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THE BIG THREE

What are we?

Where did we come from?

Are we alone?
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WHAT ARE WE?

Nore to come..,
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WHAT ARE WE?

PERIODIC TABLE OF THE ELEMENTS
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We discover principles of Nature by
understanding what we are!

9|-90.0,/ @ ‘ . More to come...
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WHERE DID WE COME FROM?

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years
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ARE WE ALONE?
No!
The wealth of evidence for dark matter & dark energy
What is it?

\\'h_\' is it there?
How does it work?

Where do the baryons come from?
Origin of neutrino masses?

New phenomena associated with known forces at ultra
-high or -low energy?
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PARTICLE PHYSICS IN THE
NEWS

LHC used to explore the smallest length scales to date
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PARTICLE PHYSICS IN THE
NEWS

LHC used to explore the smallest length scales to date

Discovery of a Higgs pm‘titlc!
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PARTICLE PHYSICS AT
THE ENERGY FRONTIER

Much more to explore, beyond the Higgs

® Explanation of large LHC has tested most
hierarchies of scales? predictive form of

® Unification? naturalness —
C °

— e and it is wrong!
M - § axtension of
MUUNG. Standard Moded H
3 \'\ . .
‘ S ~ [s 1t just

i US.
T a pp]*())(lmatc?

Are we missing
some important
principlc?

® Enough structure to
address other
puzzles?
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PARTICLE PHYSICS AT
THE ENERGY FRONTIER

Much more to explore, beyond the Higgs

This is the type of transformative [LHC has tested most

physics we are after! predictive form of
naturalness —
Where discoveries can and it is wrong!
... Jurn a now-standard
paradigm on its head [s it just
..Open up a completely new approximate?

field of exploration W
Are we missing

. Qn(m'm an untested pu‘lurc some important
of Nature (e.g.the Higgs) P,
‘ e pnnuplc_.
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EXPANDING OUR PERIMETER
BEYOND THE’_ENERGY FRONTIER
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THE DARK MATTER FRONTIER

[s it simplv, or (‘umplfc\.j

73% Enency Dl

23% matTER

[s it just like us?
Or something really new?

Where did it come from?
What else can it teach us?

All evidence for dark matter is from gravitational effects —
we know almost nothing about other interactions
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THE DARK MATTER FRONTIER
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All evidence for dark matter is from gravitational effects —
we know almost nothing about other interactions
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HUNTING DARK MATTER
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Deep underground

dark matter detectors j\
IJ I)
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HUNTING DARK MATTER

Dark matter searches straining the “just like us”
paradigm
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STRUCTURE-FUL DARK MATTER

What if interactions can only
up/down-scatter DM ?
Look for the decay!

[Maxim, Itay, Neal W.]

exciter
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HUNTING DARK MATTER

How sensitive are current searches to DM scattering
through a new force?
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HUNTING DARK MATTER

How sensitive are current searches to DM scattering
through a new force?
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HUNTING DARK MATTER
Make it directly in high intensity beams

Dirt

e or p E
X

Beam Thick target = Dark Matter Detector
generator

Dark matter comes out with large energy
= energy from scattering is visible in detector

Brand new idea, using existing detectors (+ beam)
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HUNTING DARK MATTER

Jetferson Laboratory

Fermi Laboratoryv

MiniBooNE Detector

Can use existing high intensity beams and detectors.
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EXPANDING OUR PERIMETER IN
THE HUNT FOR DARK MATTER

What can dark matter teach us?

The basic questions are I\v_\': [s Dark Matter simplo or
complex? Like us, or a window into something new?

The “simple & like us” paradigm is under strain

Other options call for creative new experiments

Pursuing all these directions — and finding more new ones
— is the surest path towards learning from dark matter!
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OLD & NEW FORCES

“~Forces New
Matter> EM Weak Strong force?
Electron v v
Neutrino v
Quarks v v v

So far, we have found the three forces under
which the stuff we’re made of is charged

. anv other forces will be harder to find
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NEW FORCES & QUANTUM

An electron can Photons talk to the ) — Electron can emit
emit photons... which talks to dark photon  dark photons
. [Bob Holdom, 1986

time | 'g

, Quantum mechanics:
Je states you don’t have energy

, to produce still affect
/é /.e

dynamics in calculable way.
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NEW FORCES: THE BASIC

PICTURE
Production
(like ordinary
radiation of light, but 5
suppressed by g) Decay
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THE ‘“PORTALS”

Searches can be organized around a small number of
interactions allowed by Standard Model symmetries

Higgs Portal en |h|2|0)|2 exotic rare Higgs decays?
Neutrino Portal Cv (/’ L ) not-so-sterile neutrinos?
Vector Portal (3 /w Db kinetic mixing?

Axion Portal /1 //” / {t axion-like particles?
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High-energy

colliders

High
intensity
colliders
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Pioneering search for new
forces via resonances
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BiIG PHYSICS FROM WEAK FORCES

1 )/) A
/ New matter & new forces?
o, DARK po
% eenar . 23% amren [s there a “Dark” Sector?

Wl

T YT T/ ¢ 'TTL9
( (I)y ¢ St (_))\\' X ,5( (.))H
EM weak strong
We can estimate the strength of possible new forces, and
look for them with targeted small-scale experiments.

[f we find a sector associated with new forces, it would
open a new window on unification, naturalness, and
many other big-picture questions about Nature.
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IMAGINATION WITH A
STRAITJACKET

Two well-tested prin(iplcs restrict any v\planaliun
of 1ung~mngc forces:

Quantum Mechanics = unitary scattering

relates COIﬂplCX amplitudcs to simplc ones
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IMAGINATION WITH A

STRAITJACKET
Mediator Force (up toy factors)
helicity 0 v-independent 1/r2 not found in Nature!
helicity 1 linear inv (E & B)
helicity 2 quadratic in v
helicity >3 — inconsistent —
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IMAGINATION WITH A

STRAITJACKET
Mediator Force (up toy factors)
helicity 0 v-independent 1/r2 <— not found in Nature!
hclitity l linearinov (E & B)
helicity 2 quadratic in v
hclicit_\' 3 — 1nconsistent —
helicities mix , 5%
unknown!

(continuous xpin)

Pirsa: 14010113 Page 36/37



CLOSING THOUGHTS

e Particle Physics is in the midst of
breakthroughs!

* New generation of opportunities to explore
Nature is in view, and is being led by Pl

Light
Dark
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