CES1
\_/
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Monte Carlo Simulations

® So, can we calculate everything using pen and paper? Not really...
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Monte Carlo Simulations

® So, can we calculate everything using pen and paper? Not really...

2 4, 6, .8
Y| xc"+c’+c +@

Adding more & more terms is
extremely challenging!

oS "
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Monte Carlo Simulations

® So, can we calculate everything using pen and paper? Not really...
2
4 6 3
Y| xc™"+c°+c®°+... «

& if ¢ > 1 = Equation becomes invalid!

Adding more & more terms is

extremely challenging!
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Monte Carlo Simulations

® So, can we calculate everything using pen and paper? Not really...
2
4 6 3
Y| xc"+c°+c°+... «

& if ¢ > 1 = Equation becomes invalid!

Adding more & more terms is

extremely challenging!

e Solution: Use approximate ¢ for n large & model situations where ¢ > 1!

oS "
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Monte Carlo Simulations

® So, can we calculate everything using pen and paper? Not really...

2 4, 6, .8
Y| xc"+c’+c +«

& if ¢* > 1 = Equation becomes invalid!

Adding more & more terms is
extremely challenging!

e Solution: Use approximate ¢ for n large & model situations where ¢ > 1!

Pictured: Casino Monte Carlo, Monaco.

® Monte Carlo simulations accomplish this!

o Based on randomness and probability.
@ \\\ ~- Just like Quantum Mechanics!

% 18
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How do we make sense of it all?

% 19
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How do we make sense of it all?

1 .
L=~ FuF" +ilpy

-+ \Ifzyw\lfj -+ h.c.
+|Du®f" — V(@)
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How do we make sense of it all?

1 =
LZ_Z ILLUF’LLV—FZ\IJZ?\IJ

Wiy, T, 4 huc. Experiment

+|D, " — V(@)
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How do we make sense of it all?

L= i L ER D Simulations

Wiy, T, 4 huc. Experiment

+|D, " — V(@)
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How do we make sense of it all?

Simulations
Shut up and Simulate!

Experiment

Andreas Papaefstathiou



Simulations via the Monte Carlo method: Calculate 7!

[m]
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Simulations via the Monte Carlo method: Calculate 7!

® “Theory”:

e Area of a circle: A = 77

e Distance of any point (x, y) from origin O,

by Pythagorean theorem: d = 1/ x” + y~.

® Probability of a point falling within circle =

Area of Circle divided by Area of Square:
P = nr’l(4r*) = nl4.
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Simulations via the Monte Carlo method: Calculate 7!

® “Theory”:

e Area of a circle: A = 77

e Distance of any point (x, y) from origin O,

by Pythagorean theorem: d = 1/ x” + y~.

® Probability of a point falling within circle =

Area of Circle divided by Area of Square:
P = nr’l(4r*) = nl4.

® “Simulation”:

e Pick N random, uniform points inside the square.

e Count fraction falling in circle ~ /4.
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EEEEEEEEEE
IIIIIIIIII

(X, )

e

Andreas Papaefstathiou



Simulations via the Monte Carlo method: Calculate 7!
® “Theory”:

e Area of a circle: A = 77

e Distance of any point (x, y) from origin O, N=10,n=2.4

by Pythagorean theorem: d = 1/ x” + y~.

® Probability of a point falling within circle =

Area of Circle divided by Area of Square:
P = nr’l(4r*) = nl4.

® “Simulation”:

e Pick N random, uniform points inside the square.

e Count fraction falling in circle ~ /4. FE&E:F
e S

20
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Simulations via the Monte Carlo method: Calculate 7!
® “Theory”:

e Area of a circle: A = 77

e Distance of any point (x, y) from origin O, N=10% m=3.04+0.35

by Pythagorean theorem: d = 1/ x” + y~.

® Probability of a point falling within circle =

Area of Circle divided by Area of Square:
P = nr’l(4r*) = nl4.

® “Simulation”:

e Pick N random, uniform points inside the square.

e Count fraction falling in circle ~ /4. FE&E:F
e S
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Simulations via the Monte Carlo method: Calculate 7!

® “Theory”:

e Area of a circle: A = &7

e Distance of any point (x, y) from origin O,

by Pythagorean theorem: d = 1/ x” + y~.

® Probability of a point falling within circle =

Area of Circle divided by Area of Square:
P = nr’l(4r*) = nl4.

® “Simulation”:
e Pick N random, uniform points inside the square.

e Count fraction falling in circle ~ /4.

E
IIIIIIIIII

20

.o > o
., ‘e
-
) [ ] [}
° o o ¢
.00 ° ®o .. e
* .'.o. .’00 ®
o o [ ] .....
E.....‘ ° o A
d ()
° [ ]
° . . .
PY [} ’. ....“
[} ) ~
o? ® e
°
° L4 P
o o ‘
C Q
[ ] P
o ©
o * o
oo '~
o )
oooooo .g
H
° [ ]
.::' .0. o %
[} ..
o
‘e 8
[.. Y ) [ ]
.0 ..... ‘:o
°

N=10°, m~3.08+0.11

e

Andreas Papaefstathiou



Simulations via the Monte Carlo method: Calculate 7!
® “Theory”:

e Area of a circle: A = 77

e Distance of any point (x, y) from origin O,

by Pythagorean theorem: d = 1/ x” + y~.

® Probability of a point falling within circle =

Area of Circle divided by Area of Square:
P = nr’l(4r*) = nl4.

® “Simulation”:

e Pick N random, uniform points inside the square.

e Count fraction falling in circle ~ /4. o o gﬁ@
2 S
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Simulations via the Monte Carlo method: Calculate 7!
® “Theory”:

e Area of a circle: A = 77

e Distance of any point (x, y) from origin O, N=10° m=3.14+0.01
by Pythagorean theorem: d = 1 /x* + y~. B B

® Probability of a point falling within circle =

Area of Circle divided by Area of Square:
P = nr’l(4r*) = nl4.

® “Simulation”:

e Pick N random, uniform points inside the square.

e Count fraction falling in circle ~ /4. o ‘ | : F_EJ,;E:P
" S
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Simulations of Events via Monte Carlo

oS n
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Simulations of Events via Monte Carlo
® ”The()ry”; dddddddddddddd

e A set of particles and their interactions! e.g.:

e @t | @ s o @1z 2
e Calculate probabilities via Quantum Field Theory — actually | M | (the
matrix element).

% 21
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Simulations of Events via Monte Carlo
® ”Thegry”; dddddddddddddd

e Calculate probabilities via Quantum Field Theory — actually | M | (the
matrix element).

® “Simulation”:

e Pick N random uniform points within the “allowed” constraints
(e.g. Energy, momentum conservation ).

% 21
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Simulations of Events via Monte Carlo
® ”Thegry”; dddddddddddddd

e Calculate probabilities via Quantum Field Theory — actually | M | (the
matrix element).

® “Simulation”:

e Pick N random uniform points within the “allowed” constraints
(e.g. Energy, momentum conservation ).

Energy of electron 1

% 21
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Simulations of Events via Monte Carlo
® ”The()ry”; dddddddddddddd

matter) ‘ BOSONS (force carriers)

e @t | @ s o @1z 2
e Calculate probabilities via Quantum Field Theory — actually | M | (the

matrix element).

® “Simulation”:

e Pick N random uniform points within the “allowed” constraints
(e.g. Energy, momentum conservation ).

= Get lists of particles that look like real events!

21
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Simulations of Events via Monte Carlo
® ”The()ry”; dddddddddddddd

matter) ‘ BOSONS (force carriers)

e @t | @ s o @1z 2
e Calculate probabilities via Quantum Field Theory — actually | M | (the

matrix element).

® “Simulation”:

e Pick N random uniform points within the “allowed” constraints
(e.g. Energy, momentum conservation ).

= Get lists of particles that look like real events!

[e.g. “How-to: write a parton-level Monte Carlo particle physics event generator”, AP, arXiv:1412.4677]
21
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https://arxiv.org/abs/1412.4677

Experiments

“/'

Theory Y5

1 L —

S " ATLAS - Data :

N 1000+ W—ev —

% - W — ety Multijet i

Construct histograms & .jij 300 = R
Compare to real datal! o :
e.g.: : f

400/ . -

2007 -

30 40 50 60 70 80 EI
~ Electron energy [GeV] aﬁ]
% 22
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Construct histograms &
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Theory Y5

‘.../'

Compare to real data!

e.g.:

Events / 2 GeV

12007

.
-
-
o

I+I I | I I I | I I I | I I I | I

800

600

400

200

><10

Experiments

A TLAS

W — ety
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A

L 4

4
L
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*
L
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.
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llllll

50 60

- Z/y eee

W—1v

L 4
*

W%e\/\x
Multijet “:

70

80

~ Electron energy [GeV]
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o 10°E ATLAS | L Data T
Q 10°F I m=1TeV,B=1 =
L 10’k Drell-Yan E
GCD 702; -'IC')?E-quark E
o > = er =
Construct histograms & * g 3
Compare to real data! 108 :
. 107° -
€.8.: o
107

Some Observable Quantity [GeV]
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Searching for New Phenomena %2~

> CEATLAS T hma
O 10°E Il m=1TeV,B=1 =
S 0% ""Bregl'lfY'an.‘ =
GC> T 02; : Top-quark:: 3
. Lﬁ 102.. '.-Other ..... .
Construct histograms & J
E 3 p» Simulation of
COmpare tO I'eal data! 8_2 :f """"""" stuff that we know exist!
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Searching for New Phenomena %2~
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Searching for New Phenomena ¥
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Experiment

Standard Model Total Production Cross Section Measurements Status: February 2022
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Experiment

ATLAS Heavy Particle Searches™

- 95% CL Upper Exclusion Limits

New Phenomena

ATLAS Preliminary

Status: March 2023 [£ dt = (3.6 —139) b V5= 13 TeV
Model £,y Jetst EI™ [Ldt[fb™] Limit Reference
I L] 1 ] I L] L L] 1 L] L LI I I I L} L ] L LI I L] L] L] L]
: ADD Gkk + g/q Oe u, 7,y 1-4j Yes 139 Mp 112TeV n=2 2102.10874
qc) ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
e ADD QBH - 2] - 139 Mqn 94TeV n=6 1910.08447
S ADD BH multijet - >3] - 3.6 Y/ 9.55TeV n=6, Mp=23TeV,rot BH 1512.02586
© RS1 Gkk — yy 2y - - 139 Gkk mass 4.5 TeV k/Mp; = 0.1 2102.13405
= Bulk RS Gy —» WW/ZZ multi-channel 36.1 Gk mass 2.3 TeV k/Mp = 1.0 1808.02380
Ll Bulk RS gk — tt 1e,u >1b, >1J/2) Yes 36.1 gkk Mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP 1e,u >2b, >3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMY - tt) =1 1803.09678
SSM Z" — ¢t 2epu = - 139 Z’ mass 5.1 TeV 1903.06248
o SSMZ" - 17 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
= Leptophobic Z” — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
8 Leptophobic Z" — tt Oe,u >1b,>2J Yes 139 Z’ mass 4.1 TeV N'm=12% 2005.05138
S  SSMW’ >ty 1eu - Yes 139 | W’ mass 6.0 TeV 1906.05609
® SSM W’ — 1v 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
S  SSMW' - tb - >1b,>1J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043
T HVT W’ — WZ model B 0-2e,u 2j/1J Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
) HVT W’ — WZ — ¢v ¢’ model C 3 e, u 2j(VBF) Yes 139 | W’ mass 340 GeV gveH=1,8=0 2207.03925
HVT Z/ - WW model B 1eu 2j/1J Yes 139 Z' mass 3.9 TeV gv =3 2004.14636
LRSM Wg — uNg 2u 1J - 80 Wg mass 5.0 TeV m(Ng) = 0.5TeV, g, = gr 1904.12679
Cl gqqq - 2j - 37.0 A 21.8 TeV 1, 1703.09127
_ Clttqq 2e,pu - - 139 | A 358TeV 7, 2006.12946
O  Cleebs 2e 1b = 139 |a 1.8 TeV g =1 2105.13847
Cl uubs 2u 1b - 139 A 2.0 TeV g =1 2105.13847
Cl tttt >1 eu >1b,>1] Yes 36.1 A 2.57 TeV |Cael = 4n 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 Mped 3.8 TeV 84=0.25, g,=1, m(x)=10 TeV ATL-PHYS-PUB-2022-036
S Pseudo-scalar med. (DiracDM) Oe,u, 7,y 1-4j Yes 139 Mped 376 GeV gq=1, g=1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) 0 e, u 2b Yes 139 mgz: 3.0 TeV tanp=1, g7=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 m, 800 GeV tanp=1, g,=1, m(y)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e >2j Yes 139 LQ mass 1.8 TeV =1 2006.05872
Scalar LQ 2" gen 2pu >2 Yes 139 | LQmass 1.7 TeV B=1 2006.05872
Scalar LQ 3™ gen 17 2b Yes 139 | LQj mass 1.49 TeV B(LQY - br) =1 2303.01294
Q  Scalar LQ 3" gen Oeu  >2j,>2b Yes 139 | LQY mass 1.24 TeV B(LQ; —» tv) =1 2004.14060
~ Scalar LQ 3 gen >2e,u,>217t21j,>21b - 139 | LQS mass 1.43 TeV B(LQY - tr) =1 2101.11582
Scalar LQ 3™ gen Oeu,>170-2j,2b Yes 139 LQ% mass 1.26 TeV B(LQY - bv) =1 2101.12527
Vector LQ mix gen multi-channel >1j, >1b  Yes 139 LQ‘," mass 2.0 TeV B( U - tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 314 gen 2e,u,T >1b Yes 139 LQ mass 1.96 TeV B(LQ{ — br) =1, Y-M coupl. 2303.01294
o VLQTT - Zt + X 2e/2u/>3e,u >1 b, >1 ] - 139 T mass 1.46 TeV SU(2) doublet 2210.15413
= 2 VLQBB - Wt/Zb+ X multi-channel 36.1 | Bmass 1.34 TeV SU(2) doublet 1808.02343
* S VLQ Ts/3Ts3|Ts3 > Wt + X 2(SS)/>3eu>1b,21] Yes  36.1 Ts/3 mass 1.64 TeV B(Ts/3 = Wt)=1, c(Ts3Wt)=1 1807.11883
S E VLQT - Ht/Zt 1epu >1b,>3j VYes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
S VQY - Wb 1eu >1b,>1j Yes 361 |Ymass 1.85 TeV B(Y — Wh)=1, cg(Wh)= 1 1812.07343
== VLQB - Hb Oeu >2b >1j,>1J - 139 | B mass 2.0 TeV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL 7 — Z7/Ht multi-channel =1 Yes 139 7/ mass 898 GeV SU(2) doublet 2303.05441
Ne) Excited quark g* — qg - 2] - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
IS § Excited quark ¢* — qy 1y 1] - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
ﬁ D Excited quark b* — bg - 1b, 1] - 139 b* mass 3.2 TeV 1910.08447
Excited lepton 7* 271 >2]j - 139 7* mass 4.6 TeV A=46TeV 2303.09444
Type Il Seesaw 2,34 e pu >2] Yes 139 N° mass 910 GeV 2202.02039
LRSM Majorana v 2u 2] - 36.1 Nr mass 3.2 TeV m(Wg) =4.1TeV, gL = gr 1809.11105
S Higgs triplet H** — W*W* 2,3,4 e,u (SS) various  Yes 139 H** mass 350 GeV DY production 2101.11961
< Higgs triplet H** — ¢¢ 234e,u(SS) - - 139 H** mass 1.08 TeV DY production 2211.07505
o Multi-charged particles — - - 139 multi-charged particle mass 1.59 TeV DY production, |q| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - - — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v_=13Tev .J-=13Tev L1 1.1 l 1 1 1 1 L1 1.1 l 1 1 1 1 L1 1.1 I 1 1 1 1
partial data full data 1071 1 10

*Only a selection of the available mass limits on new states or phenomena is shown.

T Small-radius (large-radius) jets are denoted by the letter j (J).

Mass scale [TeV]
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Experiment

ATLAS Heavy Particle Searches™ - 95% CL Upper Exclusion Limits

Slatus: March 2023 [£ dt = (3.6 —139) b V5 = 13 TeV
Model (,y Jetst EI™ [Ldt[fb™] Limit Reference
L] 1 LI | I L} ] 1 1 1 L] LI l L] L} 1 L]
ADD Gkk +g/9q Oeut,y 1-4]  Yes 139 n=2 2102.10874
ADD non-resonant yy 2y - - 36.7 n =3 HLZ NLO 1707.04147
ADD QBH - 2] - 139 n=6 1910.08447
ADD BH multijet - >3] - 3.6 n=6, Mp = 3 TeV, rot BH 1512.02586
RS1 Gkk — yy 2y - - 139 k/Mp; = 0.1 2102.13405
Bulk RS Gy - WW/ZZ multi-channel 36.1 Gkk mass k/Mp = 1.0 1808.02380
Bulk RS gkx — tt 1e,u >1b,>1J/2] Yes 36.1 gkk Mass I/m=15% 1804.10823
2UED / RPP 1eu >2Db, >3] Yes 36.1 KK mass Tier (1,1), B(AMY - tt) =1 1803.09678
SSM 7’ — ¢¢ 2ep - 139 1903.06248
SSMZ’ - 77 271 - - 36.1 1709.07242
Leptophobic Z” — bb - 2b - 36.1 1805.09299
Leptophobic Z’ — tt Oe u >1b,>2J Yes 139 F/m=1.2% 2005.05138
SSM W’ — ¢v Teu - Yes 139 1906.05609
SSM W’ — v 17 - Yes 139 ATLAS-CONF-2021-025
SSM W’ — tb - >1b,>1d - 139 ATLAS-CONF-2021-043
HVT W’ — WZ model B 0-2e,u 2j/1J  Yes 139 gv =3 2004.14636
HVT W’ - WZ — ¢tv{’¢’ modelC 3 e, u 2j(VBF) Yes 139 gveH =1,8r=0 2207.03925
HVT Z — WW model B Teu  2j/1J  Yes 139 gy =3 2004.14636
LRSM Wg — uNg 2p 1J - 80 m(Ng) = 0.5TeV, g1 = gr 1904.12679
Cl qqqq - 2] - 37.0 21.8TeV 7, 1703.09127
Clttqq 2e,u - - 139 Um 2006.12946
Cl eebs 2e 1b - 139 g =1 2105.13847
Cl uubs 2u 1b - 139 g =1 2105.13847
Cl tttt >leu >1b>1j Yes  36.1 |Cael = 4 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 84=0.25, g,=1, m(y)=10 TeV ATL-PHYS-PUB-2022-036
Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 8q=1, gy=1, m(x)=1 GeV 2102.10874
Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 tanp=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 tanB=1, g,=1, m(y)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e >2j Yes 139 B=1 2006.05872
Scalar LQ 2" gen 2u >2j Yes 139 B=1 2006.05872
Scalar LQ 3™ gen 17 2b Yes 139 B(LQY — br) =1 2303.01294
Scalar LQ 3™ gen Oe,u  >2j,>2b Yes 139 BLQY - tv) =1 2004.14060
Scalar LQ 3™ gen >2e,u, 217 21j,>21b - 139 B(LQJ > tr) =1 2101.11582
Scalar LQ 3" gen Oe,u,>217 0-2j,2b Yes 139 B(LQS — bv) =1 2101.12527
Vector LQ mix gen multi-channel >1j,>1b  Yes 139 B(Uy — tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3™ gen 2e,u,7 >1b Yes 139 B(LQY — br) =1, Y-M coupl. 2303.01294
VLQTT - Zt+ X 2e/2u/>3e,u >1b,>1j - 139 SU(2) doublet 2210.15413
VLQ BB - Wt/Zb+ X multi-channel 36.1 B mass SU(2) doublet 1808.02343
VLQ T5/3 T5/3|T5/3 - Wt+ X 2(SS)/>3eu>1b,>1j Yes 36.1 Ts/3 mass B(Ts3 > Wt)=1, c(TssWt)=1 1807.11883
VLQ T — Ht/Zt 1eu >1b, >3] Yes 139 SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
VLQY — Wh le,u 21b,>1] Yes  36.1 Y mass B(Y — Wh)=1, cg(Wh)=1 1812.07343
VLQ B — Hb Oeu >2b, >1j,>1J - 139 SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL 7 — Z7/Ht multi-channel ~ >1] Yes 139 SU(2) doublet 2303.05441
Excited quark g* — qg - 2j - 139 only u* and d*, A = m(q") 1910.08447
Excited quark ¢* — qy 1y 1]j - 36.7 only u* and d*, A = m(q*) 1709.10440
Excited quark b* — bg - 1b 1] - 139 1910.08447
Excited lepton 7* 271 >2]j - 139 A =4.6TeV 2303.09444
Type lll Seesaw 234e,u >2] Yes 139 2202.02039
LRSM Majorana v 2u 2] - 36.1 Ngr mass m(Wg) =4.1TeV, g = 1809.11105
Higgs triplet H** —» W*W=* 2,34 e,u (SS) various  Yes 139 DY production 2101.11961
Higgs triplet H** — ¢¢ 234e,u(SS) - - 139 DY production 2211.07505
Multi-charged particles - - - 139 DY production, |g| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - - - 34.4 monopole mass DY production, |g| = 1gp, spin 1/2 1905.10130
vg = 13 Tev L1 1.1 l 1 1 1 L | | l 1 1 L L L1 11 l 1 L L 1
partial data 101 1

*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).

10 Mass scale [TeV]

= New Phenomena

ATLAS Preliminary

Mass Scale limits: 1-10 TeV
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2 Q: What is the ultimate fate of our Universe?

We are here!

Higgs Potential: V ( ¢)

Ofain

0 (&)
Higgs Field:
R

ElinH:
% 29
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Q: What is the ultimate fate of our Universe?

We are here!

Higgs Potential: V ( ¢)
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Q: What is the ultimate fate of our Universe?

We are here!

Higgs Potential: V ( ¢)

T—

w;

4
|

0 (o)

=» the “Vacuum Stability Problem”.
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Q: Why does the matter we are made of exist?

[or: Why is there so much more matter than anti-matter?]
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[credit: QuantaMagazine]
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Q: Why does the matter we are made of exist?

[or: Why is there so much more matter than anti-matter?]
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Q: Why does the matter we are made of exist?

[or: Why is there so much more matter than anti-matter?]

€+

photon
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Q: Why does the matter we are made of exist?

[or: Why is there so much more matter than anti-matter?]
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Q: Why does the matter we are made of exist?

[or: Why is there so much more matter than anti-matter?]

7 -» the “Matter-Anti-Matter Asymmetry”.
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Q: What is the nature of Dark Matter?

Rotation curve of a typical spiral

galaxy: predicted (A) and observed (B).

IIIIIIIIII

Velocity

Distance

[m]
‘Er'*‘
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Rotation curve of a typical spiral
galaxy: predicted (A) and observed (B).

IIIIIIIIII

Q: What is the nature of Dark Matter?

Velocity

Distance
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