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Abstract: A preponderance of astronomical evidence suggests that the galaxy is filled with dark matter. Despite knowing remarkably little about
what this dark matter is, we expect that it is not composed of ordinary matter. Though we have spent 30 years expecting that it may be related to
pressing open problems in fundamental physics, a heroic experimental program has shown that dark matter is even more elusive than we had
initially imagined. On February 28, University of California Riverside faculty member Flip Tanedo will discuss how we got things so wrong, why
we can be optimistic about the future, and what it means to "do physics' on something where the only thing we really know is that it probably exists.
Flip Tanedo spends his time thinking about dark matter. He grew up in Los Angeles and fell in love with physics after reading The Physics of Star
Trek. This carried into degrees in mathematics and physics at Stanford, Cambridge, Durham, and a Ph.D at Cornell. After a postdoc at UC Irvine, he
iscurrently faculty at UC Riverside where heis often covered in alayer of chalk dust.
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Why we have not [yet?]
discovered dark matter

Flip Tanedo
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A realistic picture of dark matter
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A cartoon picture of dark matter

/- we are here

dark matter
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A cartoon picture of dark matter,zoomed out

WE ARE SWIMMING IN
AN OCEAN OF DARK MATTER
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Chris Burden, Urban Light, 2008, Los Angeles County Museum of Art; photo courtesy of @nechumanity via Instagram
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Assumption for this talk: dark matter exists

ordinary matter

HELLO, I'M
AWESOME.

(

Dark Matter: at least one new particle

Cham & Whiteson , We Have No ldea
@flip.tanedo
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Astronomy and cosmology: dark matter exists

ROTATION CURVES GRAVITATIONAL LENSING COSMIC MICROWAVE BACKGROUND

ﬁ Ordinary Matter: theory is not complete

v/ Dark Matter: at least one new particle

In fact, dark matter is a key reason why our
universe even has galaxies (like our own!)

Images: Jeff Filippini (Berkeley Cosmology 20058), NASA APOD 2006, NASA WMAP
@flip.tanedo PERIMETER INSTITUTE PUBLIC TALK
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|. Rotation Curves

‘What we learn:
mass fraction

distribution

Fiukin, Ford & Thannard 1973

5.Weak Gravitational Lensing

.

| What we learn;
distribution
shape

structure

Diatrien at al. 2016

9. Large Scale Structure

2. Cluster Dynamics

What we learn:
mass fraction

distribution

Zwicky 1957

6. Cosmological Microlensing

What we learn:
mass fraction

smoothness

o

Joachm Wambsganss

10. Galaxy/Cluster Collisions

3. Cluster Gas

Wvhat we learn:
mass fraction

distribution

dark matter exists

What we learn:

ratio of DM/
collisional
matter

thermal history

Paul Angel, Tiams! Simuation

What we learn:
distribution
separation from

eollisional
matter

self-interaction
Difficult to explain

i CE - 3 without
NASAIClowe st & 2006 collisionless martter

via Katie Mack (Aspen Center for Physios Colloguium 2019)

@flip.tanedo
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What we learn;
ratic of DM/

collisional
matter

thermal history

odd-numbered pi
boosted relative to
baryon fraction inc:

Hinshaw st 2013

| 1. Big Bang Nucleosynthesis

What we learn:

amount of
baryonic matter

Remaining mystery:
lithium abundance
(but still need low

baryen fraction)
P0G 2018

PERIMETER INSTITUTE PUBLIC TALK

4. Strong Gravitational Lensing

What we learn:
mass fraction

distribution

What we learn;

ratio of DM/
collisional
matter

thermal history

Chabsarier s & 2013

|2, Local Stellar Motions

What we learn:

local dark.
matter density

[
pom ~ 0.3 GeWlem?
~ 0.008 Ms..Jpc?
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Chris Burden, Urban Light, 2008, Los Angeles County Museum of Art; photo courtesy of @nechumanity via Instagram
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Sheldon Lee Abdus Salam Steven Weinberg
Glashow Prize share: 1/3 Prize share: 1/3
Prize share: 1/3

2000s 2010s

Nobel Foundations Archive; Maximilien Brice,
CERN via National Geographic (May 2012);
Cham & Whiteson We Have No ldea

L
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Fritz Zwicky, Vera Rubin via Wikipedia
@flip.tanedo
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Particle Physics, circa 1990s

fundamental forces

Field Spin SU(3). SU(2)r U(1)y

NH3D woly BN fdpéﬁﬁﬂ :éBBLuj

in Q 1/2 9 [] /6
% 12! 1/2. [] 1 —/3
. d 1/2 ] 1 1/3
O
E L 1/2 1 [] —/2.
| 1/2 1 1 —1 ik
O 1 [ ] 1/2

Conservative option: Higgs boson

... but cannot explain why the mass is so light
Cham & Whiteson We Have No Idea.
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Two Big Puzzles in Particle Physics

WELLO, I'M
AWESOME.

L

})

AHE \ \
o

... and now a brief summary of and its relation to ideas in
theoretical particle physics from the 1980s to 2010s

Images: Cham and Whiteson, We Have No Idea
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The story of

v

SRR

SUSY H New Particles

How much
dark matter?

v

" roparty
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The story of

v

Extra I [ _
[ Dimensions New Particles

v

warped
extra dim.

free in - N
flat XD . Dark Matter
KK-parity with correct
L abundance
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The story of

v

[ composite HNew Particles

v

[ T-parity

i
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Particle Physics, circa 1990s SR

fundamental forces no-lose scenario.

Field Spin SU(3). SU(2)r U(1)y

Even if it is just the

§Q v oo 4 ELRG
% U 1/ = ] 1 — / 3 particles ...
g C_i 1/2 ] 1 1/,
% L 1/2 1 [] = /2
S / 1/2 1 1 4
0 1 N 1/,

Conservative option: Higgs boson

... but cannot explain why the mass is so light
Cham & Whiteson We Have No Idea.

17
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Particle Physicists

ME CALL IT A
“PARTICLE COLLIDER”

Cham and Whiteson, We Have No ldea
@flip.tanedo
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Physicists Find Elusive Particle Seen as Key to Universe

By DENNIS OVERBYE JULY 4, 2012

Scientists in Geneva on Wednesday applauded the discovery of a subatomic particle that looks like the Higgs boson.

D. Overbye, New York Times, 4 July 2012
@flip.tanedo
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ScienceNews

—

A great love story

FEATURE PHYSICS

Hard times for theorists in a post-Higgs world

The Large Hadron Collider's big success leaves no clear avenue for new physics

Supersymmetry a no-show

The long-accepted standard model may be extraordinarily successful,
but that is not the case for other theoretical attempts to expand it and
resolve its shortcomings. Tanedo has spent much of his time in

graduate school working on supersymmetry, a set of theories positing
that every fundamental subatomic particle has a heavier sibling called

AFTER HIGGS In 1964, Peter Higgs (left) proposed the existence of a particle that is now named for him,  2superpartner.
Now young theorists like Flip Tanedo (right) wonder what's next.

AHE

Andrew Grant, Science News, June 2013 cartoons: Cham and Whiteson, We Have No ldea
@flip.tanedo
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2013

When | broke up with
the Higgs and
became a “dark
matter theorist”

... with apologies to Andrew Grant, Science News, June 2013; cartoons: Cham and Whiteson, We Have No idea

@flip.tanedo
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Chris Burden, Urban Light, 2008, Los Angeles County Museum of Art; photo courtesy of @nechumanity via Instagram
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DEAP-3600 collaboration at SNOLAB, W

1
@flip.tanedo
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Chilean Atacama CMB stage 4 site, Image: Debra Kellner cmb-s4.org

L »
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Credit: Aurore Simonnet for the NANOGrav Collaboration
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g
‘e 8 Y

PARTICLE
PHYSICS

70w
[ [[le V 1 4

COMMUNITY
PLANNING

Explorin
thep .

Quantum
Universe

snowmass21.org | usparticlephysics.org/2023-p5-report
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| i el j§
Chris Burden, Urban Light, 2008, Los Angeles County Museum of Art; photo courtesy of @nechumanity via Instagram
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Question: What's the Difference?

Images: Millenium Falcon: Wookiepedia, Lego (2017)

@flip.tanedo PERIMETER INSTITUTE PUBLIC TALK

Pirsa: 24020103 Page 28/46



Nature vs. Model of Nature

-

A model of nature may be enough to
diagnose puzzles in our understanding
But do not confuse the model for nature

Images: Millenium Falcon, Lego (2017)
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Theories are mathematical models

Field Spin SU(3). SU(2)p, U(1)y

Q Y o O 16
u 17y O 1 — /3
EI 1/2 i 1 1/3
L 1/2 1 ] —/z
e 1/ 1 1 —1
H 0 1 O /s
This is not nature Lecl nest nas une /U/w

By

Magritte, "La Trahison des Images” ("The Treachery of Images”), 1929 (LACMA, via Wikipedia)
@flip.tanedo
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Model of dark matter

MOTIVE
v What is it? Particle(s) and their interactions, written as a Lagrangian.
_ v How did it get here? ~rociuction mechanism, )
% Why is it still here? 20y on cosmological scales, R
k( Why isn’t it ruled out? ciing observations. MEANS
i v" How do we discover it? [\[cv obscrvations, iechnigues, :
OPPORTUNITY
_ 3,
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Model of dark matter

What is it? Lightest parity-odd partner of an extended EW sector
- How did it get here? Thermal freeze out

Why is it still here? Parity

Why isn’t it ruled out? ... tuning?

How do we discover it? ... (in)direct detection, LHC

34
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SUPERMASSIVE i © AN quasar
BLACK HOLES TR

HOW DID THEY GET SO LARGE?

BIG BLACK HOLES USUALLY COME e
FROM MERGING LITTLE BLACK HOLES. WS

EDDINGTON LIMIT: THIS CANNOT
EXPLAIN THE LARGEST BLACK HOLES.

NASA, ESA and J. Olmsted (STScl) “Quasar Tsunamis Rip Across Galaxies,” NASA/Goddard (2020)
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“Missing talent” puzzle

The
Disordered b ACADEMIC QUTSIDER
Cosmos  §

aF
A Journey'into

; ! |
park Matter, ) "
spacetime, &

Dreams Deferred._'

EEEEEEE

Ordinary Matter
/—\ ‘privilege’ of being charged under

electromagnetism

Chanda Prescod-Weinstein VICTORIA REYES

F‘\/‘ "}f\
BEAMTIMES
AND| The tiL | {

i AR L
LiFeTIME S QU ‘m—”i&w

The World of High Energy Physicists n y Pgttii‘:
X__~ Dark Matter

invisible to conventional laboratory
methods (made of visible matter), but
shapes our cosmic destiny

Woman

in the / \
Room LC?L

SISO ISWEES STILL A BOYS' CLUB

Chanda Prescod-Weinstein, The Disordered Cosmos (Bold Type Books 2021); Victoria Reyes, Academic Outsider (Stanford
2021), Sharon Traweek, Beamtimes and Lifetimes (Harvard 1988), Eileen Pollack, The Only Woman in the Room (Beacom 2015)

39
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The data iS there Socioeconomicroots of academic faculty

Allison C. Morgan £, Nicholas LaBerge, Daniel B. Larremore, Mirta Galesic, Jennie E.

Brand & Aaron Clauset ]

Nature Human Behaviour 6, 1625-1633 (2022) | Cite this article

oG | Education Physics Degrees Earned by WPS | Education v
physics | & Diversity Underrepresented Minorities (URM) (p\}yls‘ua & Diversity Bachelor’s Degrees Earned by Women
36% = 70%
‘ ' -— -— —-— -
g e B, (B 60%
30% -- L
L - - US Graduate-Age All Bachelor's
URM population 50% A Bioiogy
24% | .
= Bachelor's = Chemistry
0,
. — PhD 40% —— Math & Stats
6 b
1 090 30% - Earth Sciences
12% ' [ 1825 | ErmgmeeTit,
aid 83 20% w Physics
0, L
bk M 10%
0% . L : L 0% ; : ) ! )
1897 2002 2007 2012 2017 1967 1977 1987 1997 2007 2017
Source: IPEDS, US Census, and APS Source: IPEDS and APS

aps.org/programs/minorities/resources/ and aps.ora/programs/education/statistics/womenmaijors.cfm
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We need new approaches

CAN WE THINK BEYOND THIS PARADIGM?

(

\_

[ SUSY H New Particles

3

R-parity

Dark Matter ]

\

/

@flip.tanedo
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“Maxwell’s equations do not care about
your gender, skin color, socioeconomic...”
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“Maxwell’s equations do not care about
your gender, skin color, socioeconomic...”

“Maybe the committee would have selected me if were from [ prestigious
institute ] and gotten a recommendation from [ eminent scholar ] ...”

“If only | had [ resources/connections ] earlier in my career ..."”

“I am the only [ type ] in my subfield / collaboration can be a challenge
because people interact with me as a [ type ] rather than as a scientist...”

@flip.tanedo PERIMETER INSTITUTE PUBLIC TALK
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SCENCE

THE ENDLESS FRONTIER

A Report to the President

by
Vannevar Busu

Director of the
Office of Scientific Research and Development

Jﬂl}' 1945

United States Government Printing Office
Washington : 1945

@NSF on Twitter (6 Dec 2018), Oppenheimer (2023), Universal Pictures via IMDB
PERIMETER INSTITUTE
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SCENCE

THE ENDLESS FRONTIER

A Report to the President

Vannevar Busu

Director of the
Office of Scientific Research and Development

ery 1945

@NSF on Twitter (6 Dec 2018), Oppenheimer (2023), Universal Pictures via IMDB

Pirsa: 24020103

“...1in every section of the
entire area where the word
science may properly be
applied, the limiting factor
is a human one ...”

(quoting James Conant)
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We need new approaches

We’re here to make breakthroughs in our
understanding of the universe. Breakthroughs are
made by thinking in new ways.

We can’t afford to leave any great thinkers, or
any great ideas, behind.

Robert Myers, Pl Director and BMO Financial Group Isaac Newton Chair
perimeterinstitute.ca/edi

)
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Where Do We Come From? What Are We? Where Are We Going?

“Where Do We Come From? What Are We”? Where Are We Going?” Gauguin, via Wikipedia
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esa.int/Science_Exploration/Space_Science/Planck/History_of_cosmic_structure_formation

@flip.tanedo PERIMETER INSTITUTE PUBLIC TALK

Pirsa: 24020103 Page 44/46




R — — - — ——

“Orion splrg‘arm YL | Mllky Way galaxy cco hOW it'nging

HUBBLE

R ' VOLUME"

| Nearby bnght stars '

e

o | . 4 Lo ] " VIRGO
. 4 o O£ t_ CLUSTER

|

 GREAT 5%+ : a\ LOCAL GROUP v

ATTRACTOR OF GALAXIES Ry -
§ _ Bt ‘PERSEUS
} | " CLUSTER

- .
-

Sebastian Stapeloberg  structures. uni-heidelberg.de/blog/posts/2022_12_cw/
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