Sterile Neutrinos
The Heavier Cousin of Neutrinos

Axions
Mot just a cleaning product

From Last Lecture

.) Dark Matter explains how stars
revolve around galaxies, and explains
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From Last Lecture

.) Dark Matter explains how stars
revolve around galaxies, and explains
the growth of structure from the

beginning of the universe to today

2.) Massive objects, modifications of
gravity, and known particles have been
ruled out as sources of dark matter

/ So what is the dark matter?

Properties of Dark Matter

)
...........................




Properties of Dark Matter

1.) Dark - Doesn't interact with light

2.) Stable - Particle exists in Early
Universe, and still exists today

3.) Cold - Particle is moving slowly,
can fall into potential wells



Four Fundamental Forces
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Quarks Have Three Colors
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Quarks come in three colors:
red, blue, gresn bl

o
Mesons and Hadrons must §
be colorless, |t is impossible

o ohsere something with
colorin naturne,

I
What is the Standard Model?

The set of all known particles and interactions
— —

The Standard Model

Explaining (most of) physics since the 1970s

= Charge
= Spin

- Color

(maybe rarely)

Lots of Fundamental Particles

Lots and lots of baryons can be
0 o formed from these quarks.
9 But most are not stable.
omega (8 % 10™'s)

Leptons: Colorless Particles

Unlike quarks, which have color
&nd interact with the strong force,
leptons ane colodess

But leptons do interact with the
electromagnetic and weak forces

[ Rules of Quantum Theory_

1.) Every particle interaction must conserve:

= Energy (mass)
= Number of LEIONS s nsmber muns sumbm: su nemter)
« Number of Baryons

2.) Everything that can happen, will happen

mo Antiparticles

Every fundamental particle
has an antiparticie
Antiparticle has
the same mass,
but opposite
charge and spin

[ e ——
by Pt D 160

Missing Components of Standard Model
1.) Mo graviby

2.) There are 19 numencal constants which must
be measured, and have no a poar value.

3.) Wy thiee generations of particles?
4.} Why more matter than antimalter?

5.) Dark Matter?




What is the Standard Model?
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The set of all known particles and interactions




Rules of Quantum Theory

1.) Every particle interaction must conserve:
- Charge
- Spin
- Energy (mass)
- Number of Leptons (efectron number, muon number, tau numben)
- Number of Baryons
- Color

2.) Everything that can happen, will happen
(maybe rarely)



Four Fundamental Forces

=126 GeV/c?

Gluon - Strong Nuclear Force (1)

Photon - Electromagnetic Force
(0.001)

ohoton Z boson - Weak Nuclear Force
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! ; W boson - Weak Nuclear Force
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- W Gravity - 2277
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Lots of Fundamental Particles

u up

¢ charm

t top
b bottom

Lots and lots of baryons can be
9 formed from these quarks.

omega (8 x 10™ s)

But most are not stable.




Also Antiparticles

p(o‘l’on Uwu 0‘

Proton Neutron
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Every fundamental particle
has an antiparticle

Antiparticle has @vp quark @ up antiquark

but opposite - nilouark
charge and spin

o First predicted (positrons)
" by Paul Dirac in 1932




Quarks Have Three Colors

Quarks come in three colors: Mesons qq

Quark Electric Mass

Spin

red, blue, green SYSIEE | . content charge GeV/c?

¢ o

Mesons and Hadrons must i
be colorless. It is impossible =8
to observe something with
color In nature.




LEPTONS

= Leptons: Colorless Particles™ 9

Unlike quarks, which have color
and interact with the strong force,
leptons are colorless

But leptons do interact with the
electromagnetic and weak forces



Missing Components of Standard Model

1.) No gravity

2.) There are 19 numerical constants which must
be measured, and have no a priori value.

3.) Why three generations of particles?
4.) Why more matter than antimatter?

5.) Dark Matter?
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== Axions Become Cold ==
The axion that is created is very light.

Remember last lecture, neulrinos couldn
become dark matter, because they were light,
and thus "hot”, moving at relativistic speeds

Bt axions are Lk}
cooled via damped

oscillations as they L4 L4
move through the
potential well. Thus
huy sne viery cold

—
CP Symmetry
Mus! farces obey whist physicists call "GP symmstne,
thaal il wee reserses the charge, and he spatial
dimension, the laws of physics are inarian
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physics happens
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Axions as Dark Matter
- Dark {don't interact with light, commanty)
- Stable (very light particle, can't decay nts anything)

- Cold (driven to low velocities by friction)

AXxions
Not just a cleaning product

B Strong CP Problem

Strong force experimentally obeys CP symmetry,
but the equations allow for large CF wiolation

R=member: Every interaction that can happen in

Need a reason that this CP vislation does not occur

The axion must also mis with
photons {but very rarely, still dark)

|m an intense sea of photons (ke
a strong magnetic field). The
photon energy must be uned io
T Exion mass

PrirmkaT Comearakn

T,

Ly

When the symmedry that
produces the particle is
broken, the: particle
becomes massive and
theta becomes nearly O

— Detecting Axions

Axions!
A 0
_pLTQ 3= o s

If & new particle is introduced, it fulfills the roll of
theta in the early universe.

Aomi.

|

A i Wit ispsesard

Current Results




CP Symmetry

Most forces obey what physicists call "CP symmetry",
that If we reverse the charge, and the spatial
dimension, the laws of physics are invariant

.

If you turned the universe from matter
to antimatter, and flipped all the spins, it
should work the same

Experiment:

+
- Strong force and electromagnetic
force obey CP symmetry

Spin—Up Spin—Down
Electron Positron

- Weak force does not (1964)

James Cronin
Nobel Prize 1980




Strong CP Problem

1 nrg*o
— pr 0
£ 4F‘“”F 3272

CP CP
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Strong force experimentally obeys CP symmetry,
but the equations allow for large CP violation

Remember: Every interaction that can happen in
physics happens.

Need a reason that this CP violation does not occur



AXions!
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If a new particle Is introduced, it fulfills the roll of
theta in the early universe.

When the symmetry that
oroduces the particle Is
oroken, the particle
pecomes massive and
theta becomes nearly O




Axions Become Cold

The axion that is created Is very light.

Remember last lecture, neutrinos couldn't
become dark matter, because they were light,
and thus "hot", moving at relativistic speeds

But axions are VoA
cooled via damped
oscillations as they k Jj
move through the oo S
potential well. Thus
they are very cold




Axions as Dark Matter

- Dark (don't interact with light, commonly)
- Stable (very light particle, can't decay into anything)

- Cold (driven to low velocities by friction)




Detecting Axions

The axion must also mix with ADMX
photons (but very rarely, still dark) A

In an intense sea of photons (like
a strong magnetic field). The
photon energy must be tuned to
the axion mass

Axion Dark Matter eXperiment




Current Results
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Axions from the Sun?




What Do We Know About Neutrinos?
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Sterile Neutrinos

The Heavier Cousin of Neutrinos

Why no Right Handed Neutrinos?

Al ather standard model particles
can be et and right handed.

But all neutinos are lefi-handed.
and all anti-newtrinos are right
handed

Two ideas (not mutwally eclhusive):
+ Neutrinos. are majorana (their awn antipartice)
+ Right handed neuirinos are wery heawy

Properties of the Sterile Neutrino

Dark = Domsn imeract with standam model penices
(i NG it TG

Cold - azually, warmizn (depencis an the mass o the
neutring) Passible way 1o deted

Stable - Rawly decays, axcept ihrough ming wath
standard nevtrinas

Are Neutrinos Their Own Antiparticle? Seesaw Mechanism
Neutrinos are not charged, and neutrinos
hawve the opposite spin as anti-neutrinos.

If the neutrino follows the Majorana
equation (lingo: has a majorana mass)
then the neutring might be its own

antiparticle r@fl

¥ the mass ol the naulrines was abie
o mix weth e skerike neutrinos, e
seesaw mechanksm ean denamiclly
ke the kefi-handed newtinos ight
anl the righl handed ones very heavy

3.57 keV X-Rays !?

Detection of a Sterile Neutrino
Mass of sterile neutrinos can be almost
anything

= Il neutrino mass is above the weak force
mass they are very hard to detect

- Dtherwise, might see decay of sterile
neulrinos into lght neutrinos plus photon




What Do We Know About Neutrinos?

Known standard model particle that doesn't interact with the electromagnetic force

But neutrinos do interact with the weak force

Proposed in the 1930 and discovered in 1956

Two Interesting Facts:

All neutrinos are left-handed, while
all anti-neutrinos are right handed example interaction

Neutrino masses are at least 6
orders of magnitude smaller than
any other particle



Why no Right Handed Neutrinos?

All other standard model particles
can be left and right handed.

But all neutrinos are left-handed,

and all anti-neutrinos are right
handed

Two ideas (not mutually exclusive):
- Neutrinos are majorana (their own antiparticle)
- Right handed neutrinos are very heavy




Are Neutrinos Their Own Antiparticle?

Neutrinos are not charged, and neutrinos
have the opposite spin as anti-neutrinos.

If the neutrino follows the Majorana
eqguation (lingo: has a majorana mass)
then the neutrino might be itS OwWn gg—

antiparticle

Ettore Majorana
(1906-19387?)




Seesaw Mechanism

fermion masses

vl [ A .V2 .Vs

ueV meV eV

If the mass of the neutrinos was able
to mix with the sterile neutrinos, the
seesaw mechanism can dynamically
make the left-handed neutrinos light,
and the right handed ones very heavy




Seesaw Mechanism

Jadhicalll Unfortunately, this doesn't
directly allow us to
determine the sterile
neutrino mass from the
masses of the observed
neutrinos

GUT scale

M keV scale B+ /B2 4+ 4M?

(dark matter) Ay =

(pulsar kicks) 2




Properties of the Sterile Neutrino

Dark - Doesn't interact with standard model particles
(except mixing with neutrinos)

COld = Actually, warm-ish (depends on the mass of th
neutrino) Possible way to detect

Stab|e - Rarely decays, except through mixing with
standard neutrinos.




I Detection of a Sterile Neutrino

Mass of sterile neutrinos can be almost
anything

- If neutrino mass Is above the weak force
mass they are very hard to detect

- Otherwise, might see decay of sterile
neutrinos into light neutrinos plus photon




Detection of Sterile Neutrino

SN1987A
—decay
Accelerator

Atmospheric
Reac.+Beam




Perseus MOS Background
Perseus PN Background
Stacked MOS Background
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WIMPs

Weakly interacting massive particles

Supersymmetry Funny Names

Superpaticks Naming Conmeanction:
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+ aid “ina” to the end

Supersymmetry | [ Supersymmetry

Wihy' cio we wanl supersymmetny?
« Higrarchy probilem - why is the mass of the
Higga bason =maler than the Flanck Mass?

Supersymmetry and Dark Matter?

To make the Higgs
basan mass equal o
experiments, need o
cancel this divergence

if superparticles have some guantum numbear
thal i dilerent than stan dard model particles
{R-parity], then the lightest superparticla
woukd be siablk:
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madleer in fhe early universs,
1 This i sty WIkIPx e
st
canddaies lor e darik maiie:




Supersymmetry _l

The known world of The hypothetical world of
Standard Model particles SUSY particles

quarks squarks
® leptons ® sleptons

® force carriers ® SUSY force carriers




Funny Names

Superparticle Naming Convenction:

1.) For quarks and leptons:
- Take Normal particle name
- Add "s" at the beginning

2.) For force carriers
- add "Ino" to the end



€ Supersymmetric
1 Sha d OW I p
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Supersymmetry

Why do we want supersymmetry?
- Hierarchy problem - why is the mass of the
Higgs boson smaller than the Planck Mass?

To make the Higgs
boson mass equal to
experiments, need to
cancel this divergence




Supersymmetry and Dark Matter?

The known world of The hypothetical world of
Standard Model particles SUSY particles

Stable -

Stab | e ’) ® force carriers ® SUSY force carriers

If superparticles have some quantum number
that Is different than standard model particles
(R-parity), then the lightest superparticle
would be stable

squarks




WIMP Interactions

We know there Is about 5x as much dark
matter as baryonic matter in the universe.

Why not 1000000x, or 0.000000001x?

Suggests some interaction which produces a
near equilibrium of dark matter and regular
matter in the early universe.




Weak Interactions

Let this supersymmetric particle interact
with standard particles via the weak force

In the early universe, the weak force Is
strong, and these particles can reach
equilibrium

91.2 GeV/c?

0
. &
Z boson

80.4 GeV/c?

+1
1 W



A particle with a:
- Weak cross-section
- Weak mass (~100 GeV)

et ek ek ot ok o o
eleololololololale
[

Naturally provides a particle
with the correct observed
dark matter density.

1
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1
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101
10!
10-1
10-1
10-1

DARK
75% ENERGY 21% E,A

This i1Is why WIMPs are
considered the best
candidates for the dark matter.
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= Whatto Look For

Mass: 10 - 10000 GeV (broadly)

Interaction: Weak Force

thermal freeze-out (early Univ.)

indirect detection (now)
-

DM Xqu
DM SM
Topic of the next 4 lectures C——

production at colliders

Weak force interactions are
hard to see today.

But not impossible.
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Something Else?

g

Roderick Redman (1905-1975)

Lots of other ideas:
- Gravitinos
- CHAMPs
- SuperWIMPs
- WIMPZilla!

But - In the end, observations
are the judge and jury!




Conclusion

Remember there are no standard model particles that have
the properties necessary to be the dark matter

However, several simple extensions of the standard model
oroduce particles that naturally explain the dark matter
properties.

These extensions were invented for reasons independent
of dark matter

But this is not an exhaustive list, still reasons to think of
new extensions to the standard model
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