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The SM and Beyond

The problems of the SM:

[ Inconsistency at high energies due to Landau pole

M Formal unification of strong and electroweak interactions
M CP-violation is not understood (strong CP-violation?)

[A The origin of the mass spectrum is unclear

M Flavour mixing and the number of generations is arbitrary
[ Instability of the EW vacuum

[ Absence of feasible DM particle, Baryo- and Lepto-Genesis
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The SM and Beyond

The problems of the SM:

[ Inconsistency at high energies due to Landau pole

M Formal unification of strong and electroweak interactions
M CP-violation is not understood (strong CP-violation?)

[A The origin of the mass spectrum is unclear

M Flavour mixing and the number of generations is arbitrary
[ Instability of the EW vacuum

[ Absence of feasible DM particle, Baryo- and Lepto-Genesis

The ways beyond the SM:
The SAME fields with NEW = GUT, SUSY, String/Brane

interactions Compositeness, Technicolour,
NEW fields with NEW == preons

interactions 3
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The Higgs boson (still problem #1) (

The Higgs boson

e Quantum numbers, mass/coupling ratio
e Second light Higgs boson

e Heavy neutral Higgs boson

e Heavy charged Higgs boson
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The Higgs boson (still problem #1) (

The Higgs boson

e Quantum numbers, mass/coupling ratio
e Second light Higgs boson

e Heavy neutral Higgs boson

e Heavy charged Higgs boson

Is it the SM Higgs boson or not?

The task of vital importance.
May require the electron-positron collider 4



Physics beyond the SM

Low Energy Supersymmetry
Extra gauge bosons

Free quarks

Axions

Monopoles

Violation of Baryon number
Violation of Lepton number
Violation of Lorentz invariance
Extra dimensions
Modification of Newton law
GUTs

String/Brane World
Compositeness




Physics beyond the SM

Low Energy Supersymmetry
Extra gauge bosons

Free quarks

Axions

Monopoles

Violation of Baryon number
Violation of Lepton number
Violation of Lorentz invariance
Extra dimensions

Modification of Newton law
GUTs S N R
String/Brane World S
Compositeness - -

Not found so far'... o



Unification paradigm

Unification Theories

Electricity and magnetism are different
manifestations of a unified "electromagnetic”
force. Electromagnetism, gravity, and the
nuclear forces may be parts of a single
unified force or interaction. Grand

Mass is a form

of energy! AR ‘ )
Unification and Superstring theories ea\k
attempt to describe this unified W
force and make predictions
which can be tested with
the Tevatron.
coweat
Flectromagnetic

Strung

e Unification of strong, weak and electromagnetic
interactions within Grand Unified Theories is a new step in
unification of all forces of Nature

e Creation of a unified theory of everything based on string

D=10 paradigm seems to be possible
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Solves many problems of the SM:
= absence of Landau pole
= Decreases the number of parameters

= All particles in a single representation
(16 of SO(10))

= Unifies quarks and leptons ->
spectrum and mixings from «textures»

= A way to B and L violation
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mean life time > 103! — 1032 years




¥ < o N NN
6rand Unification |
10 ,MM
oS T e ']"SlogQ
Solves many problems of the SM: Creates new problems:
- absence of Landau pole - Hierarchy of scales My /Mg ~ 1074
= Decrex n i i
- Alpar SUSY GUTS - Nucleon decay |
(16 of XQQQLIF
= Unifieg / /... .
spectr ‘ = 35
. p S -
A way d ¢ ey
u \v
(a) Dimension 6. (b) Dimension 5.
p— 7’ +et p— Kt 471
Tp—>e+7'co > 11X 1034 YIS, MX > 1016G€V Tp—>K+\_/ >33 1033yrs




TN eur

Grand Unification |~

10 ,MM
S T l']"hlogQ
Solves many problems of the SM: Creates new problems:
- absence of Landau pole - Hierarchy of scales My /Mg ~ 1074
= Decreases the number of parameters = Large Higgs sector is needed for
- All particles in a single representation GUT symmetry breaking
(16 of SO(10))

Crucial predictions:
- Protondecay P —efm, P— oK™

= Neutron-antineutron oscillations
" [A(B-L)|=1(JA(B—-L)|=2) Processes

= Unifies quarks and leptons ->
spectrum and mixings from «textures»

= A way to B and L violation

Experiment:
mean life time > 103! — 1032 years




TN eur

Grand Unification |~

10 ,MM
S T A']”hlogQ
Solves many problems of the SM: Creates new problems:
- absence of Landau pole - Hierarchy of scales My /Mg ~ 1074
= Decreases the number of parameters = Large Higgs sector is needed for
- All particles in a single representation GUT symmetry breaking
(16 of SO(10))

Crucial predictions:
- Protondecay P —efm, P— oK™

= Neutron-antineutron oscillations
" [A(B-L)|=1(JA(B—-L)|=2) Processes

= Unifies quarks and leptons ->
spectrum and mixings from «textures»

= A way to B and L violation

e Unification of the gauge couplings
e stabilization of the hierarchy Experiment:
mean life time > 103! — 1032 years




TN eur

40 E

Grand Unification

b
il
“log Q

L

Solves many problems of the SM: Creates new problems:
- absence of Landau pole - Hierarchy of scales My, /Mg ~ 104
= Decreases the number of parameters = Large Higgs sector is needed for
- All particles in a single representation GUT symmetry breaking
(16 of SO(10))

Crucial predictions:
- Protondecay P —efm, P— oK™

= Neutron-antineutron oscillations
" [A(B-L)|=1(JA(B—-L)|=2) Processes

= Unifies quarks and leptons ->
spectrum and mixings from «textures»

= A way to B and L violation

e Unification of the gauge couplings
e stabilization of the hierarchy Experiment:

mean life time > 103! — 1032 years
I:{> Low energy SUSY




Motivation for SUSY in particles physics

+



Motivation for SUSY in particles physics

Supersymmetry is a dream of a unified theory of all particles and interactions




Motivation for SUSY in particles physics

| Supersymmetry is a dream of a unified theory of all particles and interactions

Hogs

a b
1 4 - -
» S 0
- . .
. - -

Quarksy . Laprors . Force paicies

Standard particles



Motivation for SUSY in particles physics

| Supersymmetry is a dream of a unified theory of all particles and interactions

A SUPERSYMMETRY
a} ) b) I
= \d < .'o :
Cuerts @ oo @ rorce parscies

o Quarks . Lagroms . Forcn paricies
SUSY particles

Standard particles Standard particles



Motivation for SUSY in particles physics

| Supersymmetry is a dream of a unified theory of all particles and interactions

SUPERSYMMETRY

" i
,
|
-

) Cuarks @ oo @ oo mncies

Standard particles Standard particles SUSY particles

Why SUSY?



Motivation for SUSY in particles physics

| Supersymmetry is a dream of a unified theory of all particles and interactions

SUPERSYMMETRY
Cuarks @ oo @ oo mncies SR O iuns B resenne D tesiens @ ttrime
Standard particles Standard particles SUSY particles
7 d~ 60 % tir
Why SUSY - ~N MSSN

# Unification of the gauge couplings

40 ; i

N The basis of a grand
T e Unified Theory
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| Supersymmetry is a dream of a unified theory of all particles and interactions

SUPERSYMMETRY
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Standard particles Standard particles SUSY particles
Why SUSY? Qm  tomin
# Unification of the gauge couplings S;:rceecll?::sn:nodf T C -
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Motivation for SUSY in particles physics

| Supersymmetry is a dream of a unified theory of all particles and interactions

Cuarks @ vwos @ rococacis
Standard particles
Why SUSY?

# Unification of the gauge couplings
# Solution of the hierarchy problem

¢ Explanation of the EW symmetry violation

SUPERSYMMETRY
Querbs @ 1o @ rorce pecies D steciens stm
Standard particles SUSY particles
Vig)
Vig)
Figlak: Beforg symmetry becal Figlbr Afser symmetry broakong

Violation of symmetry comes from radiative corrections
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Motivation for SUSY in particles physics

| Supersymmetry is a dream of a unified theory of all particles and interactions

Cuarks @ vwos @ rococacis
Standard particles
Why SUSY?

# Unification of the gauge couplings
# Solution of the hierarchy problem
¢ Explanation of the EW symmetry violation

# Provided the DM particle

SUPERSYMMETRY

gl s

Querks @ e @ rorce pescies O Biecicms OLG"W

Standard particles SUSY particles

~0 ~ ~ ~0 ~0
X =Ny+N,z+ NNH + N, H>

Neutralino




Motivation for SUSY in particles physics
| Supersymmetry is a dream of a unified theory of all particles and interactions

SUPERSYMMETRY

S— . o . il oo zauera O Seciens (D Stvieve
Standard particles Standard particles SUSY particles
Why SUSY?
# Unification of the gauge couplings
# Solution of the hierarchy problem {Q;,§£}=250'(0ﬂ)aﬁ.& = {5,.5,}=2(ec"€)P,
¢ Explanation of the EW symmetry violation e =¢&(x) local coordinate transf. = (super)gravity

# Provided the DM particle
§ Unification with gravity! Local supersymmetry = general relativity !
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SUSY Models and Signatures ...

usual‘ mMSUGRA generic squarks and gluinos

m, my,, A, —» sbottom and stop might be light
tan f sign(u)

gauginos —> leptons

_ , gluinos g long lived
stopping gluinos

' ) gluino metastable form * R hadrons’
‘f lepton-lepton couplings
>
= mSUGRARPV _———
_) R:parity viclated —» |epton-quark couplings
P = |ight gravitina photons + missing energy
NLSP=7° >y G
AMSB long lived heavy charged particles

decay inside detector
Mirage unification 9




SUSY Models and

usual‘ mSUGRA

Signatur‘es T.Hebbeker

generic squarks and gluinos

my my, A, —» sbottom and stop might be light

tan B sign(u)

gluino metastable

gauginos —> leptons

) , gluinos g long lived
stopping gluinos

form ‘R hadrons’

—¥ 3 light Higgses around 125 GeV

Heavy Higgs decay H->h1h2

photons + missing energy
~0 ~
NLSP=7) >y G

long lived heavy charged particles
decay inside detector
Mirage unification 9
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LHC reach at 7 and 14 TeV

100 : 100
1400
1 — 1
4 1200
0.01 -4 §1000 0.01
B S
1e-06 t E 600 1e-06
8
1e-08 © 400 1e-08
1e-10 200 1e-10
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
m, [GeV] m, [GeV]
' 14 TeV
y LHC
% 3 searches
S : 8
-2 o
(3 E

500 1000 1500 2000 2500 3000
mg [GeV]

Spp - 54, 54, ag (PP)



LHC reach at 7 and 14 TeV
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LHC reach at 7 and 14 TeV
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Predictions
J.Bagger @ SUSY 2000 CERN
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Predictions
J.Bagger @ SUSY 2000 CERN

; Physm mdmhhdmafAmoyhysws,andmmpﬂmImﬂym
data on particke properties. SPDG products are dstributed to
130,000 plrysicists, teachers, and other interested people. The
Review of Sparticle Physics is the most cited publication in
particle phyzics durmgths last tweaty years. Plots of SPDG
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@ Errata (last changed Jammry 1R, 2020)

@ Archived WWW cditions: 2017 2016 2015

@ Descriptions of the Summery Tables, Reviews, Listings, etc.
.Mlnrnmmmmtdmm

@ Computer-readable —mu,wndths mmhm etc. mc]ud.l.ugl’alm?ilntxxnﬁ.ls&
@ Eacoder tools (for SPDXG collsharators)
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String Theory

Heterotic string

gravity + gauge kinetic terms [7]

1 1
/[dlox] —2/\/I,§, RO 1 [d10x] —2M,§, F2,  simplified units: 2 =7 = 1
gH EH

Compactification in 4 dims on a 6-dim manifold of volume Vg =

/ [d*x] —M8 RW 4 / [d*X] —MH F2,
|| H

Mg 1/g° =
M2—iM2 i:ivm6 > My=gM — o/ Ve M3
P H 5 5 VeV H=8Vip 8H =28 6V

B g2 g 8H

gH S 1= Vg ~ string size
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String Theory

Heterotic string

gravity + gauge kinetic terms [7]

Vi Vi
/ [d*x] —= MER™ + / [d*x] —2 M, F2,
gH 8H

| |
Mg 1/g =

1 1 1
M,%:?M,%, ?:EWM,@ = My=gMp gn=gVvVeM}

gH S 1= Vg ~ string size

12



String Theory

@ Higgs from untwisted sector = gauge-Higgs unification
Atop = 8GUT = Miop ~ IR fixed point ~ 170 GeV
@ Yukawa couplings: hierarchies a le Froggatt-Nielsen
discrete symmetries = couplings allowed with powers of a singlet field
Ap ~ ®" (®) ~ 0.1 Mg — hierarchies
A single anomalous U(1) = (®) # 0 to cancel the FI D-term
@ R-neutrinos: natural framework for see-saw mechanism
(Wvivg + Mugug (hy=v<<M=mgr~M; m ~v:M
@ proton decay: problematic dim-5 operators

in general need suppression higher than M, or small couplings

@ SUSY in a hidden sector from the other Eg — gravity mediation

13
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@ Higgs from untwisted sector = gauge-Higgs unification
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Extra space-time dimensions

4D spacetime

small extra /
dimension

o discove@of D-brane
= matter fields restricted [ e
to lower dimensional brane dimension
m external bulk felt only
through gravity
m extra dimension bigger

14



Extra space-time dimensions

- Very large XDim accesible only to gravity
ADD Requires two or more XDim

. Black holes at colliders?
XDlm negligible SorT\e
bulk fields

curvature

Model >

All bulk

Universe - TeV scale XDim (several hundred GeV?)
- Pair production, K7 (SUSY-like)
- Interesting DM candidate (non SUSY-like)
- Additional nice features in 6D
significant
curvature
) Many bulk
) fields
e - Field localization

- Theories of flavor?
RS1 [New warped models]
- KK resonances at few TeV

Narrow spin-2
resonances? Dynamical
EWSB

- Relatively broad resonances

Higgsless

Composite

Higgs

[GHU] [Condensation] @ ( E.Ponton >

14




Phenomenology of extra D

Accelerator signatures

* Gravitational radiation in the bulk =>
missing energy
Present LHC bounds M. >3 -5 TeV
* Massive string vibrations =>
resonances in dijet distribution
M} = Mgy + MZj
* Higher spin excitations of quarks and
gluons with strong interaction
present LHC limits M; > 5 TeV
* Large TeV dimensions => KK
resonances of SM gauge bosons
My = M; +r*/R?, k=1,2,...
experimental limits
R1'>05-4 TeV

15



Phenomenology of extra D

e change of Newton’s law at short distances

Accelerator signatures (detectable only in case of 2 large extra dim)
e new short range forces (light scalars and
* Gravitational radiation in the bulk => gauge fields)
missing ener
Present gLHC bguynds M, >3-5 TeV V(r) = -G == (1 ™ O‘e_r/A)
* Massive string vibrations => 11001:: 1 o :
resongnces ir21 dijet 2di.stribution 101 \ e ]
Mj = MO + Ms] 107+ \ \VSta}mfrc;;afx\\ e?(:):ririenz il
* Higher spin excitations of quarks and 100 ]
gluons with strong interaction “’j T N ]
present LHC limits M, > 5 TeV T e ]
* Large TeV dimensions => KK 102l ?Ai‘;ﬁ.m-\"\ S ]
resonances of SM gauge bosons 10" harions | -
M, = Mg 4+ T‘2/R2, L — 17 27 10° heavy;q..... : U.Washington 1_|
experimental limits o el N N
R—1>0.5_4 TeV 0 10 00 1000



Phenomenology of extra D

e change of Newton’s law at short distances
Accelerator signatures (detectable only in case of 2 large extra dim)

e new short range forces (light scalars and
gauge fields)

V(r)= -G ™= (1 —I—oze_r/’\)

* Gravitational radiation in the bulk =>
missing energy
Present LHC bounds M. > 3

I \ Lamor%‘aux
10° |- gauged W\ \

\ ;\\\\\
- Excluded by
~ Stanford 1\2\\"\:\3,, o experiment

¢ Highe 10° _
10° |- Yukawa messengers \Stamford3 =
10° Fatton--—-oo o .
p 103 [ R IS -
® L 102 gl o i

’
10 [ Kk|gravitons

experimental limits L e N
R—l >05—4 TeV 1 10 100 1000




Excuse me..are you
a fundamental

particle? ~—_ ,

Compositeness

New level of fundamental particles

Higgs boson < ™ — meson

W, Z bosons < p — mesons
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Excuse me..are you
a fundamental
particle?

Compositeness

New level of fundamental particles

Higgs boson < ™ — meson Quarks and Leptons made of preons
W, Z bosons < p — mesons U
Should be

T New strong confining forces
T,T PP 5.
e No new excited states observed

e Problems with precision EW observables
* No viable simple scheme

Technicolor
Walking Technicolor
Extended Technicolor
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* Dark Matter

What is Dark Matter ?
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* Dark Matter

What is Dark Matter ?

QU
DARK TRANSPARENT
WIMP GRAVITINO

What is it made of ? 17



The Origin of Dark Matter

+

The Dark Matter is made of:
Macro objects — Not seen

New partic

Not from the SM <

es — right neutrino

:

axion (axino)

neutralino mSUGRA
snheutrino

gravitino

neavy photon

neavy pseudo-goldstone
ight sterile higgs
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The Origin of Dark Matter

The Dark Matter is made of:
= Macro objects — Not seen .
- New particles — right neutrino not favorable but possible

[ axion (axino) might be invisible (?)
- neutralino mMSUGRA detectable in 3 spheres
- sheutrino less theory favorable
Not from the SM < - gravitino might be undetectable (?)
- heavy photon possible, but not
- heavy pseudo-goldstone  related to the
C ight sterile higgs other models
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Search for the Dark Matter

2 x 1047 cm? for 50 GeV/c2 WIMP
in 2.2 ton-year
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New particles and Interactions

Z’'SSM I

Z’ SSM tau tau

Z’, ttbar, hadronic, width=1.2%
Z’, dijet

Z’, ttbar, lep+jet, width=1.2%
Z’'SSM Il (fob=0.2)

G, dijet

G, ttbar, hadronic

G jet+MET k/M = 0.2

Gyy kM =0.1

G, Z(I)Z(qq), k/M=0.1

W’ Iv

W’ dijet

W’ — td

W’ — WZ(leptonic)

WR’ = tb

WR, MNR=MWR/2

WKK p =10 TeV

pTC, nTC > 700 GeV

String Resonances (qg)

s8 Resonance (gg)

s8 Resonance (gg/bb), fbb=1
E6 diquarks (qq)
Axigluon/Coloron (ggbar)
gluino, 3jet, RPV

q*(qg), dijet
g* (W)
g*(@2)

q*, dijet pair
q*, boosted Z
e, AN=2TeV
s, A=2TeV

b’ = tW, (3, 2I) + b-jet

q’, b’'/t’ degenerate, Vtb=1
b’ = tW, l+jets

B’ = bZ (100%)

T = tZ (100%)

t' = bW (100%), I+jets

t' = bW (100%), I+

gluino, Stopped Gluino

stop, HSCP

stop, Stopped Gluino

stau, HSCP, GMSB

hyper-K, hyper-p=1.2 TeV
fractional charge, g=2/3e
fractional charge, q=1/3e

multiple charge, q=2e

multiple charge, q=3e

neutralino, ctau=25cm, ECAL time

CMS EXOTICA w60

1

[RIREAL

LQ1, B=1.0

95% CL EXCLUSION LIMITS LQ2, B=05

| : LQ2, B=1.0

ﬁ'—Y_r LQ3, (bbnunu) Br(LQ = bvT) = 1

: R | LQ3, (btau) B=1.0

-_!_' stop (btau)

— | |

————

r,—,—,—’ C.l. A, X analysis, A+ LL/RR

C.I. A, X analysis, A- LL/RR
C.l., dimuon, destructve LLIM
C.l., dimuon, constructive LLIM

C.l., single lepton (HNCM)

MBH, rotating, MD=3TeV, nED = 2, BlackMax

4 5 6 MBH, non-rot, MD=3TeV, nED = 2, BlackMax
MBH, rotating, loss, MD=3TeV, nED = 2, BlackMax
MBH, boil. remn., MD=3TeV, nED = 2, Charybdis
MBH, stable remn., MD=3TeV, nED = 2, Charybdis
MBH, Quantum BH, MD=3TeV, nED = 2

o
-
N
w
~
o
(o]

Long

Lived

= Contfact

;In’reroc’rion
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New particles and Interactions

Z’SSM I : : gluino, Stopped Gluino P
Z’ SSM tau tau stop, HSCP
Z’, ttbar, hadronic, width=1.2%

~——
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T T et — stop, Stopped ' \
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G, dijet
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