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The Four Pillars of the Standard Model
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The Four Pillars of the Standard Model
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non-vanishing vacuum expectation value

u2<0,7\.>0

V(o)

particles couple with Higgs boson in the ground state
mass ~ gV

SM symmetry broken by the ground state
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Higgs Discovery: 4.7.2012
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Discovered Particle is the Higgs Boson

CERN press office

e |

New results indicate that particle discovered at
CERN is a Higgs boson

14 Mar 2013

Geneva, 14 March 2013. At the Moriond Conference today, the ATLAS and CMS
collaborations at CERN*’s Large Hadron Collider (LHC) presented preliminary new
results that further elucidate the particle discovered last year. Having analysed two
and a half times more data than was available for the discovery announcement in July,
they find that the new particle is looking more and more like a Higgs boson, the
particle linked to the mechanism that gives mass to elementary particles. It remains an
open question, however, whether this is the Higgs boson of the Standard Model of
particle physics, or possibly the lightest of several bosons predicted in some theories
that go beyond the Standard Model. Finding the answer to this question will take time.

Whether or not it is a Higgs boson is demonstrated by how it interacts with other

PR | . ™ . ¥ - : - ey b | ™ 1 ™ T .



The Higgs Mechanism

1964
Brout-Englert-Higgs-Mechanismus




1964
Brout-Englert-Higgs-Mechanismus

ol

llllllll\\\




Higgs 10th Birthday!
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Measure for the present quantity of the DM particle remaining from the Big Bang

Dark Matter makes up for 27% of the energy density of the universe,
usual baryonic matter makes up for only 5%!

@ Baryonische Materie Dunkle Materie @ Dunkle Energie
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Observation: Dominance of matter over antimatter
=> baryon asymmetry of the Universe (BAU)

Tiny asymmetry: 1 particle more per

1 billion matter-antimatter particles

- Accidental initial condition of the universe?
Improbable

- More probable:
Same amount of matter and antimatter at the beginning of the universe;
asymmetry was generated dynamically during the evolution of the universe
Theory models for this: Baryogenesis
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Why must there obviously be an asymmetry?

Observation: Dominance of matter over antimatter
=> baryon asymmetry of the Universe (BAU)

Tiny asymmetry: 1 particle more per

1 billion matter-antimatter particles

- Accidental initial condition of the universe?
Improbable

- More probable:
Same amount of matter and antimatter at the beginning of the universe;
asymmetry was generated dynamically during the evolution of the universe
Theory models for this: Baryogenesis

M. Mahlleitner (KIT), VSOP-28, 2022 Quy Nhon, Vietnam 13



M easurements

—_ A
m - II I II || ll || lI || II || II II ll II ll ll ll II l:
3 60 E
= - ure electromagnetic -
0
40 £ pure weak E
30 F =
el .
: strong -
20 E
10 —/ Standard Model 3
P ST Y T S Y I Y Y I E O B =
5 10 15
1 10 10

10 E (GeV)

M. Mahlleitner (KIT), VSOP-28, 2022 Quy Nhon, Vietham



M easurements

= — » — How can we change this behavior?
g 60 F T —
= - ure electromagnetic -
50 | E
40 £ pure weak E
30 F =
el .
- strong -
20 E
10 —/ Standard Model 3
P ST Y T S Y I Y Y I E O B =
5 10 15
1 10 10

10 E (GeV)

M. Mahlleitner (KIT), VSOP-28, 2022 Quy Nhon, Vietham



e

.
—
—

ll ll ll ll ll ll II l| II II ll ll lI ll II II

II |

rrrreyprrrererreyperrrergrreyrrerrrerreryprrerrrrerrrrirreri
\l I \I I I /
‘
L)
|
Y
%

60

pure electromagnetic
50

40

pure weak
30

20 strong

IllllllllllllllllllllIllllllllIlllllllllIlllllllllIlll

Minimal Supersymmetric
Standard Model

T NN BN B Y R Y B R

5 10 15
10 10 10 E (GeV)

10

LAt i1l

Il

-
[

M. Mahlleitner (KIT), VSOP-28, 2022 Quy Nhon, Vietham



‘-_‘.--
.

How Matter -

Anti-Matter
. Asymmetry

.
.
.
.
.
.
.
.
.

]
...
.

L)
L)

Neutrino
Mass

-
e

" ication
3 genera- /N Of

undamental
Forces

~
d




/ Matter -
 Anti-Matter
. Asymmetry

Dar

.
.
.
.
.

.

.
.
.

We need

Physics
Beyond the
Standard Mod
(BSM)

]
...
.

L)
L)

Neutrino
Mass

-
Yo

ication -
Of
undamental
Forces

.

W
O
)
>
)
-3
o

d




Status

35.9-137 fo'' (13 TeV)

¥ £

| 10—1 L

CMS

m, = 125.38 GeV
p-value = 44%

wZ

¢ Vector bosons
§ 3" generation fermions
¢ Muons

----- SM Higgs boson

t

.
.

°’

Datia A SM

|

AL

1.30

1.05 +03

029 (+024 '8.19)
=017

121 +026

~024 (+n o

1.21 +024

+0.40
0.38

1

+0.28

+0.29
027,
7' ~027)

N an

=] EWK Fif (Giitter;
2 EWK Fit (Gfitter,
I EWK Fit (GAPP,

w.0.m’
w.m)
W

PR

"""" 1

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

Preliminary

Status: July 2021 JLdt=(36-139)fb" Vs =8,13TeV
Model Cy  Jetst ET™ [ram) Limit Reference
T T T

ADD G + 8/q Oepury 1-4j Yes 139 Mo 1n2TeV o -2 210210874
ADD non resonant vy ¥ - 367 [Ms 86TV 1 -3HZMO 1707 04147
ADD QBH N S a0 e o 170309127
ADD BH muljot - - 6 | Mn =6, My = 3oV, 1ot BH 1512.02506
RS1 Gk =y 2y - - 139 Gy mass. Tev k[ Mpr = 0.1 2102.13405
BuK RS G -+ WW/ZZ  multi-channel 361 [ Gacmass 23TeV 10 1608 02380
Bulk RS G — WV — fvaqq leu 2j/1J  Yes 139 Gy mass. Tev for = 1.0 2004.14636
Bulk RS gk — tt. leu 21b2102 Yes 36.1 Bk Mass. 3.8TeV r/m=15% 1804.10823
2UED / RPP leu 22b,23)  Yes 36.1 KK mass. 1.8 TeV Tier (1,1), B — ) = 1 1803.09678
SSM 2’ — 1t 2ep - - 139 4 5.1 TeV 1903.06248
SSM 7' e 2r - - g6t 2427Tov 1700 07242
Leptophobic Z' — bb - 2b - 36.1 21 Tev 1805.09299
Leptophobic 2’ — tt Oeu  21b22J Yes 139 4.1 Tev r/m=12% 2005.05138
SSM W' — (v tew Yos 139 60ToV. 150605600
SSM W’ < v 17 - Yes 139 5.0 ATLAS-CONF-2021-025
SSM W' th S aieaty - 139 44Tov 'ATLAS CONF 2021043
HVT W' — WZ — (vgqgmodel B 1e,u 2j/1J  Yes 139 4.3 TeV. & =3 2004.146¢
HVT 2' — ZH model B 2 e 12b Yes 139 32TeV & =3 ATLAS-CONF-2020-043
HVT W’ — WH model B Oeu 21b22J 139 32TeV v =3 7.052¢
LASM W — iy 2 - w 50Tev (V) = 05TV, = g 1904.12679
Clagaq - 2 - a0 28TV 1 170300127
Clttqq 2ep - - 139 aBETeV. . 2006.12946

S Glechs 2¢ - 1% 18TeV a1 2105.13047
Cl yapabs. 2p 1b - 139 20Tev &=1 2105.13847
Gttt Sep  1b21] Yos 361 257 Tov Cul = 4r 1811 02905
Axial-vector med. (Dirac DM) Oepry 1-4j Yes 139 21TeV =0.25, g, =1, m(x)=1GeV/ 210210874
Pseudo-scalar med. (Dirac DM) Ty 1-4) Yes 139 376 GeV' &=, 1

E Vector med. Z'-2HDM (Dirac DM) O e, i 2b Yes 139 31 Tev tan ATLAS-CONF 2021006
Pseudo-scalar med. 2HDMsa__multi-channel 139 560 GeV. anfet g, 'ATLAS-CONF 2021.036
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 3.4Tev y=04, =02, m{x 1812.09743
Scalar LQ 1* gen 2e 2] ves 139 18TeV. 5 2006.05872
Scalar LQ 2™ gen 2 2] Yes 139 17TeV Y] 2006.0587:

S ScalarLQ 3" gen 2b  Yes 139 1.2TeV B(LQ: 1 ATLAS CONF.2021.008.
Scalar LQ 3" gon O 32],22b Yos 139 124 ToV (.0 1 004,140
Scalar LQ 3" gon s2euxira)b — 139 1.43ToV 51 1 210111562
Scalar LQ 3" gen Oeu,2170-2j,2b Yes 139 1.26 TeV. BLQ] - bv) =1 2101.12527
VL TT ozt 4 X 2eruden 21b21) - 139 14 SU(2) doudlet ATLAS-CONF 2021024
VLQ BB — Wt/Zb+ X multi- | 36.1 1.34 Tev. SU(2) doublet 1808.0234:

VLQ Tos ToplTos — We+ X 2(SS)/28equ >16,21] Yes 361 1.64 TeV. B(Toy — W) 1, ¢(TyaWe)a 1 07,11

VLQ T — Ht/Zt 1 23] Yes 139 1.8 TeV SU(2) singlet, xr= 0.5 ATLAS-CONF-2021-040
vy ey 21b21)  Yes 36.1 1.85 TeV. B(Y — Wb). 1812.07343
VLB~ Hb Oeu 3202110 - 139 20 SU(2) dou ATLAS-CONF 2021018
Excited quark ¢" — ag. - 2 - 139 6.7 TeV only u* and 1910.08447
Excited quark q* — qy 1y 1 - 367 53TeVv only u* and 1709.10440
Excited quark b" — bg. - 161j - 36.1 2.6 TeV. 1805.09299
Excited lepton 3eu - - 203 A =30TeV 1411.2021
Excited lepton v* et - - 203 A =16TeV 1411.2021

Typo Il Socsaw 234en 2] Yes 139 910 Gev. ATLAS-CONF 2021023
LRSM Majorana v " 2j - 36.1 3.2Tev m(We) = 4.1TeV. g1 = gn 1809.11105
Higgs triplet H** — W*w* 234 e,u(SS) various  Yes 139 350 GeV' DY production 2101.11961
Higgs triplet H** —» (¢ 234 eu(sS) - - 861 870 GeV. DY production 1710.09748
Higas rip r - - 203 OY producton, B(H;* - (1) = 1 1411 2521
Multi-charged particles - - 36.1 1.22TeV DY production, |q| 1812.03673
Magnetic monopoles. - - - 344 237 TeV. DY production, |g| = 1go, spin 1/2 1905.10130

ﬁ Vi=13TeV | VE=13TeV 1 L
rtial data
b ulldate 1 10 Mass scale [TeV]
*Only a selection of the available mass limits on new states or phenomena is
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ATLAS Preliminary

Status: July 2021 JL dt = (3.6 -139) fb! Vs =8,13TeV
Model Cy  Jetst ET™ [ram) Limit Reference
T T T
D Gy + /9 Oepury 1-4j Yes 139 Mo 1n2TeV o -2 210210874
ADD non resonant yy y = e fme 86TeV 0 3HZNO 1707 04147
ADD GBH K S oo |me " 17000127
ADD BH multjet - %6 e 26, My ~ 3oV wiBH 1512 02506
RS1 Gkk =7y 2y - - 139 | Gukmass Tev K/ 2102.13405
BUk RS Gu = WW/ZZ  mul-channel 361 | Guomasa 23Tev 100802080
Bulk RS Ggx — WV — (vqq Tepu 2j/1J  Yes 139 Gy mass. Tev. 2004.14636
BUKRS g — 1t Teu 2102102 Yos 361 [mocmass 38Tev 1004 10620
2UED / RPP leu 22b,23)  Yes 36.1 KK mass. 1.8 TeV Tier (1,1), B — ) = 1 1803.09678
SSM 2’ — 1t 2ep 139 2’ mass. 5.1 TeV 1903.06248
SSM 2’ — 1. 2r 36.1 2’ mass. 2.42 TeV 1709.07242
Leptophobic 2’ — bb. 2b 36.1 2 mass. 21 Tev 1805.09299
Leptophobic 2’ — tt Oeyu 21b22J Yes 139 Z’ mass. 4.1 Tev r/m=12% 2005.05138
SM W' 0 Teu Yos 130 Wemass 607Te 150605608
SSM W' < v 17 - Yes 139 W’ mass 5.0 TeV. ATLAS-CONF-2021-025
SSM W' < th - 21b 210 - 139 W’ mass. 4.4 Tev ATLAS-CONF-2021-043
HVT W' — WZ — (vgqgmodel B 1e,u 2j/1J  Yes 139 W’ mass 4.3 TeV =3 2004.1462
HVT 2' — ZH model B 2 e 12b Yes 139 32TeV & =3 ATLAS-CONF-2020-043
HVT W’ — WH model B Oeyu 21b22J 139 32TeV v =3 7.052¢
LRSM Wik — uNg 2u 14 - 80 5.0 Tev. m(Ng) = 05TeV, g = gr 1904.12679
Ol ggaq - 2 - a0 |a 208ToV 1, T 0s127
Clttqq 2ep - - 139 A BTN 2006.12946

S Glechs 2¢ b - 13 [A 18TeV a1 2105.13047
Cl yapabs. 2p 1b - 139 A 20Tev &=1 2105.13847
Ci'ete Slew 216311 Yos 361 |A 257Tev €l = 4 1102308
Axial-vector med. (Dirac DM) Oepry 1-4j Yes 139 Mined 21TeV =025, g, =1, m(x)=1 GeV 2102.10874
Pseudo-scalar med. (Dirac DM) Ty 1-4) Yes 139 Mned 376 GeV 1, & (y)=1 GeV

B | Vocormod. 2 2HOM(DracOM)  Oes | 26 Yoo 109 |mmm 31TV ATLAS.CONF-2021,006
Pseudo-scalar med. ZHDMva _mul-channel 139 [ Moy 560Gev ATLAS.CONF 2021.036
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 m 3.4Tev 1812.09743
Scalar LQ 1% gen 2e 2] Yes 139 |LQmase 18Tev =1 2006.05672
Scalar LQ 2" gen 2y 2] Yes 139 [LQmass 17 TeV B-1 2006.0567:

Q  Scaarto 3 gon 26 Yoo 100 [Latmass 1270V B0 1 ATLAS CONF 2021008
ScaiarLQ 39 gon Oclu 22,220 Yos 139 |LGbmass 124ToV 5010 1 004 0
Scalar LQ 3" gon s2ep21r21)21b - 13y |LQbmass 143TeV 5L 1 2101 11562
Scalar LQ 3" gen Oeu>170-2),2b Yos 139 |LOdmass 1.26 TeV. B(LQY — bv) =1 2101 12527
VLQTT = 2t + X 2e/2u/>3eq 21b,21] - 139 T mass. 14 SU(2) doublet ATLAS-CONF-2021-024
VLQ BB — Wt/Zb+ X mult | 36.1 B mass. 1.34 Tev. SU(2) doublet 1808.0234:

VLQ To/s Ty Tars — WE+ X 2(SS)23 eyt 21b,21] Yes 361 | Tapsmass 1.64 TeV B(Tys — We)= 1, ¢(TyaWe)= 1 07.118

VLQ T — Ht/Zt 0 23] Yes 139 ass 1.8 TeV SU(2) singlet, xy= 0.5 ATLAS-CONF-2021-040
vy leu 21b,21] Yes 36.1 Y mass 1.85 TeV. B(Y — Wh)a 1, cg(Wh)= 1 1812.07343
WQB - Hb ey s2banan - 1as [ Bmss 20 SU) doubler, e 03 ATLAS CONF 2021018
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Excited quark q* — qy 1y 1 - 36. 53TeVv only u* and m(q") 1709.10440
Excited quark b" — bg. - 161j - 36.1 2.6 TeV. 1805.09299
Excited lepton (" 3eu - - 203 A =30TeV 1411.2021
Excted oplon »* Sejr - - 303 A-1oTev 1411221

Type Il Soasaw 234eu 2]  Yes 130 mase 910 Gev 'ATLAS CONF 2021.023
LRSM Majorana v " 2j - 36.1 Ng mass. 3.2Tev m(We) = 4.1TeV. gt = gn 1809.11105
Higgs triplet H** — W* W' 234 e,u(SS) various  Yes 139 H** mass. 350 GeV' DY production 2101.11961
Higgs triplot H** — ¢¢ 234 eu(SS) - = 361 | He*mass 870Gev DY producton 1710.09748
Higgs tipl tr Bemrt - - 203 D producton, B(HE* — fr) = 1 14112021
Mutti-charged particles - - - 36.1 ‘mutti-charged particle m: 1.22TeV DY production, |q| 1812.03673
Magnetic monopoles. - - - 344 ‘monopole mass. 237 Tev DY production, |g| = 1go, spin 1/2 1905.10130
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*Only a selection of the available mass limits on new states
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=84/

5+ Het arXiv:1707.06193
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- (aid = ¢vG/axf — qWG) |5+ MBx: arkivi 71108008
7+ Ha: arXiv:1707.06193

7+ €+ MExy: arXiv:1812.04066

PP = WXL XK

A MEq: arXiv:I711.08008
7+ €+ MExy: arXiv:1812.04066
PP — RN XA — 2 x [(Z/h/7)G] + Xope [ MEs arkXiv:1711.08008
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(max. exclusion)
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BF(ZHA) = 112

pp — ({1, X3, XD (%, 18, 12)
 3(/m,: arXivi1700.05406
h — bb: arXiv:1709.04806

B y: arXiv:1709.00384

combined: arXiv:1801.03957

20 oppositessign: arXiv:1709.08908 BF = 50%
=86/ m,: arXiv:1709.05406 BF
h — vy arXiv:1709.00384 BI
combined: arXiv:1801.03957 BF = 50%

s0%
0%

20 opposite-sign: arXiv:1709.08908
SRR :1709.05406
combined: arXiv:1801.0:
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Selection of observed Limits at 95% C.L. (theory uncertainties aze not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise,
The quantities AM and  represent; the absolute mss difference between the primary sparticle and the LSP, and the difference between the intermedinte

sparticle and the LSP relative to A, respectively, unless indicated othervise.
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* simplicity

* compatibility with relevant experimental
and theoretical constraints

* solve (some of the) flaws of the SM \/

* testable in experiment

* weakly interacting (extended Higgs sectors, supersymmetry)

* strongly interacting (composite Higgs)

* new non-SM particles (search for them; can modify electroweak precision observables

(EWPOQO), B-physics observables, low-energy observables; break symmetries,
be DM candidate, ...)

* modify properties of discovered Higgs boson, which behaves very SM-like
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Intermezzo: Higgs as UV regulator

Scattering of longitudinally polarized W bosons

W %4
%4 W %4 %4
7 Z GFs
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Intermezzo: Higgs as UV regulator

Scattering of longitudinally polarized W bosons

W W W 11,7 W W H‘u__(j
H
¥, Z vz H A _ GFM%I
AJJLLL 4+/27
W W W W W W v v wow

Higgs ensures unitarity of longitudinally polarized W boson scattering
provided coupling g(HWW) ~ mw2
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Intermezzo: Higgs as UV requlator

Scattering of longitudinally polarized W bosons

1% 1% 1% 1% v W w w
7. Z 7 H_ H A _ GFM%I
ﬁ 4+/27

W 1474 W 1174 s L W . ot

Higgs ensures unitarity of longitudinally polarized W boson scattering
provided coupling g(HWW) ~ mw2

A theory of massive gauge bosons and fermions, that are weakly interacting up to very
high energies, demands - for unitarity reasons - the existence of a Higgs particles. The
Higgs particle is a scalar O+ (electrically neutral, CP-even) particle, that couples
proportional fo the mass/mass squared of the particle

=> non-Abelian gauge theories with spontaneous symmetry breaking.
T e e I
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