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M. Strassler 2011

Elementary particles so far o
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Borrowed from Matt Strasslers blog: http://profmattstrassler.com/
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Recent and less recent history

Particle Collider

Higgsboson =~ 2012  LHC ~  8Tev  Europe

Top 1995 Tevatron 1.8 TeV USA
___________ QUANK
W/Z bosons 1984 SppPS 630 GeV Europe
Gluon 1979 PETRA 38 GeV Europe
Bottom quark 1977 E288 20 GeV USA
Tau lepton 1975 SPEAR 3 GeV USA

........................................................................................................................................................................................




Framework for particle physics

Relativistic guantum field theory (QFT):

Particles (and their antiparticles) represented by
fields with definite transformation properties
under Lorentz transformations depending by
particle’s spin

Interactions between particles are encoded in a
Lagrangian that is a local, hermitian and Lorentz-
invariant function of the fields

Each fundamental spin-1 (vector) particle comes
with a corresponding local (gauge) symmetry that
IS strictly respected by the Lagrangian

The fundamental spin-2 particle (graviton) comes
with another local symmetry - general coordinate
iInvariance

90 = D,p=0,p—igT'Aj¢
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Specific features found in nature

e The gauge symmetry SU3)~-X SU2); X U(1)y
corresponding to the strong, weak, and
electromagnetic forces

 (Gauge symmetry spontaneously broken down to
SU@3)- X U(1),,, by vacuum expectation value

1
of Higgs field H, implementing short range of the (H) = 7
weak force (that is mass of W and Z bosons) and 2
also allowing masses for matter fields



Organizing principle: dimensional analysis

Organize the Lagrangian according to canonical dimensions of each term:

$=31+32+33+34+35+§Z6+

This organizes the infinity of possible interactions according to their importance at low energies
Each 3;1 contains all possible interactions terms allowed by Poincaré invariance, locality,
hermiticity, and the SM gauge symmetry (totalitarian principle)
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Organizing principle: dimensional analysis

Organise the Lagrangian according to canonical dimensions of each term:

g=31+32+33+g4+35+36+

1 o _
Lyo-7 ) VW VUHOGLGL+ Y, DS
veB,W!,G* feq.udle
—(aY,gH +dY,H'q+eY,H'l+h.c.)

+D,H'D"H — A(H'H)*

In principle, there is no reason to stop at dimension-4.
However, higher-dimensional terms, by dimensional analysis,
come with inverse powers of explicit mass scale:
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Standard Model

Organise the Lagrangian according to canonical dimensions of each term:

g=31+32+g3+g4+ + + ...

Z | Agosmo( lanck)
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The Standard Model is understood as

the A — oo and Mp;,, . — oo limit
of the Lagrangian allowed by the basic principles




Is Standard Model enough ?

Standard Model is a perfectly consistent theory, and it

very well describes a wide range of phenomena in collider
and many other experiments

However, it is certainly not the ultimate theory of nature



Why BSM?

e Because gravity exists!

g=31+32+g3+g4+35+$6+
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PLs = (HL) - h,,D,H'D, H — T F
Planck N\, {"Planck
L= H |6 + ... | | Interactions of graviton with

matter and light have been observed
and precisely measured



Why BSM?

Standard Model is a perfectly consistent theories at accessible energies, and it perfectly we
describes wide range of phenomena in collider and many other experiments.

We know it's not a complete theory of nature, because gravity exists, and because U(1)
of the SM has a Landau pole

Yet we have good reasons to think that it becomes invalid well below the Planck scale:

* Phenomenological Reasons:
There exist experimental observations that require new physics below the Planck scale

» Esthetic Reasons:
Certain puzzling aspects of the SM hint at a deeper explanation via new physics




Phenomenological Reasons

For Physics Beyond the Standard Model

Neutrino Oscillations
Dark Matter
Baryon Asymmetry

Inflation

All of them
experimental
facts!




Esthetic Arguments

For Physics Beyond the Standard Model

Certain features of the Standard Model appear ad-hoc or fine-tuned
and we suspect that they have a deeper explanation

Small cosmological constant

Fermion generation structure and mass/mixing hierarchies
Vacuum metastability

Gauge coupling unification

Strong CP problem

Naturalness problem



Typical roads to BSM

.*'/Model-indepent

| Ad-hoc models to explain {
| effective theory |

. Models addressing
experimental anomalies |

problems of the SM ii

e.g supersymmetry e.g leptoquarks to address explore all possible
to address naturalness, B-meson anomalies higher-dimensional
or axions to address or milli-charged dark matter effective interactions

theta-problem of QCD to address 21cm absorption signal added to the SM
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Biggest questions

for particle physics




Questions

/ Nt are the /WW&/J of bimension-5
@&fwm 05 thé S/ 7

Neutrino masses and mixing show that
2As Y As ~ 10" GeV for 6(1) Y,
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Questions

Fomension-6 etension o e S 2

_ _ Lepton flavor universality violation
<L 6 D F(S}/ap Lb)(//l}’ap L,M) tentatively observed in B-meson decays

6 points to A, ~ 30 GeV

BaBas
0.1 <¢® <8.12 GeV?

Belle 3
1.0 <¢® <6,0 3eV
LHCb3 fb'
1.0 <q° <60 3eV

LHCb 5 17! )
1.1 <q¢° <6.0 3e\°
LHCb 9 1!

1.1<q <86,05eV

|
1.5

Pob el e e s - - e e e e o o
l

0.5



Questions

Are %/@ aﬁ&ﬂ%@/ éWWéP
For example sterile neutrinos, or axions

If yes, that would imply a slight modification
of the particle physics framework used to describe our experiments

3231 ‘32 g ‘34“35“36“...

~XN\ / J

add new terms with the new degrees of freedom




1) galaxy rotation curves —

NGC 6503
v3(r)  GymM(r)
m—c /.

r r2
‘centrifugal’ ‘centripetal’

———

Radius (kpc)
V(1) ~ const = ppr(r) ~

-
Om 2 0.1

However, so far we only see gravitational effects of dark matter,
and we know almost nothing about it's particle (or another) nature



Questions

j Howr to éfiéf WM
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Many effective methods and tools:

lattice, chiral perturbation theory, dispersion relations, non-relativistic EFTs, PDFs, ....

but no silver bullet yet



Questions

K How 7@
prentonficld Yeoy?

There is a

Q
T~ landscape of 10°%
fundamental theories

There is one /’

ultimate
fundamental theory ‘\

Unitarity, causality, locality, Lorentz invariance
Impose unexpected constraints on
consistent quantum field theories



Recent attempts at alternative formulations
where spacetime is emergent rather than fundamental concept






