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The Standard Model of Particle Physics – Doubts
Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02768
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1875
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4957
σhad [nb]σ0 41.540 ± 0.037 41.477
RlRl 20.767 ± 0.025 20.744
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21586
RcRc 0.1721 ± 0.0030 0.1722
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.398 ± 0.025 80.374
ΓW [GeV]ΓW [GeV] 2.140 ± 0.060 2.091
mt [GeV]mt [GeV] 170.9 ± 1.8 171.3

– describes microcosm (too well?)

28 free parameters

form of Higgs potential ?

Hierarchy Problem
chiral symmetry: δmf ∝ v ln(Λ2/v2)
no symmetry for quantum corrections to the
Higgs mass

δM2
H ∝ Λ2 Λ ∼MPlanck = 1019 GeV

20000 GeV2 = ( 1000000000000000000000000000000020000 –

1000000000000000000000000000000000000 ) GeV2
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The Higgs Boson – A Long Expected Party
– Higgs: fundamental scalar field

Brout, Englert, Higgs, 1964

– Vacuum expectat. value v = 246 GeV
– breaks electroweak symmetry to

electromagnetism
– gives elementary particles mass
– couples proportional to its mass

40 years search in vain
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Open questions

– Unification of all interactions (?)

– Baryon asymmetry ∆NB −∆NB̄ ∼ 10−9

missing CP violation

– Flavour: three generations

– Tiny neutrino masses: mν ∼ v2

M

– Dark Matter:
I stable
I weakly interacting
I mDM ∼ 100 GeV

– Quantum theory of gravity

– Cosmis inflation

– Cosmological constant
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Ideas for New Physics since 1970

(1) Symmetry for elimination of quantum corrections
– Supersymmetry: Spin statistics⇒ corrections from bosons and fermions

cancel each other
– Little Higgs Models: Global symmetries⇒ corrections from particles of

like statistics cancel each other

(2) New Building Blocks, Substructure
– Technicolor/Topcolor: Higgs bound state of strongly interacting particles

(3) Nontrivial Space-time structure eliminates Hierarchy
– Extra Space Dimensions: Gravitation appears only weak
– Noncommutative Space-time: space-time coarse-grained

(4) Ignoring the Hierarchy
– Anthropic Principle: Parameters are as we observe them, since we

observe them
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Supersymmetry (SUSY) Gelfand/Likhtman, 1971; Akulov/Volkov, 1973; Wess/Zumino, 1974

– connects gauge and space-time symmetries

– Multiplets with equal-mass fermions and
bosons

⇒ SUSY broken in Nature

|Boson〉 |Fermion〉Q

Q
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2

1

J
r

r r

r r

– Every particle gets a superpartner
– Minimal Supersymmetric

Standard Model (MSSM)
– Mass eigenstates:

Charginos: χ̃± = H̃±, W̃±

Neutralinos: χ̃0 = H̃, Z̃, γ̃
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SUSY: Success and Side-Effects
MSSM: spontaneous SUSY breaking E
(SUSY partners in MeV range)
Breaking in “hidden sector”
Breaking mechanism induces 100 free
parameters
solves hierarchy problem:
δMH ∝ F log(Λ2)

Λ(?)

F = O(1 TeV)

v = 246 GeV
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I Existence of fundamental scalars
I Form of Higgs potential
I light Higgs (MH = 90± 50 GeV)
I discrete R parity

I SM particles even, SUSY partners odd
I prevents a proton decay too rapid
I lightest SUSY partner (LSP) stable

Dark Matter χ̃0
1

I Unification of coupling constants



J. Reuter BSM Physics 1 DESY Hamburg, 04/2009

SUSY: Success and Side-Effects
MSSM: spontaneous SUSY breaking E
(SUSY partners in MeV range)
Breaking in “hidden sector”
Breaking mechanism induces 100 free
parameters
solves hierarchy problem:
δMH ∝ F log(Λ2)

Λ(?)

F = O(1 TeV)

v = 246 GeV

0

10

20

30

40

50

60

102 104 106 108 1010 1012 1014 1016 1018

MSSM

α
i-1

U(1)

SU(2)

SU(3)

µ (GeV)

I Existence of fundamental scalars
I Form of Higgs potential
I light Higgs (MH = 90± 50 GeV)
I discrete R parity

I SM particles even, SUSY partners odd
I prevents a proton decay too rapid
I lightest SUSY partner (LSP) stable

Dark Matter χ̃0
1

I Unification of coupling constants



J. Reuter BSM Physics 1 DESY Hamburg, 04/2009

SUSY: Success and Side-Effects
MSSM: spontaneous SUSY breaking E
(SUSY partners in MeV range)
Breaking in “hidden sector”
Breaking mechanism induces 100 free
parameters
solves hierarchy problem:
δMH ∝ F log(Λ2)

Λ(?)

F = O(1 TeV)

v = 246 GeV

0

100

200

300

400

500

600

700

800

m [GeV]

l̃R

l̃L
ν̃l

τ̃1

τ̃2

χ̃0

1

χ̃0

2

χ̃0

3

χ̃0

4

χ̃±

1

χ̃±

2
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”SUSY will be discovered, even if non-existent”
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What, if not SUSY?
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Higgs as Pseudo-Goldstone boson: Technicolor
Nambu-Goldstone Theorem: Spontaneous breaking of a global sym-
metrie: spectrum contains massless (Goldstone) bosons 1960/61

Color: Adler/Weisberger, 1965; Weinberg, 1966-69

Light pions as (Pseudo-)Goldstone bosons of spontaneously broken
chiral symmetry

Λ

v

O(1 GeV)

O(150 MeV)

Skala Λ: chiral symmetry
breaking,
Quarks, SU(3)C

Scale v: pions, kaons, . . .

experimentally constrained, but not ruled out
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Higgs as Pseudo-Goldstone boson: Technicolor
Nambu-Goldstone Theorem: Spontaneous breaking of a global sym-
metrie: spectrum contains massless (Goldstone) bosons 1960/61

Technicolor: Georgi/Pais, 1974; Georgi/Dimopoulos/Kaplan, 1984

Light Higgs as (Pseudo)-Goldstone boson of a new spontaneously bro-
ken chiral symmetry

Λ

v

O(1 TeV)

O(250 GeV)

Skala Λ: chiral symmetry
breaking, techni-quarks,
SU(N)TC

Skala v: Higgs, techni-pions

experimentally constrained, but not ruled out
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Collective Symmetry Breaking,
Moose Models

Collective Symmetry Breaking:
Arkani-Hamed/Cohen/Georgi/Nelson/. . . , 2001

2 different global symmetries; if one were unbroken
⇒ Higgs exact Goldstone boson

Higgs mass only by quantum corrections of
2. order: MH ∼ (0.1)2 × Λ

Λ

F

v

O(10 TeV)

O(1 TeV)

O(250 GeV)

Scale Λ: chiral SB, strong
interaction
Scale F : Pseudo-Goldstone
bosons, new gauge bosons
Scale v: Higgs
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Little-Higgs Models
– Economic implementation of

collective symmetry breaking

– New Particles:
I Gauge bosons:

γ′, Z′, W ′ ±

I Heavy Fermions:
T , U, C, . . .

I Quantum corrections to
MH cancelled by
particles of like
statistics

Littlest Higgs Arkani-Hamed/Cohen/Katz/Nelson, 2002
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– “Little Big Higgs”: Higgs heavy (300− 500 GeV)

– discrete T -(TeV scale) parity:
I allows for new light particles
I Dark matter: LTOP (lightest T-odd), often γ′
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Extra Dimensions & Higgsless Models
Motivation: String theory
3 + n Space dimensions: Radius R ∼ 10

30
n −17

cm Antoniadis, 1990; Arkani-Hamed/Dimopoulos/Dvali, 1998

Gravitation strong in higher dimensions
Particles in quantum well: Kaluza-Klein tower
Production of mini Black Holes at LHC

I “Higgsless Models”: Higgs component
of higher-dim. gauge field

I “Large Extra Dimensions”: continuum of
states

I “Warped Extra Dimensions”: discrete,
resolvable resonances Randall/Sundrum, 1999

I “Universal Extra Dimensions”: also
fermions/gauge bosons in higher
dimensions
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KK parity and Dark Matter
I typical Kaluza-Klein spectra

400

450

500

550

600

650

700

m
a
s
s

1�R = 500 GeVGΜ
H1,0L

WΜ
H1,0L

BΜ
H1,0L GH

H1,0L

WH
H1,0L

BH
H1,0L

Q+
3 H1,0L

Q+
H1,0L T-

H1,0L

U-
H1,0L

D-
H1,0L

L+
H1,0L

E-
H1,0L

HH1,0L

600

650

700

750

800

850

900

950

1000

1050

m
a
s
s

1�R = 500 GeVGΜ
H1,1L

WΜ
H1,1L

BΜ
H1,1L

GH
H1,1L

WH
H1,1L

BH
H1,1L

Q+
3 H1,1L

Q+
H1,1L T-

H1,1L

U-
H1,1L

D-
H1,1L

L+
H1,1L

E-
H1,1L

HH1,1L

I Spectrum structure similar to SUSY, but shifted in spin

I Dark matter: lightest KK-odd particle (LKP)
Photon resonance γ′ (in 5D vector, in 6D scalar)

I Quote from SUSY orthodoxy:
“This is a strawman’s model invented with the only purpose to be
inflamed to shed light on the beauty of supersymmetry!”
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Noncommutative Space-time Wess et al., 2000
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– Assumption: non-commuting
Space-time coordinates [x̂µ, x̂ν ] = iθµν

– Classical analogue: charged particle in lowest Landau level:
{xi, xj}P = 2c(B−1)ij/e

– Low energy limit of string theory Seiberg/Witten, 1999

– Yang-Landau-Theorem violated: Z → γγ, gg possible

– Special direction in the Universe:
broken rotational invariance

– Cross sections depend
on azimuth

⇒ Varying signals as
Earth rotates

– Dark Matter, cosmology, theoretical problems E
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Which model? A Conspiracy Unmasked
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The Challenge of the LHC

Partonic subprocesses: qq, qg, gg

No fixed partonic energy
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The Challenge of the LHC

Partonic subprocesses: qq, qg, gg

No fixed partonic energy
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Search for New Particles
Decay products of heavy particles:

I high-pT Jets
I many hard leptons

Production of coloured particles
weakly interacting particles only in decays
Dark Matter ⇔ discrete parity (R, T , KK)

evt/10 GeV
∫
L = 100 fb−1
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I only pairs of new particles ⇒ high energies, long decay chains
I Dark Matter ⇒ large missing energy in detector (/ET )

Different Models/Decay Chains — same signatures
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Search for New Particles
Decay products of heavy particles:

I high-pT Jets
I many hard leptons

Production of coloured particles
weakly interacting particles only in decays
Dark Matter ⇔ discrete parity (R, T , KK)
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Model Discrimination – A Journey to Cross-Roads

I Mass of new particles: end points of decay spectra
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I Spin of new particles: Spin of new particles: angular correlations, . . .

I Model determination: measuring coupling constants

⇒ Precise predictions for signals and backgrounds

– kinematic cuts

– Exclusive multi particle final states 2→ 4 up to 2→ 10

– Quantum corrections: real and virtual corrections
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Outlook pedo mellon a minno.

I LHC: new era of physics

I New Particles, new symmetries, new interactions

I Dark Matter

I Interesting times!

“Will man nun annehmen, dass das abstrakte Denken
das Höchste ist, so folgt daraus, dass die Wissenschaft
und die Denker stolz die Existenz verlassen und es
uns anderen Menschen überlassen, das Schlimmste
zu erdulden. Ja es folgt daraus zugleich etwas für den
abstrakten Denker selbst, dass er nämlich, da er ja doch
selbst auch ein Existierender ist, in irgendeiner Weise
distrait sein muss.”

Søren Kierkegaard
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