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Very simple theory:

Explains results of nearly
all experiments.
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Gauge symmetry dictates all interactions:
SU(S)C X SU(Z)L X U(l)y

e d

e U
Masses for fermions and gauge bosons forbidden.

Inconsistent with observation.



Magnetic fields are
expelled: Meissner effect.

In a superconductor,
electrons pairs condense
and give mass to the photon. T>Te T<Tc

Charged object fills space

in vacuum .,V \VVVVYNV VYV VYV VN

not allowing photon to | et
IN superconauctor
propagate. %
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Entire universe is a superconductor, condensate of
something that talks to fermions, W, Z but not photon.
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Entire universe is a superconductor, condensate of
something that talks to fermions, W, Z but not photon.
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One model is an elementary scalar field proposed
by Brout, Englert, Higgs and others.



Simple model by Higgs
et. al. predicts new
particle.

All properties of particle
dictated by symmetry.

Know exactly how to find
It...1f It exists.

Branching ratios
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Selected diphoton sample
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IS IT THE
HIGGS?
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All final states are light!

Higgs is supposed to be responsible for mass...



VIUL

h — vy h — 4de/4u/2e2u
All final states are light!
Higgs is supposed to be responsible for mass...

Quantum mechanics: can have virtual particle
creation.



VIUL

h — vy h — 4de/4u/2e2u



Consistent with the Higgs, but could
also be something else.

Neutral pion decays to two photons and four electrons,
but its not a universe-wide superconductor.
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Study h — 4e/4u/2e2u A
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Each event is characterized | _ ..

by five different variables. " -
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<IMINAILIUN

Can construct test to Example for 50 events:
distinguish different ., [
hypotheses. 005 A

04 \ _,
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= e
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A = 2log[L(a1)/L(az)]



Evidence for
the Higgs:

Pseudoexperiments

CMS preliminary s=7TeV,L=5.1fb"' \s=8TeV,L=19.6fb’
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AR JONE ?

All Standard Model parameters are now known.

Are we just left with measuring them more precisely?

NO! The SM cannot explain:

Dark Matter

Matter antimatter asymmetry of the universe
Neutrino mass

Inflation

Unification of forces



AR JONE ?

All Standard Model parameters are now known.
Are we just left with measuring them more precisely?

NO! The SM cannot explain:

e« Dark Matter

« Matter antimatter asymmetry of the universe
« Neutrino mass

e |nflation

o Unification of forces

e Unknown unknowns?



THE HIERARCHY

PROBLEM
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Dinky little magnet . -
can overcome force of wwalel
entire earth! |
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Balance: $74



Balance: $74

$52 + $22



Balance: $74

$107 - $33



Balance: $74

$913 - $839



BANK

."l

Balance: $74

$829,375,293 - $829,375,219
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Do we have to worry about vibration of
atoms in the ball? Rotation of the
earth?

No...physics of different length scales
decouple.

Size of effect
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Electron has classical self energy. LLS f;‘
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- ANALL

Electron has classical self energy. LLS f

1 €2

dmep T

2

Eself ~

2

Problem for r < 4 fm, well above current maximum size.

Energy (mass) is sensitive to short distance (high energy).



At high energy, start to see
electron-positron pairs.

2

e° MeC MeCT
Ese ~ (& 1 ( (& e )
" dmeg h 5 h

Only log-sensitive to actual radius.

New particle (positron) comes in
and saves separation of scales.
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Higgs self-energy sensitive to high energy scale.

y
Eself ~ T

2T '\ h 1
High energy
scale
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Higgs self-energy sensitive to high energy scale.

Y
Eself ™~ %A _ >
\ h h
High energy
scale

15,270,932,974,520,497,610,934,762,105,716
- 15,270,932.9/74.520,49/.610,934./62,105,/14
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Higgs self-energy sensitive to high energy scale.

Y
Eself ™~ %A _ >
\ h h
High energy
scale

15,270,932,974,520,497,610,934,762,105,716
- 15,270,932.9/74.520,49/.610,934./62,105,/14
2

Standard Model violates decoupling principle:
hierarchy problem.
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Adding new particles can cancel sensitivity (to a log).

—— t
v N

[ \

h h \ /
h

\ 7/ h
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Y
Eoolr ~ oyl log(A/my)
T

Particle has to have same gauge quantum
numbers and coupling to the Higgs.



New spacetime
symmetry:

Can help with dark
matter and unification
of forces.

Double particle
content: many
potential signatures.




New spacetime
symmetry:

Can help with dark
matter and unification
of forces.

Double particle
content: many
potential signatures.

Most important
for naturalness



Proposed novel way
to search for stops. —~
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Status: Feb 2015
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- CMS Preliminary

Vs =8 TeV
ICHEP 2014

SUS-13-011 1-lep (MVA) 19.5 fb™
== SUS-14-011 0-lep + 1-lep + 2-lep (Razor) 19.3 fb™
e SUS-14-011 0-lep (Razor) + 1-lep (MVA) 19.3 fb™
—— SUS-13-009 (monojet stop) 19.7 b (T ¢ %, )
== SUS-13-015 (hadronic stop) 19.4 fb™’

— Observed
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No discovery, but our method placed strong bounds.



DARK
MATTER




How fast do stars
rotate around center
of a galaxy?




Observations
from 2

- R (x 10001y)

| Rubin ‘70
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Galaxy surrounded by other
matter whose gravity holds
stars in.
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Power spectrum (uK?)
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Multipole moment !
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What do we know about

dark matter?

» Dark (no electric charge).

« No strong charge
(not neutron-like).
e Cold.
« Much more than visible

matter.

Universe content

visible matter 5%

e —
s
dark matter 27% 8

dark energy 68%
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No known particles
can be DM.

Supersymmetry is
Interesting, and it
has a candidate.

Could be dark
matter.



No known particles
can be DM.

Supersymmetry is
Interesting, and it
has a candidate.

How do we test this
model?

Could be dark
matter.



at 1Y

thermal freeze-out (early Univ.)

indirect detection (now)
————

DM SM

direct detection

DM SM

< eeeee—
production at colliders






Ordinary stuff.

Ordinary stuff.



Ordinary stuff.

Dark matter.

Ordinary stuff. Dark matter.



Ordinary stuff.

Dark matter.

Ordinary stuff. Dark matter.

How do you find something invisible?



Jot 2
Et = 79.21 GeV
Jot 1
Etl = 130.69 GoV

Jot 0
Et= 311.38 GeV

Missing Energy
Et = 227.30 GeV

Use conservation of momentum!



Theorists job to
assess and
compare different

methods to probe
DM.

What if there is an
Inconsistency?

v-Nucleon Cross Section [cm?]

\
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DAMA/LIBRA experiment sees
signal for dark matter.

modulation

(counts per day per kg per keV)
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JAMA

1 m concrete

fove-box in HP Jitrogen atmosphere
or calibrating in the same running
conditions of the production runs
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simplified schema of ~ 100 kg Nal(Tl) set-up



JAMA ANUMA

Signal is completely

Inconsistent with many e . Expected (2 CPD, 2 keV)
: 107 B ) t1o
other experiments. : CJ+20
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What if dark matter is
non-standard?
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JARK MA

MSSM

Supersymmetry

Axion-like Particles






WIMP Wind

December



