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The Standard Model
of Particle Physics



The elementary constituents of matter...

What are the fundamental
laws of Nature, and how
do they shape the universe
that we live in?
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...and the forces between them

Gravity Electromagnetism

Strong Nuclear Force




The Standard Model of Particle Physics
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The “periodic table” of elementary particles



What the SM cannot explain



What the SM cannot explain

What is the Dark Matter made of?

« About 80% of the mass in the observable universe are made of an unknown non-luminous (“dark”)
substance (which is actually transparent, not dark...)

Neutrino Flavour oscillations / Neutrino masses

« Where do neutrino masses come from, and why are they so small? Why is the neutrino mixing
matrix so different from the quark mixing matrix?

Baryon asymmetry of the universe

« Why was more matter than antimatter created in the “big bang”?
Big bang initial conditions

« Why is the universe so homogeneous and isotropic and spatially flat?
Theoretical consistency

« What about quantum gravity?

Various anomalies

« Hubble tension, muon magnitic moment...

Tuning problems and “naturalness”

« Why are parametrs so vastly different (e.g. Planck mass vs Higgs mass, value of cosmological constant...)



The Dark Matter Puzzle

Dark Energy




Neutrinos



Why are neutrinos interesting?



Why are neutrinos interesting?

Neutrino oscillations and neutrino masses

« Neutrino masses are the only firmly established piece of evidence for physics beyond the SM seen
in the laboratory.

« They may provide a key how to embed the SM in a more fundamental theory of nature
Neutrino masses and global symmetries in nature: Majorana or Dirac?
« Neutrino masses violate lepton flavour, a global U(1) x U(1) x U(1) in the SM

« Neutrinos could be their own antiparticles and thereby violate the total lepton number
conservation in the SM!

Neutrino masses and discrete symmetries in nature: Origin of matter?
« Neutrino oscillations appear to violate CP — related to matter-antimatter asymmetry? (“leptogenesis”)

« Neutrinos are the only elementary fermions that are known only with LH parity — key to
understanding parity violation in nature?

Neutrino masses and Dark Matter

e “Sterile neutrinos” could be the Dark Matter

III

« Neutrinos could be a “portal” to an extended “Dark Sector”
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Neutrino Detection



Neutrino Experiments

One can distinguish them by neutrino source:

reactor, particle accelerator, sun, cosmic rays

One can distinguish them by detection method:

Cherenkov light, nuclear reaction

One can distinguish them by what they observe:

appearance or disappearance
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Super Kamiokande

Water Cherenkov
detector

Sees:

e solar neutrinos

« atmospheric
neutrinos

e neutrinos from T2K
beam

e reactor neutrinos
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Super Kamiokande
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Super Kamiokande
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KM3NeT

K Water Cherenkov detector in the Mediterranean Sea

o Three locations: M3NeT-Fr (off Toulon, France), KM3NeT-It (off
Portopalo di Capo Passero, Sicily, Italy) and KM3NeT-Gr (off Pylos,
Peloponnese, Greece)

Sub-detectors ARCA (TeV-PeV energies) and ORCA (GeV energies)

1 —
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_ Daya éa.y cores
liquid scintillator

built next to reactor

discovered Oi3



Sanford Underground
Research Facility

Fermilab

-
\\\\\

Liquid Argon Time-Projection Chamber
https://www.youtube.com/watch?v=R5G1 hW0ZUA #action=share

catches beam for Fermilab
https://www.youtube.com/watch?v=U xWDWKq1CM

is expected to discover CP violation in electron neutrino appearance


https://www.youtube.com/watch?v=R5G1_hW0ZUA#action=share
https://www.youtube.com/watch?v=U_xWDWKq1CM







lceCube

e IceTop

e [ g 80 Stations, each with
= - = i 2 IceTop Cherenkov detector tanks
ks 2 optical sensors per tank
320 optical sensors

3
3
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2010: 79 strings in operation
2011: Project completion, 86 strings

IceCubeArw

86 strings including 6 DeepCore strings
60 optical sensors on each string

5160 optical sensors

/ AMANDA

ey 5 DeepCOfe
‘ T L ‘/BW'W"QOpﬁnindforlmmgbs

1450 m
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360 optical sensors
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Neutrinos as Messengers

e monitor sources on earth

e probe the inner structure of earth

e monitor nuclear fusion in stars

« provide insight into supernova explosions

e provide information about the early universe



Sources on Earth

GO )«';lc
\ L ¢

WATer CHerenkov Monitor of AntiNeutrinos (WATCHMAN):

alms to monitor enrichment of nuclear fuel from a distance

part of nuclear non proliferation control



Can one destroy nuclear weapons with Neutrinos?

hep-ph/0305062

nuclear bomb
muon storage ring

neutrino beam

inside of the earth

Can one detonate the enemy’s weapons inside their own silo?



Can one destroy nuclear weapons with Neutrinos?

hep-ph/0305062

BN hadron shower nuclear bomb

muon storage ring

neutrino beam

\ tamper 28U

inside of the earth

explosive

Can one detonate the enemy’s weapons 1nside their own silo?

Would need 1000 TeV neutrinos... if it works at all...



Can one destroy nuclear weapons with Neutrinos?

P

neutrino radiation “hot spot”

neutrino radiation “hot spot”

/

Can one detonate the enemy’s weapons inside their own silo?

Would need 1000 TeV neutrinos... if it works at all...



Looking inside the Earth...
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https://arxiv.org/abs/1803.05901
https://arxiv.org/abs/1803.05901

Fussion In Stars

p+p —
e”+ Be —
B —

Solar neutrinos provide an important
consistency check for the solar model

Nuclear fusion creates electron neutrinos

d+et + v,
i+ v,
Be +eT + v,

D T T e W o R e TR T Ve
e R S B &
G e R A o L S DT e L
o Ter =




Core Collapse Supernova

ES Br ml_a

Energy released by fission

Energy released by fusion

Binding energy per nucleon (MeV)

(]

0 20 40 60 80 100 120 140 160 180

Figure 1

200 220 240

Mass number (A)

Stars produce heavier and heavier elements though nuclear fusing

in their core... up to iron (highest binding energy per nucleon)



Core Collapse Supernova

Star is stabilised by equilibrium
between thermal and gravitational
pressure. When fuel runs out, it is
stabilised by the Fermi pressure:

g 3 2 g 4
P = d°p—
)3 / p3wpf( p) = 247T2N

n = (27%) /d3pf( ) = GLM?’

4/3

= Pxn

This is to balance the gravitational pressure. Solving for the
radius yields the Chandrasekhar limit of 1.44 solar masses
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Core Collapse Supernova

b) electrons an protons in core
combine into neutrons

a) fusion in
shells forms iron
core, collapses
when
Chandrasekhar-
mass IS reached

d) bouncing
matter forms
shock wave

@
a b C
)
:
L4
@ eﬁ_,
1*\
v
d e f

¢) inflating matter
bounced back from
hard core

f) shell is based off

e) complicated dynamics involving neutrino interactions/heating,

many neutrinos emitted because they can escape the dense medium easier



SN1987a

Kamiokande
® |IMB
40 ~ ) * A Baksan

30

= | | M

m—+

energy (MeV)
e

time (s)

Observation of neutrinos confirms theory that 99% of the energy is
emitted in the form of neutrinos!



Neutrio Oscillations



B-particle

count

Total Energy
Released in Decay

Kinetic Energy of 3-particles



The Solar Neutrino Problem

p+p
e 4+ "Be
B

We know how bright the sun is.
We know the nuclear reactions.
So we can predict the neutrino flux.

Experiments see only 1/3 - 1/2 of that!

Nuclear fusion creates electron neutrinos

d+et + v,
i+ v,
Be + et + v,

D T T e W o R e TR T Ve
e R S B &
G e R A o L S DT e L
o Ter =




Solar Model

Total flux: 66 billion v / (s cm?2)

R e iy BOREXINO (electrons)
V227222222227 SNO (deuterons, electrons)
R Superkamiokande (electrons)
U277 Kamiokande (electrons)
RSy Homestake (iodine)
g2z Homestake (chlorine)
R R TITITIIIiiiiie SAGE, GALLEX (gallium)
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Solar Model

Total flux: 66 billion v / (s cm?2)

R S BOREXINO (electrons)
V227222222227 SNO (deuterons, electrons)
R Superkamiokande (electrons)
7777, Kamiokande (electrons)
Sy Homestake (iodine)
g2y 27272727 Homestake (chlorine)
R TITIIiiN SAGE, GALLEX (gallium)

12 .
10 N LR LI . Kamiokande: ~1/2
—_ 11
" 10 water Chrenkov
> 1010 PP can see all f.lavours |
S 109 directional information
n o8 EY RS AR | e Homestake ~ 1/3
n 10° =e—.-"" ot .
T = : Pl neutrino capture by Cl
g 107 : =
5 : Pl sees only electron flavour
el 6 Pl M R
B Be|: |8
s 105 ~ i'I e Sage / Gallex: ~ 1
= 10 f neutrino capture by Ga
10* " L 1' L sees only electron flavour



The Solar Neutrino Problem

Neutrinos are quantum mechanical objects...

Ve \ cosf  sin@ (o

() —sinf cosf 0y

The “electron neutrino” quantum r2.3x10° ev?
state has no well-defined mass.
. . v, I
It is a superposition of quantum ~7.6x105 eV2
states with well-defined mass! y |
]

Their wave functions oscillate
at different frequencies.




The Solar Neutrino Problem

TYPE 1 NEUTRINO

ELECTRON-
NEUTRINO

ELECTRON-
NEUTRINO

f

TYPE 2 NEUTRINO MUON- OR TAU-NEUTRIND

ELECTRON- ELECTRON- MUON- OR DAYTIME NIGHTTIME
NEUTRINOS NEUTRINOS TAU-NEUTRINOS  RESULTS ’ ﬁii RESINLT

CREATED

e OSCILLATION IN SUN OSCILLATION IN VACUUM OSCILLATION IN EARTH —=

Constructive and destructive interference along the path changes
he decomposition of the quantum state.
lectron Neutrinos turn into muon neutrinos!




What defines the Neutrino Flavour?

An electron neutrino is the
thing that gets produced
together with an electron.

At the level of Lagrangians, the “interaction basis” is the
flavour basis where the weak currents are diagonal:

T Tite, W — gty W N
\/§VL’Y eLW, \/iem/ VLW, QCOSQWVL,}/ vy 4y,

If it related to the “mass basis” by a flavour rotation:

Via = (V.v)cxiyz'- VI_, — (]. -+ 77) Uy.



What defines the Neutrino Flavour?

An electron neutrino is the
thing that gets produced
together with an electron.

At the level of Lagrangians, the “interaction basis” is the
flavour basis where the weak currents are diagonal:

T Tite, W — gty W N
\/§VL’7 eLW, \/gem/ VLW, 2COSQWVL,}/ vy 4y,

. . . deviation from
If it related to the “mass basis” by a flavour rotation:  unitarity

Via = (Vi)aili. V, = (1 ul;)i:::y



Relativistic Wave Equation

relativistic wave equation
(for each spinor component)

(87 —V?+ M*) ¥ =0
W (t, x) = Wi (t) e™> o
decomposition into plane waves
(07 +k* + M*) WUy (t) =0
02 + k2 = (i0, + k)(—i0; + k)

relativistic approximation

k= k| >m; 0?7 + k? =~ 2k(—10; + k)

10,V = O Wy where () = (k

effective Schrodinger equation in time



Neutrino Flux in Space

But in reality we are more interested in the flux as a function of position

(83 . VZ 1 MQ) U — 0} qu(x)e—iwtf

(—w* — V*+ M) ¥, (x) = 0.

10,V, =—K_ WV, where K, = (w

effective Schrodinger equation in space

solution: W (2) = eiKz\Ifm(O)

with W (z) = (€"%)weak = U(€"*)mass U'



Two Flavour Oscillation

W(Z) = (BiKz)weak — U(eiKz)mass UT

For two flavour case:  [J = cos@ ] + ¢sin @ 09

Parameterise mass as:  }|/2 /2w = by — % B-o.

with B =

471 w

EDSC

0 (Sin 29) bo = (mf +m3)/4w.
0 1

cos 20

g’L'J’ISC : 2 2
T 7]



Two Flavour Oscillation

W(Z) = (BiKz)weak — U(eiKz)mass UT

For two flavour case:  [J = cos@ ] + ¢sin @ 09

Parameterise mass as:  }|/2 /2w = by — % B-o.

with B =

471 w

EGSC

0 (Sin 29) bo = (mf +m3)/4w.
0 1

cos 20

g’L'J’ISC : 2 2
T 7]



Appearance and Disappearance

prob (v — v,)
prob (v, — V)

’}TZ)__ _ (’}TZ) (—00829
lose)  \loge) \ sin26

prob(i,-1,)

A

sin 26
cos 20

41w

p— 80 - P 2 -
ma—my

Weu|? = sin®(26) sin®(7z/fosc),
Wee|* = 1 — prob (v, — v,).

)]




Appearance and Disappearance

amplitude given by
mixing angle

frequency given by mass |
splitting and energy

prob (v — v,)
prob (v, — V)

’}TZ)__ _ (’}TZ) (—00829
lose)  \loge) \ sin26

prob(i,-1,)

sin 26
cos 20

WWF = sin®(20) sin®(72/losc ),
Wee|* =1 — prob (v, — Vy)-

)]




Spatially Extended Source

T (2 — 2p)

EDSE

prob (v, — v,) = sin® 20 / dzo f(2o) sin®

For Gaussian shape:  f ( ZU) = 8_33 /25° / S\ 2T

prob (v, — v,) = 5 sin® 26 [1 — g7 (8/bosc)” COS(Qﬂ-Z/EGSC)]

prob(y,~y,)
sin® 26 —

sin226‘__ o Lo NN [_\N__[__
2

0




Spatially Extended Source

2 T (2 — 20)

£138E

prob (v, — v,) = sin® 20 / dzo f(29) sin

For Gaussian shape:  f ( z[}) = 8_33 /25° / S\ 2T

prob (v, — v,) = 5 sin® 26 [1 — g7 (8/bosc)” COS(QTTZ/EGSC)]

prob(‘%+vp) large source limit

sin® 260 —

s > EDSC

ﬂnzzﬂ_“ o Lo NN [_\N__[__
2

0




Non-Monochromatic Source

, (m3 —mi) 2

prob (v, — v,) = sin”® 26 / dw g(w) sin

4w
For Gaussian shape: e~ (A—00)?/26° [0/ 2
A = 27 /[log -
prob (ve — v,) = 3 sin” 26 {1 — g 0%/ COS(Q’J’TZ’/EU)}

prob(y,-1,)
A

sin® 20 —




Non-Monochromatic Source

2 . 2
prob (v, — v,) = sin” 26’/dw g(w) sin” (m> y mi) 2
W
For Gaussian shape: e~ (A—00)? /282 [0/ 2
A = 27 /[log -
prob (ve — v,) = 3 sin” 26 {1 — g 0%/ COS(Q?TZ/EU)}

prob(y,-1,)
A continuum spectrum
sin® 20 —




Flavour Pendulum

Pap = Vi W, “density matrix” o [ S 20
B — f_ 0 ;
p=3(1+P-0) o5¢ \ cos 20
3—direct’'n 2 1 ” |
A B ("Magnetic Field") ‘qu‘ — 92 (1 T PB) '
A w2 — 1
\\ \\\ |1:[’#_| — § (]_ - P3)
\\ \ .
~~__ flavour evolution mimics
P (Polarization Vector) Spin precession in
|26 magnetic field
2—direct’n

= ]—direct’n agP — B X P




Flavour Pendulum

Tel? =3 (1+Py). o (S22
- B=—| 0 |,
II’.M|2 — % (1 — Pg) losc cos 2

b -
3—direct’'n probly,v,)

B ("Magnetic Field")

P (Polarization Vector

! _ 41w
rae— =
1

2

mg_ml

2—direct’'n

Oscillations happen in a limited
range (shown the wrong way
= l-direct'n around here)




Can this explain the Solar Neutrino Problem?

The sun is large and not monochromatic....

prob (v, — v,) = 5 sin”20
M 2
R e BOREXINO  (electrons)
7 SNO (deuterons, electrons)
hm Superkamiokande (electrons)
Kamlokande (electrons)

W Homestake (iodine)

L2222z, Homestake (chlorine)
N X SAGE, GALLEX (gallium)

Vacuum oscillations fail to
reproduce the energy dependence

S of the observations!
. 7Be§§ S8\
| |MII|§§§| | ||||||| _

.e
........
0000000

-

- at®
" » -
.....

Flux [em™?s™1(MeV ~1)]
o
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Matter Potentials

In matter the neutrinos have effective masses due to the interaction
with the medium, just like electrons in condensed matter systems

W

GF”B

V2

3, —1
0
0

Y. — 1 0

0 Ye — 1

m; 0 O

~kE*-U| 0 m?¢ O

0 0 m3

2

Ve
Ul v, | =0

Vr

The “matter potentials” depend on flavour because the sun contains
electrons, but no muons and tauons



Two Flavour Oscillations in Matter

bo = (m? + m3)/4k + V2 Gpng (Y. — 1)

2 sin 26, 0
W
cos 26, 1
3—direct’'n ' ‘
| B ("Magnetic Field") effective “B field” depends
R A on electron density, and
Ny N therefore on space and time!
L \
H"‘"- ‘_--_-_“)
o P (Polarization Vector) flavour state can completely
2—direct’n be changed by changing B.

= ]—direct’'n




Two Flavour Oscillations in Matter

bo = (m? + mi)/4k + V2 Gynp (Ye — 1)
sin 26 sin 26 0
2T ms — m4 0
B= 0 |=—"—"| 0 |—-v2Gpn|0
0S¢\ cos 26 “ cos 26, 1
3—direct’'n ' ‘
| B ("Magnetic Field") effective “B field” depends
R A on electron density, and
Ny N therefore on space and time!
)
o P (Polarization Vector) flavour state can completely
2—direct'n be changed by changing B.

= ]—direct’'n




Effective Mass and Mixing

Effective mixing angle in matter:
sin 20,
sin® 20y + (cos 20y — £)2]1/2

sin 20 =

Effective oscillation length in matter:

41 w sin 26

mg — mj

gDSC — : .
sin 26,

The decisive parameter depends on density, masses and energy:
V2 Gen, 2w Y. p W eV?
)

= = 1.53x107"
&= ms — m# gecm—3 MeV m3 — mj




MSW Resonance

sin 260,

in 20 =
- sin” 260 + (cos 26 — £)2]1/2

1|III

IIII|IIII|IIII Frrrrprrorrprrerp ot

Mixing Angle

sin® 26

EX

(o))
IIIIIII|III|III

o

Dispersion
Relation

sin® 26,

O_Illllllllllllli:: IIII|IIII|IIII|III

0 1 2 3
21/2GeN, 2w/ (m2 — m?)



Adiabatic Limit

prob(ve—v.) = 5 (1 + cos 26, cos 26).
3—direct’'n

A B ("Magnetic Field")
( N projection of P on B is preserved

N \ . . . .

AL ) during adiabatic evolution
P (Polarization Vector)

26

| 2—direct’'n

= ]—direct’'n



Non-Adiabatic Limit

‘V@‘ LT / o adiabaticity condition

¢ sin® 20 |V Inn,| < sin® 26, |ms5 — mf|/2w.

probability p to jump from one dispersion relation to the other:

prob(ve—v,) = p) cos 26 cos 26

e_(ﬂ"}’/Q) F_ 6_(1”-7/2) F 0
D = 1 — 6_(?1.,},/2)1;: F=1-—tan 90

ms —m3 sin 26, tan 26,
2w 'V Inng|res

for an exponential profile



Am? [eV?]

MSW Resonance in the Sun

107° 1073 SRALLEERELL R L
= 3
- - No Resonance §
1074 = . 107 —+
E. E ......... .\.;: ...... fc—CDS 390 .......... E
107° = 107° . =
= = . -
- - '\ q@é ]
= = By, A, % -
= = @ 7, @ -
- - ACRRR .
10~ 107" = %% R
= = N
— — .
8 B ‘\ 8 B \\
10°  prob(v,v,) g 10 F 3
10-9 B 1 10-9 __|_LLLLL|]| | |||||||l | |||||||| | |||||||I L 11

107° 107 108 102 1071 1 107° 10™* 10% 10™* 107! 1
sin® 26, sin® 26,



Solar Model

Total flux: 66 billion v / (s cm?2)

R S BOREXINO (electrons)
V227222222227 SNO (deuterons, electrons)
R Superkamiokande (electrons)
7777, Kamiokande (electrons)
Sy Homestake (iodine)
g2y 27272727 Homestake (chlorine)
R TITIIiiN SAGE, GALLEX (gallium)

12 .
10 N LR LI . Kamiokande: ~1/2
—_ 11
" 10 water Chrenkov
> 1010 PP can see all f.lavours |
S 109 directional information
n o8 EY RS AR | e Homestake ~ 1/3
n 10° =e—.-"" ot .
T = : Pl neutrino capture by Cl
g 107 : =
5 : Pl sees only electron flavour
el 6 Pl M R
B Be|: |8
s 105 ~ i'I e Sage / Gallex: ~ 1
= 10 f neutrino capture by Ga
10* " L 1' L sees only electron flavour



The “Bathtub Plot”

£.=cos 20, y=1 Am? = 3x107° eV?
sin® 26y = 0.01
1 “!T R

-----

prob(v -v,)

(o)
III|III|III|III

III|III|III|III

I
|

0 I :inh
1071 1

—
o
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Neutrino Oscillations

Evidence comes
from many sources:

.. sun
COSMIC IAYS =y,
nuclear reactors

particle colliders




Neutrino Properties



What we know

 neutrinos undergo flavour oscillations
o those can be explained by a Dirac or Majorana mass term

vrmpVgr + h.c. vrmyvi + h.c.

e ...which can be diagonalised as

diag(mla ma, m3) — UJmD (71/ diag(mla ma, m3) — UJmM U;/k



What we know

 neutrinos undergo flavour oscillations
o those can be explained by a Dirac or Majorana mass term

vrmpVgr + h.c. vrmyvi + h.c.

e ...which can be diagonalised as

diag(mla ma, m3) — U;me UI/ diag(mla ma, m3) — U;rmM U;/k

leptons are just like quarks without colour... but:

hy are the mi so tiny?
hy is the mixing matrix so different from the CKM matrix?
hat forbids the Majorana mass for the RH neutrino?
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leptons are just like quarks without colour... but:

hy are the mi so tiny?
hy is the mixing matrix so different from the CKM matrix?
hat forbids the Majorana mass for the RH neutrino?




Neutrino Mixing Matrix

VE UE]. Ue2 UE?) 14 1
U U U “PMNS matrix”
1) _ ) | Pontecorvo-Maki-
U ,U]- JU'2 H 3 E Nakagawa-Sakata
U+ UTl UT2 UT3 V3

Common parameterisation of the matrix U:

U, = VEU;VIIU_sV P diag(e'*1/?, /2 1)
Uis = diag(ﬁzwﬂa 17€::i5/2) 2 _ ( f2 o1z

1 0 0 C13 0 513
V(23) — 0 Co3 593 V(13) — 0 1 0
0 —S93 (93 —S513 0 C13



TNUE 11 Vol leVae ) I

without SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ay~ = 2.6)

bfp +1lo 3o range

sin” 612 03047 3 0.269 — 0.343
012/° 3.4t 2%t 31.27 — 35.86
sin? @23 0573 a oae 0.405 — 0.620
f23/° 40,39 3% 39.5 — 52.0
sin” 013 0.022201 0 Gones  §.02034 — 0.02430
O13/° 85T o 13 8.20 — 8.97
dep/” 105 — 405
2

10‘3{"2‘\,., 7.42+021 6.82 — 8.04

- ey * e

A"'lgt =1 =+0.028 o "
03 oV2 +2.5157 5 028 +2.431 — 4+2.599

bfp 1o
030475512

A=+0.77
33.4!)_(,-74

rmot+0.017
0.578 _pl021

495t

- +0.00064
0-02238—-“.0(!06‘7
0.12
8-601-1). 12

~ a0y+0.21
‘ '42—0.20

—2.498+5,%28

leptons are just like quarks without colour... but:

hy are the mi so tiny?

3o range

0.269 — 0.343
31.27 — 35.87

0.410 — 0.623
39.8 — 52.1

0.02053 — 0.02434
8.24 — 8.98

192 — 361

6.82 — 8.04
]*

| 74
—2.584 — —2.413

hy is the mixing matrix so different from the CKM matrix?
hat forbids the Majorana mass for the RH neutrino?
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What we know

 neutrinos undergo flavour oscillations
o those can be explained by a Dirac or Majorana mass term

vrmpVgr + h.c. vrmyvi + h.c.

e ...which can be diagonalised as

diag(mla ma, m3) — U;me UI/ diag(mla ma, m3) — U;rmM U;/k

leptons are just like quarks without colour... but:

hy are the mi so tiny?
hy is the mixing matrix so different from the CKM matrix?
hat forbids the Majorana mass for the RH neutrino?




What we know

 neutrinos undergo flavour oscillations
o those can be explained by a Dirac or Majorana mass term

vrmpVgr + h.c. vrmyvi + h.c.

e ...which can be diagonalised as

diag(mla ma, m3) — U;me [N]V diag(mla ma, m3) — U;rmM U;/k

« Majorana fermion
NEW PHYSICS!

 can be generated in gauge invariant way by higher dim operators
NEW PHYSICS!

should be generated by integrating out some heavier states
with masses ~A >> Eo




What we want to know

the mass hierarchy

“normal” or “inverted”?

the absolute mass scale

is there a massless elementary fermion?

CP-violation

... and connection to baryogenesis?

Dirac or Majorana?

Is B-L conserved in nature? Connection to baryogenesis?

Are there extra (sterile) neutrinos?

mechanism of mass generation

Hint towards more fundamental theory (e.g. GUT)?
Scale A in the context of the hierarchy problem?
Connection to Baryogenesis or Dark Matter?



The Neutrino Mass Hierarchy
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Normal hierarchy
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and “Inverted” Ordering

Inverted hierarchy
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Effect of Ordering on Oscillations

Electron neutrino appearance probability

sin’(A -1)A
(A-1)°

. 2 ¢ 7
P(v,—v,) = sin" 20,;s1n" 0,,

To leading order only depends on
- two mixing angles
- the square of the larger mass splitting

Amgll' A=+G.N ——

A=
4E / E\/_A




Effect of Ordering on Oscillations

Electron neutrino appearance probability

sin’(A -1)A
(A-1)°

.« 2 « 92
P(v,—v,) = sin" 20,;s1n" 0,,

sin AA sin(A-1)A

+ 2asinf,,cosod,,sin206,,sin206,, o (A-D) cosA
- 2asinf,;sing,, sin26,, sin26,, SinAA sin(A-1)A sin A
A (A-1)

But subheading corrections depend on sign of splittings!

Am, A Am?, L A=t+G.N

o =
Am?, AE g E\/_A




lightest neutrino mass



Direct Measurement of the Neutrino Mass

©

©

count rate [a.u.]
@




Parity Violation



The Wu Experiment

Mirror plane
Original I Mirror-reversed
arrangement I arrangement
I
I
i Predicted direction
Preferred direction of beta emission if
of beta ray emision I parity were conserved
I
Scintillator (for I
measurement of Photomultiplier i
gamma ray l/
polarization) I
— Light pipe Cobalt-60
Dewar ) nuclei
CeMg-nitrate + ®0co specimen I
. Scintillator Solenoid (for specimen , A [
polarization) | I
Scintillator (for i
5 E{ measurement of i Y Observed direction
amma ra ecinm
i olarizati :n} || Direction of electron | of beta emission in
\  flow through the  / mirror-reversed
, 1 solenoid coils arrangement
Magnet (for cooling by i
adiabatic demagnetization)

liquid helium \quuid nitrogen



The hunt for CP violation



Effect of CP-Violation on Oscillations

Electron neutrino appearance probability

)
: : sin“(A-1)A Is sensitive to
P (V“ — Ve) ~ sin” 26’13 sin” 923 2 Dirac phase!
(A-1)
. . sin AA sin(A-1)A
dependence on 1mn 2912 S1n 2923 ( ) COS A
CPV suppressed A (A-1)
by ratio of mass
splittings... - in26, sin26,, SMAASNA-DA A
A (A=)
...luckily 013 is not too small!
2 2
o= Amy, A= Am;, L A=+G . N,——

Am?, AE e \F 2A



Sanford Underground
Research Facility

Fermilab

-
\\\\\

Liquid Argon Time-Projection Chamber
https://www.youtube.com/watch?v=R5G1 hW0ZUA #action=share

catches beam for Fermilab
https://www.youtube.com/watch?v=U xWDWKq1CM

is expected to discover CP violation in electron neutrino appearance


https://www.youtube.com/watch?v=R5G1_hW0ZUA#action=share
https://www.youtube.com/watch?v=U_xWDWKq1CM
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Electron Neutrino Appearance

o2t o 4 o2l Sop=3r/2 mm -
- dop 271'/2 B
dcp =0
d 5 s
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Dirac or Majorana?



Neutrinoless Double B Decay

Rate depends on nuclear matrix element

.-fu&. > .- U-, [TPE]_I = G"gx Z (UEENmN) mp M'% (mx, QEAH
xl | : ;I

d U

L =1_

dentl

f | ' / i m

[ | TUU —1 — A . UE N

n-ﬂ.] - |Ilﬂ|| p [ 1{2] mP; eN (pz)_l_m%
" p » f

All neutrino physics inside one number

‘?’TLEJ@ — Z(Uy gzmz




Neutrinoless Double B Decay

1 E

Excluded by KamLLAND-Zen, G
§ GERDA, EX0-200, CUORE :
C;]E 0.1 E o Q)
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| |
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Sterile neutrinos



Sterile neutrino - mixing

UeQ
U2
U7'2
Us2

_§
|
SESS

UeB
U,s
U’T3
U83

Ue4 4
Uu4 Vo
U'T4 V3
Us4 V4

Sterile neutrino is gauge singlet, feels no electromagnetic or nuclear forces!

But mixing with ordinary neutrinos affects neutrino oscillation data:
- if the new states are light enough, neutrinos can oscillate into them
- if they are too heavy, they induce a non-unitarity in the observable 3x3 sub
matrix of the full neutrino mixing matrix

Via = (Vy)ail/?l-

V, =

(1+n)U,.
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Unitarity test with IceCube
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Beam Excess

Have we seen it?
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A Multi-Frontier Problem

Collider Probes of the origin of neutrino mass

neutrino oscillation experiments
mass differences, mixings...
... hierarchy, CP violation...
...light sterile neutrinos?

CMB and LSS :
absolute neutrino mass

CMB and BBN :
light sterile neutrinos?

absolute neutrino

mass searches
(KATRIN ect.)

Origin of Universe

IceCube

Unification of Forces

dnegirlréo(;ess Beyondr‘:l?:SF;g)r/\Zi;rsd Model ”neutrino aStronomy”
ouble B decay: Sj -
Dirac or Majorana? oSt i Cosmic Neutrino

2
Y~
<
O Background

A
(éo Proton Decay Cosmic Particles .
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Neutrinos in cosmology



HISTORY OF THE UNIVERSE
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Background radiation
Accelerators is visible
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t = Time (seconds, years)

E = Energy of photons (units GeV = 1.6 x 10710 joules)

did particle physics shape
the universe?

The concept for the above figure originated in a 1986 paper by Michael Turner. PO r'"icle DO‘I’O GrOU p, I_B NL © 20 ] 5
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expansion
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Large light Cosmic
Hadron element Microwave
Collider abundances § Background

optical
astronomy
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Particle Data Group, LBNL © 2015 Supported by DOE

The concept for the above figure originated in a 1986 paper by Michael Turner.



Crucial Events in Cosmic History

T ~ 1.4 MeV: neutrino decoupling
fixes neutrino number density

T ~ 0.5 MeV: electron-positron annihilation
“heats” CMB relative to CvB, slightly distorts neutrino spectra

T ~ 0.1 MeV: big bang nucleosynthesis

sensitive to Neg and baryon density
T ~ 0.8 eV: matter-radiation equality

structures start to grow
T ~ 0.25 eV: photon decoupling

CMB spectrum fixed

T ~ 0.05 eV: neutrinos become non-relativistic
free streaming ends, neutrinos behave like Dark Matter



Background and Perturbation Effects

Effect on background evolution

Neutrinos affect the 0 KT
background evolution through H* = —Gp,
Friedmanns equation

2

. m
P~ T+ Pneutrinos T new physics effects] = P~ + Negpy = 1—5T,;1

1

7

‘|'Neff_

8

This indirectly affects the cosmological perturbations that we

observe

Effect on perturbations

4
11

Perturbations are also affected directly because neutrinos stream

and cluster differently from other components

)4/3




Background Effects

Neutrinos affect the evolution of the universe in different ways:

1) When they are relativistic they contribute to the radiation

pressure
oy T 4\
oy 8 M\ 11

2) When they are non-relativistic they contribute to the matter
density

Qy _ pg’ Zmy

0 2
Porit 93.14h< eV




Effects of Ness and Qv

Physical quantities affected by the presence of neutrinos

« moment of matter-radiation equality
« baryonic to Dark Matter density ratio

o free streaming

This affects observables in different ways:
« BBN (expansion rate of the universe, neutrinos in nuclear reactions)

« CMB (expansion rate of the universe, Silk damping, anisotropic stress,

gravitation between neutrino and photon perturbations, weak lensing of
the CMB...)

e Matter spectrum (matter-radiation equality, expansion rate, enhancement
of “collapsing” component increases growth of structure that are larger
than neutrino free streaming length...)



Effects of Neutrino Masses

- CMB
1) Matter density at late times affects expansion rate and ISW effect.
2) Change in equation of state when becoming non-relativistic
3) Decrease in matter power spectrum reduce weak lensing
4) Low momentum neutrinos that become relativistic earlier, affects
photons through gravity

e Matter spectrum
1) neutrinos only contribute to growth of structures larger than their
free streaming
2) they contribute to average matter density, but not to fluctuations
on small scales

Cosmology currently provides best upper
bound on the sum of neutrino masses < 0.12 eV



Big Bang Nucleosynthesis
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only unknown
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Big Bang Nucleosynthesis
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Temperature fluctuations [ 1 K? ]
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Multipole moment, ¢

CMB
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Before photon decoupling

 equation of state
« matter to radiation equality
o free streaming / Silk damping

After photon decoupling

 expansion history (angular size
of perturbations)

« weak lensing (via matter power
spectrum)

 gravitational potential that
photons feel (also via effect on
matter power spectrum)



Temperature fluctuations [ i K? ]
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Radiation, baryons and Dark Matter
affect the acoustic oscillations in the
primordial plasma in different ways...

ordinary matter/radiation oscillates
due to radiation pressure

Da‘f":li‘f?f:} {

gravitational
potential well

neutrinos stream freely until
they become non-relativistic



What to fix?

How neutrinos affect the CMB strongly depends on what
quantities one keeps fixed while varying the neutrino parameters.

Example: changing Nef

o keep all other densities fixed: Changing Neff changes matter radiation
equality, this atfects the position and amplitude of CMB peaks
o keep ratios between matter, radiation and Dark Energy fixed: Changing

Neff changes the scale of “Silk damping”
Example: changing the neutrino masses

o keep matter density today fixed: Changing mv changes matter radiation
equality

o keep matter-radiation equality fixed: Changing mv modifies today’s
total matter density



The Ho Tension

0.84
75 -

Riess et al. (2018) 0.83

» Local measurement 'Tj o6
of the Hubble rate & 70 -

disagrees with i - 0.81

cosmological c - 0.80
measurement = °> "

o This is degenerate < 0.79

with Neff 60 - Planck 0.78

------ Plarllck+Riess18 0.77

. . . |
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Structure Formation

The early universe was very
homogeneous and isotropic...

... structure formed by
gravitational collapse of small
inhomogeneities ~1/100.000
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Effect of Neff on the Turnover Point

The growth of perturbations

« cosmic perturbations are “frozen” when they are larger than the
horizon

e in the radiation dominated era, sub-horizon modes grow slower
than in the matter dominated era

How Neffcomes into play

initial power spectrum is almost scale invariant

modes that entered the horizon during radiation domination grew
only slowly

modes that entered after matter radiation equality grew quicker
Nef modifies the moment of matter-radiation equality and shifts the
turnover point



Effects of Massive Neutrinos on Clustering

Neutrinos only contribute to the growth of structures that are
larger than their free streaming length

small potential well: neutrino

> can make it out

I

large potential well: neutrino

I  c2nnot make it out



Effects of Massive Neutrinos on Clustering
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Indirect Effects on the CMB

Integrated Sachs-Wolfe Effect (ISW)

CMB photons fall in and climb out of gravitational wells on their
way to us... but the wells change why they do so

Weak Lensing

CMB photons get lensed on their way so us
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Changing mv with fixed da

1.00

cIT/cIT(Em, = 0)

0.85

== __ Al

S
\O
N

O
O
S

decrease in the late ISW
effect

2m, = 0.25eV

>2m, =0.5eV
— 2m,=0.75eV
— 2m, = 1eV

BT T TS

Multipole /




Changing mv with fixed da

1.00
o change in equation of state
Il when neutrinos become non-
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Changing mv with fixed da
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Changing mv with fixed da

1.00
(- .
I low momentum neutrinos
A become non-relativistic a bit
E 0.951 earlier
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Model 687 CL
CMB alone
P115[TT+lowP] ACDM+ Ngg 3.13 £0.32
P115[TT+lowP] ACDM+Neg+> my 3.08 £ 0.31
CMB + probes of background evolution
P115/TT+lowP| + BAO ACDM+ N g 3.15 £+ 0.23
P115[TT+lowP] + BAO ACDM+Ng+>"my, 3.1870:57
CMB + probes of background evolution + LSS
P115[TT+lowP+lensing] + BAO ACDM+Ng 3.0810 27
& + BAO + JLA + HST ACDM+N, g 3.41 £0.22
7 + BAO ACDM—I—NEH—I—Z?’HV 3.2 0.5
P115|TT, TE,EE+]lowP+lensing| ACDM+ Ngg+5-params. 2.9310-01

—0.48




Model 95% CL (eV)
CMB alone
P115[TT+lowP] ACDM+) m, < 0.72
P115[TT+lowP] ACDM+) my+Neg < 0.73
P116[TT+SimLow]| ACDM+) m, < 0.59
CMB -+ probes of background evolution
P115[TT+lowP| + BAO ACDM+) m, < 0.21
PI15[TT+lowP] + JLA ACDM+Y m, < 0.33
P115[TT+lowP] + BAO ACDM+3"my+Negt < 0.27
CMB + probes of background evolution 4+ LSS
P115[TT+lowP~+lensing] ACDM+> m,, < 0.68
P115[TT+lowP+lensing] + BAO ACDM+) m, < 0.25
P115[TT+lowP] + P(k)pRri2 ACDM+>"m,, < 0.30
P115[TT, TE,EE+lowP] + BAO+ P(k)wz ACDM+5> "my, <0.14
P115[TT, TE,EE+lowP] + BAO+ P(k)pRr7 ACDM+) m, <0.13
P115[TT+lowP+lensing] 4+ Ly« ACDM+> m,, < 0.12
P116[TT+SimLow—lensing] + BAO ACDM+> m,, < 0.17
P115[TT+lowP+lensing] + BAO ACDM+) “my,+$ < 0.37
P115[TT+lowP+lensing] + BAO ACDM+) m,+w < 0.37
P115[TT+lowP—+lensing] + BAO ACDM+> ‘my+ Neg < 0.32
P115[TT, TE,EE+lowP+lensing] ACDM+)» m,+5-params. < 0.66




Neutrinoless Double B Decay
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A Multi-Frontier Problem

Collider Probes of the origin of neutrino mass

neutrino oscillation experiments
mass differences, mixings...
... hierarchy, CP violation...
...light sterile neutrinos?

CMB and LSS :
absolute neutrino mass

CMB and BBN :
light sterile neutrinos?

absolute neutrino

mass searches
(KATRIN ect.)

Origin of Universe

IceCube

Unification of Forces
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Neutrinos and New Physics



Origin of Neutrino Mass

 neutrinos undergo flavour oscillations
o those can be explained by a Dirac or Majorana mass term

vrmpVgr + h.c. vrmyvi + h.c.

e ...which can be diagonalised as

diag(mla ma, m3) — U;me UI/ diag(mla ma, m3) — U;rmM U;/k

leptons are just like quarks without colour... but:

hy are the mi so tiny?
hy is the mixing matrix so different from the CKM matrix?
hat forbids the Majorana mass for the RH neutrino?




Origin of Neutrino Mass

 neutrinos undergo flavour oscillations
o those can be explained by a Dirac or Majorana mass term

vrmpVgr + h.c. vrmyvi + h.c.

e ...which can be diagonalised as

diag(mla ma, m3) — U;me UI/ diag(mla ma, m3) — U;rmM U;/k

« Majorana fermion
NEW PHYSICS!

e can be generated in gauge invariant way by higher dim operators
NEW PHYSICS!

should be generated by integrating out some heavier states
with masses ~A >> Eo




“Integrating out” Heavy Particles

_ _ antineutrino
antineutrino 7, Ve

M= GF(Upl"un)(ﬁel"uv) 1

heutron = neutron =

a. Fermi's 4-point Interaction, 1934 b.Weak Interaction mediated by boson, 1938

The weak gauge bosons are too heavy to be produced in the decay...

...but appear as “virtual particles”, giving rise to an effective vertex



Neutrino Mass as a Portal to New Physics

@ = (0, v) + fluctuations h
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Low Scale Seesaw: A = v

“integrating out” heavier states with masses ~A >> Eo



Tree Level Seesaw Mechanisms

vrmy vy + h.c.

 Type I: fermonic singlet N (“right handed neutrino”)
Minkowski 79, Gell-Mann/Ramond/Slansky 79, 0 (0,
Mohapatra/Senjanovic 79, Yanagida 80

~ 1
— L YIND — §NMN

« Type II: scalar triplet A

Schechter/Valle 80, Cheng/Li 1980, <A>
Lazarides/Shafi/Wetterich 80, Mohapatra/Senjanovic 81
C ; V V
/ L }/II 109 A L /

» Type III: fermonic triplet X

0 0
Foot/Lew/He/Joschi 89
C
—Lp Y Xz @ _U_y




The Standard Model of Particle Physics

“bosons” “Higgs

“fermions” = matter particles . .
= force boson

| carriers = gives mass

mass - |
charge - | 24

name - | .-

0.511 MeV

electron

Bosons (Forces) spin 1

The “periodic table” of elementary particles - who is missing?



The Standard Model of Particle Physics

“fermions” = matter parf{

n| Are we missing a

mass -

1

“hosans”’

charge - | 24

name - | =

Quarks

Leptons
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Bosons (Forces) spin 1

% type of neutrinos?

The “periodic table” of elementary particles - who is missing?




The Standard Model of Particle Physics

“fermions” = matter parf{

mass —
charge -

name - | =

Quarks

1

“hosans”’

Are we missing a
# type of neutrinos?
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V
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Higgs
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Ordinary “left handed” neutrinos
e Are massless in the Standard

Model

e Can feel the weak nuclear force [

spin 0

Sterile “right handed” neutrinos
1 Can have a (Majorana) mass.
« Do not feel any of the forces of

nature (except gravity)




The Seesaw Mechanism

H=(v,0)

L =Lsy +1VRAVR — L FvprH — H'opFTL
M . 1

e . —5( e pMyvR + DRM ) 05)

mass 171.2 Gev
charge - [ 24 u /3 C s t
me — up m top

electroweak symmetry breaking
generates a Dirac mass term

mDEF’U

(@)
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vrmpVgr + h.c.
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O
e
Q.
Q
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The complete mass term can then be written as

1 T 0 ™M p L’E
2\ ”R)( mp My ) ( VR )M'C"




The Seesaw Mechanism

1 = 0 mp L’E
2\ m( mh My ) ( Zz )+h

Full mass term is diagonalised as

diag

diag T
m My =UnMynUy
Z/{TMZ/{* — ( Y diag) with N
M

mdlag UTmy U*

The rotation matrix is given by

[ cos(0) sin(0) U, | ' —~ (2n+ 1)1
“= (— sin(61) cos(m)) ( U;;,) with _ggtyn




The Seesaw Mechanism

. . _ —1
Atlinear orderin @ = mp M Y
we find two sets of mass eigenstates

light “active” neutrinos

~ C
v~ Ul (v — V%) + c.c.
with mass matrix

m, = —v'FM,'F" = —mpM,;'mp, = —0M 0"

heavy sterile neutrinos

NEUL(V + 6" )—I—cc

with mass matrix MN — MM —+ % (QTQMM -+ MAZ;IQTQ*)
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Coupling

Where are the He
. T W

¢

avy Neutrinos?



Right Handed Neutrino Mass Scale
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nuclear
decay spectra
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Branching ratios from v-Oscillation Data

 If RH neutrinos generate light neutrino masses, requirement to
reproduce neutrino oscillation data constrains their properties
¢ In particular: branching ratio in their decays into SM flavours

B 10NO
2o0NO
130 NO

B3c0I10




Forecast with DUNE

o If RH neutrinos generate light neutrino masses, requirement to
reproduce neutrino oscillation data constrains their properties
¢ In particular: branching ratio in their decays into SM flavours

B NO, s,3%=0.58
B NO, s553°=0.42
B 10, 5,3%=0.58

M 10, 5,3°=0.42




Connection to Neutrinoless Double B Decay

* [f RH neutrinos generate light neutrino masses, requirement to
reproduce neutrino oscillation data constrains their properties
¢ In particular: branching ratio in their decays into SM flavours

B | .,

0.020 0.025 0.030 0.035 0.040 0.045




A Multi-Frontier Problem

Collider Probes of the origin of neutrino mass

neutrino oscillation experiments
mass differences, mixings...
... hierarchy, CP violation...
...light sterile neutrinos?

CMB and LSS :
absolute neutrino mass

CMB and BBN :
light sterile neutrinos?

absolute neutrino

mass searches
(KATRIN ect.)

Origin of Universe
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Leptogenesis



Baryon Asymmetry of the Universe

The observable universe contains almost no antimatter
and a lot more photons than baryons.

® 0 O n
PN ® ® ® B €
® @
®e O pair creation processes O
“ ® O ® freeze out
O
o 0 o . ~
T >2 mc? T <2 mc?
CMB constraint on BBN constraint on baryon-to-
baryon-to-photon ratio n: photon ratio n:
6.03x10 ¥n<6.15x10 58x10"% 1 <6.6x10

(Planck Collaboration) (PDG)



HISTORY OF THE UNIVERSE

Structure

Cosmic Microwave ;
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Background radiation
Accelerators is visible

®
B

&
&

WIO4 131DNN

~W304 SNOITINN
@

t = Time (seconds, years)

E = Energy of photons (units GeV = 1.6 x 10710 joules)

did particle physics shape
the universe?

The concept for the above figure originated in a 1986 paper by Michael Turner. PO r'"icle DO‘I’O GrOU p, I_B NL © 20 ] 5

Dark energy
accelerated
expansion

Supported by DOE




HISTORY OF THE UNIVERSE

Cosmic Microwave
Background radiation

Accelerators is visible

WAO4 131DNN
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Large light Cosmic
Hadron element Microwave
Collider abundances § Background

optical
astronomy

telerators

Inflation
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Particle Data Group, LBNL © 2015 Supported by DOE

The concept for the above figure originated in a 1986 paper by Michael Turner.



Big Bang Nucleosynthesis
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Light elements are
produced in a chain
of nuclear reactions.

The only unknown
parameter is the
baryon-to-photon
ratio

Primordial light
element abundances
measure the baryon
asymmetry!



Big Bang Nucleosynthesis
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Constraint on baryon-to-photon ratio n:
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Temperature fluctuations [ i K? ]
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Radiation, baryons and Dark Matter
affect the acoustic oscillations in the
primordial plasma in different ways...

ordinary matter/radiation oscillates
due to radiation pressure

Da‘f":li‘f?f:} {

gravitational
potential well

neutrinos stream freely until
they become non-relativistic



Cosmic Microwave Background

Baryon density Qph? PDG 2016
0.005 0.01
I

0.03
|

CMB constraint on
baryon-to-photon ratio n:

6.03x10 <N <6.15x10

BBN constraint on
baryon-to-photon ratio n:

58 x10"°<1 < 6.6 x10™

C | | | | AN | | | -
| 2 3 4 5 6 7 8 9 10
Baryon-to-photon ratio 1 x 1010



Where does the asymmetry come
from?

Sakharov Conditions (1967)

»Baryon number violation

+»C and CP violation

+»Deviation from thermal

o ) . Jlaypeam Hodeneasckou npemuu
equilibrium Y g el




Where does the asymmetry come
from?

og Exists in Standard Model
Sakharov Conditions (1967) (sphaleron)

S SR EEEN
+»Barvon number violation o
S 3

Qe -

+»C and CP violation

»Deviation from thermal " \k

o ) . Jlaypeam Hodeneasckou npemuu
equilibrium Y g el




B-L Violation in the SM

e B and L are conserved in the SM at the perturbative level
« But B-L is violated by the quantum anomaly

= n p L y S HY
o5, = 32;;2 (— ¢*tr(F L F*) + ¢*F L F")
« EW theory has infinitely many degenerate vacua that are

related by gauge transitions
o It is impossible to distinguish in what vacuum one is, but

going from one to another is a physical transition

L sphaleron
e At vanishing temperature FE I
the transition can only = /.\
happen via tunnelling Perturbation theory
e At T >0 thermal A\
-1 0 1 2 N

fluctuations can induce a
transition instanton




Sphaleron

» Doing the transition corresponds to a change in the background
gauge field configuration that is felt by the fermions

—_/

 The rate is given by:
Tepn = (25.4 £2.0)ay, T ( symmetric phase )

A[b h
Fsph = A (CYWT)4( =

o Intuitively this lifts up the levels in the
Dirac sea, leading to a production of
particles...

7 M.,
) exp ( = ph) ( Higgs phase)

T

o This equals the Hubble rate at roughly T =131 GeV



Where does the asymmetry come
from?

o 0 Exists in Standard Model
Sakharov Conditions (1967) (sphaleron)

»Baryon number violation Exists in Standard Model
(weak interaction, CKM phase)

...but Jarlskog too small!

+»C and CP violation

+»Deviation from thermal

111 Jlaypeam Hodenesckou npemuu
equilibrium Y g el




CKM Matrix

« CKM matrix mixes quark mass- and interaction eigenstates

Ve Vus V| [1d) d')
Vea Ves Ve s)| =1|1s)
Ve Vis VwlLIb)l LIV).
U, = VU y3y_sv/ 12 Uys = diag(eT%/2, 1, e*1/2)

1 0 0 C13 0 si3 C12 si2 0
V(23) = 0 Co3 S93 V(lg) — 0 1 0 V(12) — —S12 (12 0
0 —S93 (o3 —S13 0 C13 O O 1

« But relevant CP violation an the early universe is given by Jarlkogg
determinant in units of the temperature T

D = Sin(ng)Sin(Q%) Sin(ng)éKM

(mi = me)(mi — my)(me — my,) (mg; — m3)(my; — mg) (mig — mg).

 Since T ~ 131 GeV greatly exceeds the quark masses, this is small!



Where does the asymmetry come
from?

o 0 Exists in Standard Model
Sakharov Conditions (1967) (sphaleron)

Exists in Standard Model

»Baryon number violation | |
(weak interaction, CKM phase)

...but Jarlskog too small!

+»C and CP violation

Exists in Standard Model
(Hubble expansion of the universe)

»Deviation from thermal
...but deviation too small!

equilibrium



Hot enough nuclear Cosmic
to produce reactions Microwave
antimatter form light N Background

in up air S elements

creation”

optical

astronomy
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The concept for the above figure originated in a 1986 paper by Michael Turner. PC] r‘l‘icle DOTO GrOU p/ I_BNI_ © 20 ] 5 SU pporfed by DOE
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Baryon asymmetry generated
(“Baryogenesis”)




Where does the asymmetry come
from?

Baryogenesis requires New Physics!

Cosmic phase transition? Decay of a heavy particle?
% Matter Antimatter
O

Electroweak baryogengesis, GUT baryogengesis,
... leptogenesis,



NUFIT 3.2 (2018)
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Leptogenesis

General idea:

The matter-antimatter asymmetry was created amongst
leptons and then transferred to baryons in the early
universe.

Ol‘iginal framework: Fukugita/Yanagida 86
Right handed neutrinos (type I seesaw)

Keep in mind:
Many other neutrino mass models exist. And many of
them can accommodate leptogenesis!



Thermal Leptogenesis

[ [ ] [ ]
Basic idea

« N are around in the early universe

e Yukawas F are CP violating

& N may preferably decay into matter

\

J

CP violating parameter €
~ U'noem —Un_zm-

6 p—
U'noen +1'n_7g+

final asymmetry

YB—L X 6/9*




Boltzmann Equation

_ . figure 1b
10 10

——— . . B o P _ e Sy st
e --al -
el

10

3 107

10° € — ]‘—‘N_>€H Il FN—)EH*

1o U'nosen +Un_om-

10°

10°

10°

«» Evolution of heavy neutrinos
" and asymmetries is described

by Boltzmann equations

| | ém'g
dY
II,‘Hd—N — —FN(YN—Y?\?) x=M/T
XL
dYp_
xH dB = — EFN(YN — Y?\?) — cWI‘NYB_L
L

“source” “washout”



“Vanilla Leptogenesis”

) CP violating parameter €

p
Temperature T> 10" GeV
_ Unoen —Un_zm-

« gauge interactions in equilibrium €

T + TN 7
 charged lepton Yukawa interactions slower N—tH N—tH

than cosmic expansion final asymmetry
SM flavours v x €/g
. qe ae : B-L
_indistinguishable! y i
H

N; o + N;




“Vanilla Leptogenesis”

) CP violating parameter €

p
Temperature T> 10" GeV

: : : et FN—H?H_FN—H?H*
« gauge interactions in equilibrium € =

T + oz
« charged lepton Yukawa interactions slower N—tH N—tH

than cosmic expansion final asymmetry
SM flavours v x €/g
° ° ° ° B - L
_indistinguishable! Y *
Casas-Ibarra parameters 1 \/ tin __ heavy neutrino
: — — ) diag
for Yukawa coupling v N U,/ my* RV M parameters

light neutrino parameters

T R Larir h L

N;




“Vanilla Leptogenesis”

[

\

Temperature T> 10" GeV

e gauge interactions in equilibrium

\

e charged lepton Yukawa interactions slower

than cosmic expansion

SM ftlavours
1ndlst1ngulshable'

J

Asymmetry only depends

3

CP violating parameter €
UNoern —Un_im-

€E =
U'N—em + FN—>EH*

final asymmetry

Ye_ 1 X €/g.

on the combination FJr F

LA—-—‘——-‘ EN
ek B g i s sl

N;

167 FTF ZIm FTF ]




“Vanilla Leptogenesis”

4 N : :
Temperature T > 102 GeV CP violating parameter €
I'noemr —noim
gauge interactions in equilibrium € = T T -
charged lepton Yukawa interactions slower . N—tH N—LH*
than cosmic expansion final asymmetry
SM flavours v < €/g
_indistinguishable! ) BE i
Asymmetry only depends € ~ Z Im FT F; } m
on the combination FTF ~ 167T (T F MIi
1 diag T € is independent of the
But F = U \/ my RV Mdiag PMNS matrix!

b e BT

dlag

gives FTF = \/ MdlagRT 2 R\/ M diag
v

So is the asymmetry...

|




“Flavoured Leptogenesis”

4 12
10°GeV>T>1TeV

than cosmic expansion

\_

SM flavours distinguishable!

\

e gauge interactions in equilibrium

« charged lepton Yukawa interactions faster

Flavoured asymmetries

N;

J

CP violating parameters €

Lepton number matrix (Y ) ;

(Y, )  ischargein flavour

Baryon asymmetry ...0 alone is
| depend on individual F;, =) depends on d! even sufficient




Leptogenesis with small M ?

figure 1b

-1 0

10 10 10

ol 3 10 asymmetry generated
107 o e 3 10° :
- N, L ) during N decay. )

) (“freeze-out scenario”)
10 3 104
10° - NN1in=0 : 10°
e Ny, =3/4 10°*
ol ", { > Evolution of heavy neutrinos
10" 19 and asymmetries is described
- ' by Boltzmann equations
10 10

asymmetry generated
during N production
(“freeze-in scenario”)

dY

I

dYp_
xH dB = = IN(Yn — YY) —ewnYa_L

X

“source” “washout”



low scale

\Y B K\

high scale

Thermal Leptogenesis Fukugita/Yanagida 86

M>>TeV

ReSOHant Leptogenesis Pilaftsis/Underwood 04

ﬁ

Leptogenesis from Neutrino Oscillations

l

Akhmedov/Rubakov/Smirnov 98

“Dig bang”

\

time

T=130 GeV
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Heavy Neutrino Mass Scale

keV MeV GeV TeV 1014 GeV

Explain Light Neutrino Masses

(“Seesaw Mechanism”’)

Origin of Matter
(“Leptogenesis”)

Direct Searches

e.g. MaD 1303.6912

~

Indirect Signature



https://arxiv.org/pdf/1303.6912

Leptogenesis with 2 RH Neutrinos

104 S S— —

y T LB s y I
— Full equations
_ freeze-in
10° f - - freeze-out

7
107

10°°

10®

10°

_-_._-..—'ﬁ-.‘

)’

ln-lﬂ

10

ln-ll
lﬂ'”g NH

lu-l-fl PPN " PP i PP | .
101 10° 10! 104 10°

.LH-I_Vq- GEV

The region in which the freeze-out scenario (“resonant leptogenesis”)
and freeze-in scenario (“ARS leptogenesis”) work overlap!

Klaric/Shaposhnikov/Timirsyasov 2008.13771



http://arxiv.org/abs/arXiv:2008.13771

Leptogenesis with 3 RH Neutrinos

107~ g

10‘35

fASEff{OQO

Existing Experiments
Future Detectors
New beam lines

\ ;
LHC displaced  Fyture Accelerator Facilities :

1077 .PC | X
10—11
10713 3 Miightest — 0 eV

- --- Thermal initial conditions

- — Vanishing initial conditions  ;,p/Georis/Klaric 2106.16226
10-—15 Lyl | L s sl : pipiiigioppigiipth ; .3 s sl : ;31 -11. : Ly pgioy gy

107! 10" 10° 10? 10° 10*

M [GeV]


https://arxiv.org/abs/2106.16226

Dynamical Generation of Resonance

> LE f . .
o, 1 Ih 10~8 \
S | )
108 n 10-10
3 >~ J/
& > yd
= 19 = 10712 p
= 10~ < y .
S s J — active
& i 10—14 sterile
.q'b._‘)o 10_16 2 222l " 2 2 2 2222l o 2 2 2 2222l PR % 2 2 saal M 2 a2 2 aaaal " 2 2 a2 aaazsl M 2 a2 2 a2aaa
10—4 103 102 10~1 100 10—4 10—3 102 10~1 100
r=Tew/T r=Tew/T

Abada et al 1810.12463
« quantum kinetic equations describe screening, quantum statistics
and (de)coherence etc.
+ level crossing between the quasiparticle dispersion relations in the
plasma (“thermal masses”) can dynamically generate a resonance



http://arxiv.org/abs/arXiv:1810.12463

Current Status:
Constraints from Leptogenesis

|—0910(U2]

0. 0.2 0.4 0.6 0.8 1. 0.4 0.6 0.8 1.
U2/U? U2/U?

normal neutrino mass ordering inverted neutrino mass ordering

The dark regions are preferred for testable leptogenesis



Neutrino masses vs collider searches

neutrino masses m: are small (sub eV)
==) active-sterile mixing angle O must be small

approximate
B-L
conservation

Shaposhnikov 0605047
Kersten/Smirnov 0705.3221

col!iders rely on branching ratio
active-sterile mixing angle 0 must be large


http://arxiv.org/abs/hep-ph/0605047
http://arxiv.org/abs/arXiv:0705.3221

B-L symmetry: destructive
interference amongst
contributions from different

Can LNV be observed?

| Ree_

But: B-L is broken to generate
neutrino mass.
Is this enough???

HNL oscillations
destroy coherence and

make LNV observable!
Anamiati et al 1607.05641

AM ohys
s+ AM?

phys

Does neutrino osc. data
allow for this without

fine tuning? It depends
MaD/Klaric/Klose 1907.13034

cf also 1409.4265, 1505.04749, 1605.01123, 1709.06553, 1703.01934,

HNL flavour
(a) Charged current decay
N T T —
N\
\\

i N\

103 s LNV suppressed
N\

| SN Ry < 1/3

_ s
1076 | .--'\.,. \\ i

K o Ry = #LNV decays

' R// > 1 /3 N " #LNC decays
107° | LNV generically observable \l :

““““““““ \
~~~~~~~~~~ \
10—12 = P \\\
| R S
| Plot from 1907.13034 \\ -----
10—15. L : L] . \\
1 10 100 1 000
M [GeV]

1709.03797, 1805.00070, 1810.07210, 1905.03097, 1904.05367


http://arxiv.org/abs/arXiv:1907.13034
http://arxiv.org/abs/arXiv:1607.05641
http://arxiv.org/abs/arXiv:1907.13034

R () =

1073

10—10_

10—11

10—12

- Existing Experiments
- Future Detectors
- New beam lines

- Future Accelerator Facilities

Heavy Neutrino Searches

L] - — -r

/ﬂ_,,

JLHC prompt

109

101
M; [GeV]




How to measure AM?

ratio of LNV to LNC decays
is sensitive to AM

2
Rﬁﬁ _ A]\4ph3rs
2I's, + AM?

phys

Anamiati et al 1607.05641

1073}

107}

10—12 _

10—15

MaD/Klaric/Klose 1907.13034



http://arxiv.org/abs/arXiv:1607.05641
http://arxiv.org/abs/arXiv:1907.13034

ratio of LNV to LNC decays spatially resolving

How to measure AM?

1s sensitive to AM

AM?

_ phys
Re o2 + AM?

phys

Anamiati et al 1607.05641

1073}

10—12 _

107}

this ratio gives
more information!

Antusch et al 1709.03797

10—15

MaD/Klaric/Klose 1907.13034
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How to measure AM?
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http://arxiv.org/abs/arXiv:1607.05641
http://arxiv.org/abs/arXiv:1907.13034
http://arxiv.org/abs/arXiv:1709.03797

The OvBPB Connection

Heavy neutrino exchange can dominate Ov[3f3... Bezrukov 0505247
: . : Blennow et al 1005.3240
..even in the leptogenesis region . b ¢ 211200 5342
= additional probe of Rew ! opesraronerd '
MaD/Ejjima 1606.06221
_ Hernandez et al 1606.06719
Normal Ordering Asaka et al 1606.06686
r&; Irl‘lllﬂ’ _l._;@' ‘mﬁ?l’dr-\lll"'%‘ " Lol\ leqr IUJU I+ d'.ﬂ"HQ jl'l”‘ [ Bl a7 I‘IH
1071 - * rs "{{}.f?mr??fr v e M‘w{ t.,‘.';gn .?"rj PPty ~ Abada et al 1810.12463

B4 ?a?‘ T ""»g"'l 1 §

« colourful points: can explain
baryon asymmetry and neutrino
mass

e colour code measures the degree
of fine tuning

 points outside the standard 0vff
band are possible...

e .....0bserving a non-standard

107 i vl il il i T value provides a probe of RH

10-7 107 1070 1074 o neutrino properties!
mp [eV]
Abada et al 1810.12463



http://arxiv.org/abs/arXiv:1606.06221
http://arxiv.org/abs/arXiv:1606.06719
http://arxiv.org/abs/arXiv:1606.06686
http://arxiv.org/abs/hep-ph/0505247
http://arxiv.org/abs/arXiv:1005.3240
http://arxiv.org/abs/arXiv:1209.5342
http://arxiv.org/abs/arXiv:1810.12463
http://arxiv.org/abs/arXiv:1810.12463

Full Testability

: size of N1 and N>
heavy neutrino }{ couplings relative |
masses to each other

gnknow§ parametets:
, M, Re

o In principle all parameters can be measured

= fully testable model of neutrino masses and baryogenesis
« This requires a combination of collider/fixed target experiment
data and v-osc. data (and possibly 0v[3[3)

= poster child example for synergy between collider and
long baseline programs!

overall Ni !
coupling
{ strength

DUNE, NOvVA,
T2K, HyperK...

Ni flavour !
mixing
{ pattern

O, &




A Multi-Frontier Problem

Collider Probes of the origin of neutrino mass

neutrino oscillation experiments
mass differences, mixings...
... hierarchy, CP violation...
...light sterile neutrinos?

CMB and LSS :
absolute neutrino mass

CMB and BBN :
light sterile neutrinos?

absolute neutrino

mass searches
(KATRIN ect.)

Origin of Universe

IceCube

Unification of Forces

dnegirlréo(;ess Beyondr‘:l?:SF;g)r/\Zi;rsd Model ”neutrino aStronomy”
ouble B decay: Sj -
Dirac or Majorana? oSt i Cosmic Neutrino

2
Y~
<
O Background

A
(éo Proton Decay Cosmic Particles .
fixed target @/)j/ Leptogenesis?
experiments Fl‘ontier

(SHiP, NAe62, ...)

Sterile Neutrino
Dark Matter?




Dark Matter



Energy Content of the Universe

Dark Energy




The Cosmic Energy Inventory
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Chart by Markus Pdssel [www.haus-der-astronomie.de] - Published under CC BY-NC-SA 3.0
Data from M. Fukugita & P.J.E. Peebles, "The Cosmic Energy Inventory" (2004) [adsabs.harvard.edu/abs/2004Apl...616..643F]
Chart style following Randall Munroe's xkcd.com/radiation



Energy Content of the Universe




Energy Content of the Universe

Atoms Dark ]
4.6% Enerqy These fractions change as a

Dark S function of time because different

Matt ;

2% components get diluted by the
expansion of the universe in a
different way:

TODAY
Pmatter X a_3 dilution of number density
Neutrinos Dark
10% Matter
63%
o —4 dilution of number density,
1 Soo/f)ons Pradiation X @ redshifting of frequencies
Atoms — =
12% 13.7 BILLION YEARS AGO pvacuum —_ COﬂSt aIlt no dilution

(Universe 380,000 years old)



Energy Content of the Universe

Dark Energy




Evidence for Dark Matter



1) Galaxy Clusters

‘centrifugal |
force




1) Galaxy Clusters

The mass of all the stars and dust is not
enough to explain the gravitational force that is
needed to keep the cluster together!

‘centrifugal |
force



1) Galaxy Clusters

The mass of all the stars and dust is not
enough to explain the gravitational force that is
needed to keep the cluster together!

" 1) Modified Gravity?
2) Or non-luminous matter?

‘centrifugal |
force



1) Galaxy Clusters

The mass of all the stars and dust is not
enough to explain the gravitational force that is
needed to keep the cluster together!

" 1) Modified Gravity?
2) Or non-luminous matter?

centrifugal Both possible.
force And if 2), it could be anything
that doesn’t shine or
absorb too much



2) Galaxy Rotation Curves




2) Galaxy Rotation Curves

moves away from us
= redshifted

moves towards us
= blueshifted




2) Galaxy Rotation Curves

m M (r) m v*(r)
;G =
r r
M
= v%(r) = (r) G
moves away from us
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3) Cosmic Microwave Background
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The concept for the above figure originated in a 1986 paper by Michael Turner.
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Primordial fluctuations
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3) Cosmic Microwave Background

Isotropic 3K background.
The most perfect blackbody
we know

Wavelength [mm

1 0.6 0.5
I i i
© 400
. FIRAS data wit
= 2.725 K Blach
@0
S, 300} 4
E
=,
= 200} i
73]
-
2
= 100} 4
0 i i i
0 5 10 15 20

V [/em]



3) Cosmic Microwave Background




Temperature fluctuations [ i K? ]

3) Cosmic Microwave Background
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Structure Formation

The early universe was very
| homogeneous and isotropic...

Ll o i ... structure formed by
IR e gravitational collapse of small
inhomogeneities ~1/100.000
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4) Structure Formation

The early universe was very
homogeneous and isotropic...

... structure formed by
gravitational collapse of small
inhomogeneities ~1/100.000

ordinary matter/radiation oscillates
due to radiation pressure
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Simulations only agree with
observation if this process starts

betore the CMB decoupled

Must be driven by particles that do
not feel the radiation pressure!
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4) Structure Formation

Movement of Dark Matter particles
during structure formation “smears
out” the inhomogeneities...

... which leads to a suppression of
small scale structures in the
universe!

“cold” DM “warm” DM




4) Structure Formation

This can be quantified in terms
of the matter power spectrum

amount of structure

Movement of Dark Matter particles
during structure formation “smears
out” the inhomogeneities...

... which leads to a suppression of
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4) Structure Formation

Movement of Dark Matter particles
during structure formation “smears
out” the inhomogeneities...

. which leads to a suppression of
small scale structures in the
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5) Bullet Cluster (and friends)

Interpretation:

The visible matter scatters and
undergoes a merger.

The Dark Matter is collision free
and passes.

1) Modified Gravity?
2) Or non-luminous matter?

Very difficult to explain with
modified gravity.
Shows that DM is collisionless.
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Summary

There is compelling evidence that ~80% of the mass in the universe is
made of particles that are

e neutral (“dark”)
¢ massive
. non-baryonic
o collisior

e cold



DM Candidates
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DM Candidates

Some dark matter candidate particles

1072 - Neutrinos WIMPs:
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KK photon

1 branon
107 7 LT —>

s
:ﬁ
Q
E
=

I Black hole remnant

-30 _
10 Furz»gy CDM Gravitino

107 1 18 v KK graviton
e —

I | I | | | 1 1 I 1 |
L QP o »2 Q0 S b 9N H R
QS QO QO O DO OO QO

Mass (GeV)



DM Candidates
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Particle Dark Matter

Let’s assume that Dark Matter is made of new particles...

I) How did it come into existence?

ITI) How can we uncover what it is?

It depends on the kind of particle that we postulate.

Today: The WIMP.



Weakly Interacting Massive Particles

There are two reasons to believe in WIMPs:

i) They “naturally” appear in many theories beyond the SM
(e.g. supersymmetry)

ii) They “naturally” give the correct amount of Dark Matter.



The WIMP Miracle

[following Kolb/Turner chapter 5]



Useful relations in equilibrium

number density n = E.z_i_)z / F(B)dy
energy density p = (2_"_)3 f E(B)f(p)d»
- _ _9 Ipl’ ;
pressure density P = P _f( )dp
ultra-relativistic limit non-relatvistic limit
(“radiation”) (“matter”)
/2
_ [ («*/30)g7*  (BOSE) = o(™TY" expl—(m—
P = L (/axes /oy (PERMY n = 5(3) ool
p = mn
o o 1 €(3)/m")gT? (BOSE) .
~ | (3/4)(¢CE)/x*)9T* (FERMD), p = nl<p.
3 the exponential suppression
P = #l3 implies that the number

densities are dominated by
“radiation”



Effective number of relativistic degrees of freedom

. ] (*/30)gT™ (BOSE)
number density p = { (7/8)(x?/30)gT* (FERMI)
(£(3)/n )T (BOSE) uktra-relativistic limit
energy densit = | W(3)/)g BOS (“radiation”)
vdensity = { (e (Pemat,
pressure density P = /3
(" 11‘2 )
R — o4 W i
the total radiation and pressure £ 309 ,
densities can be written as 3
4
Pr = Pr[3=goo.T
with the effective number of relativistic degrees of freedom
AN T:\*
o= T wl7) 45, 2 o(7)
\_ t=bosona i=fermions )
" analogously we find for the entropy density A
272 . _ TN 7 7:\°
o= g esTh Wit ss= 2 o (7 Yy 25 \T
- J
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2
The Boltzmann equation — —— N —_

YEQ dz H }%Q
n
in terms of abundances Y = =
8
and the annihilation rate T A = MEQ (ﬂ' A Itjl)

which is given by the thermally averaged cross section
: -2
(ggg-xxlol) = (n5%) " [ dILydIL;dTIx dlix (2)"
x6%(py + pg — px — Px WM exp(—Ey/T) exp(—Ey/T)
1 dp

with the convenient integration measure = 9 (211-)3 2E

and the dimensionless time variable T = m / T!



2
z dY I A Y 1
The Boltzmann equation ———7—/7— = —— e— —_
YEQ dz . H , }’ﬁq
|
Ny particle “freezes out” when the interaction
in terms of abundances — = rate I'is much smaller than the Hubble rate
8
and the annihilationrate [\, = nEQ (ﬂ- -‘lvl)

which is given by the thermally averaged cross section
: -2
(ggg-xxlol) = (n5%) " [ dILydIL;dTIx dlix (2)"
x6%(py + pg — px — Px WM exp(—Ey/T) exp(—Ey/T)

_ 1 dp
M= 95y 2E

with the convenient integration measure

and the dimensionless time variable < m/ T!



z dY VI A

The Boltzmann equation ———7—/7— = —— pem— —1
YEQ dz . H , }’ﬁq
1
Ny particle “freezes out” when the interaction
in terms of abundances =— = rate I is much smaller than the Hubble rate

8

I' decreases with temperature

and the annihilation rate T A = “'EQ{‘T A Itjl) surngsi ésfii%ogi\r/}tlsgyx .

which is given by the thermally averaged cross section

(Togxxlol) = (%) [ dllydll;dlix dTix (2r)*
x8*(py +Pg —Px — Px)IMI’[exP( EMT)HP( EMT)J

with the convenient integration measure

and the dimensionless time variable < m/ T!



Hot Relics

If a particle freezes our while being relativistic (xr < 3), then it
simply has an equilibrium distribution

Yoo = Yiq(zs) = 0.278gc/gus(zs) (x5 < 3)
Ngo = ﬂoym = 2970Ym CIII_S

= 825[geq/ge(zy)] c ™.

Example I: photons.

Wavelength [mm]

e The CMB photons have a perfect black body T 1- P
spectrum even though they are not “in T
equilibrium” because they do not interact.

e The shape of the spectrum is invariant because g.s a® T°
is constant for adiabatic evolution, i.e., for a
massless particle the energy and temperature in
the distribution function redshift in the same way

T X a — —1 0 5 10 15 20
9«5 EF=pxa V [lem]

FIRAS data with 400G errorbars |
2.725 K Blackbody

300 p- -

200 -

Intensity [MJy/sr]

100 -




Hot Relics

If a particle freezes our while being relativistic (xr < 3), then it
simply has an equilibrium distribution

Yoo = Yeq(zs) = 0.278gn/gus(2zf) (z5 < 3)
Ngo = ﬂoYm = 2970Ym CI?Iflm3

= 825[geq/ge(zy)] c ™.

Example II: neutrinos.

* Neutrinos are relativistic when they freeze out, but become non-relativistic
afterwards. Their energy density is now

Puo = 8oYaom = 2.97 X 10°Y(m/eV) eV cm™
ﬂ,ph’ = 7.83 x 10™2 [gest/ gas(z )] (e [/eV).

* note that g has changed after neutrino decoupling due to electron-positron
annihilation,
0, — pg’ — Zmy
Y0 93.14h2eV




Cold Relic

We can parameterise the averaged cross section as
{o4]|?]) = oo(T/m)" = oo™ (for =z 2 3)
and hence write the Boltzmann equation as
dY/de = —Az " 3(Y? - ¥i&)
where we have further introduced

[a:(a;;]v])a
H(m)

1/2

A ] — 0-264(903/5. )mPI m 0o,
=1

Yo = 0.145@/9*3)3:3/ 2e—=,

It is more convenient to track the deviation from equilibrium A =Y —Ygqg

A'=~Yia —Az"" 1 A(2Ygq + A)



Cold Relic

A'=—Yio — Az A(2Ygq + A)
At early times we can neglect A’ and solve the equation algebraically:

A —A"lm"""}’éq {(2Yeq + A)
~ Z"319).

At late times the equilibrium abundance is negligible and we can approximate

&’ — _Am—ﬂ—z dzl and hence Ynn — ﬁm —_ n 1— lz}l-]-l'

Matching the two solutions requires determination of the freeze-out point xy
We define xr as the point when A(zs) = cYgq(zy)
and use the early time solution A(zf) = 23*/AM2+¢) to find

z¢ = 1In{(2 + c)rad - (n + %) In {ln [(2 + c)Aac]}

with a = 0.145(g/ges).



Cold Relic

The analytic estimate is relatively insensitive to the choice of ¢, best agreement
with numerical results is obtained for c(c + 2) = n + 1, which yields

z; = In[0.038(n + 1)(g/gl/*)mprm o)

— (n+3) 1n {1 [0.038(n + 1)(/g2)mprm 0] }

3.79(n + 1 :L'"'+1 1 nt1 G V-—l
and Yoo = (1 73 ) ! or Q,ﬁh’ = 1.07 x 10° (n+ ):?;2 © )
(!J-s/ G» )mﬂmﬂb (y-s/ Ge )mplﬂ’o

A similar result could have been obtained if one determined xfby solving H =" for x.

It is worthwhile noting that the final abundance is inversely proportional to the
averaged cross section and the DM mass: v - 3.79(n + 1)(g}{2 [ge5)es

mmp{os|v])
WIMP Miracle: If one inserts a mass and cross section of the EW order, one

roughly gets the observed DM density! (not really, but good enough to call it a
miracle and dominate the field for decades...)




Freeze-out and freeze-in

10°
107
10°
10°
S (1| (FRSCORMRS (s - MO . 9x10~em’s”!
& 10-1f . Planck __10"Vem’s"} 0510 em’s”!
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10~ abundance
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Freeze-out and freeze-in

A

107
107
10°

—

o 10! 106"16' ..................... 9%10 *8em?s )
w50 LV oeieseasuirassesencce
% 5% 10 *°cm’s ™!

10 em’s !

10“"9cm3s‘l

Freeze-in and freeze-out are both thermal production
mechanisms because the DM is made in thermal scatterings in
the plasma. There are also non-thermal mechanisms, such as

* decay of heavy particles (e.g. sterile neutrino DM)
e formation of a coherent condensate (e.g. axion DM)



WIMP DM Searches
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How to detect Dark Matter?

DM particles are
produced at the LHC

X

direct detections:
DM particles collide
with ordinary matter

—IMAdITect detections:

Search for emission
from DM

([ collider searches:
M
M

<

annihilation/decay in
space




Make It: Collider Searches
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Make It: Collider Searches
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Make It: Collider Searches




Shake It: Direct Detection

Eppur si muove...
Earth moves through the DM halo, so cold DM particles should hit us from
different directions in summer and winter.

Earth's Orbital Motion

—e= ey o . Folaris
@ Conve .: ‘_Ul_l'_'. F -.0:\ -} | A -‘.'3”-

L. MCIasSn_ AN TNORsS reserves
To N. Celestial Pole

Tothe
Cedestial
. Euator

Tothe ~%
Celestial
Equator




Shake It: Direct Detection

Cryogenic crystal detectors (e.g. CDMS, CRESST, CoGeNT, EDELWEISS):
Search for heat deposition in very cold crystals (T~ 50 mK)




Shake It: Direct Detection

Cryogenic crystal detectors (e.g. CDMS, CRESST, CoGeNT, EDELWEISS):
Search for heat deposition in very cold crystals (T~ 50 mK)

heat bath

thermal coupling -

thermometer

absorber ———»




Shake It: Direct Detection

Scintillator detectors:
Convert kinetic energy from DM “knock” into radiation

Noble gas scintilator:
XENON, LUX, PandaX

field

Partlcle/ [l”l; Piisan gy
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-
<
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= — -
< e [ 7
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=( <
Q > =

1001
» 52
= 4540 phe
O 50 S1
% 52 phe
2 . At )
Q- 0 F 1 1 1 ~ 1
0 50 100 150 200

Time [us]

Crystal scintilator:
DAMA, ANAIS

1 m concrete

glove-box in HP Jitrogen atmosphere
for calibrating in the same running
conditions of the production runs

installation sealed
by Supronyl
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Simplified schema of ~ 100 kg Nal(TI) set-up



Shake It: Direct Detection

Scintillator detectors:
Convert kinetic energy from DM “knock” into radiation

Noble gas scintilator: Crystal scintilator:
XENON, LUX, PandaX DAMA, ANAIS
- 2-6 keV
% ] j«-—I-ﬁ? <—II--)<— III-N—IV—-n—V -bﬁ-VI-—x—VII—»
X é 0.05 |
Particle T = E
Mk g
- DS e S
52 phe 4540 phe = -0.05 |
1001 8 ' . . . . '
2 - 452)2phe m_0.1’1,11:11,-,,.:,.1,1,.'.,1.11,I:..1,1,.:1..1.111...1,.1,:1
S % 52phe 500 1000 1500 2000 2500
gl At . Time (day)
0 50 Time1[(;i)s] 150 200 l P

Simplified schema of ~ 100 kg Nal(TI) set-up



Shake It: Direct Detection

Bubble chamber
sees tracks of “knocked” particles (PICASSO)
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Break It: Indirect DM Detection

DM has existed since before the CMB decoupled. That
leaves two possibilities:

1. DM is made of stable particles.
Examples: standard WIMP, axion, macroscopic black
holes...
Expect emission from DM dense region due to DM
annihilations

2. DM is made of very long lived particles.
Examples: sterile neutrinos, small black holes...
Expect emission from DM dense regions due to DM
decay



Annihilating Dark Matter

DM SM

DM SM

« Unstable SM particles
further decay in a cascade
into stable particles.
Examples: mesons, neutrons
excited baryons, muons,
tauons ...

 Stable SM particles can
travel astronomical distances
Examples: electrons, protons,
neutrinos, photons

Signal is proportional to the
DM density squared @2



DM

Decaying Dark Matter

SM

SM

« Unstable SM particles
further decay in a cascade
into stable particles.
Examples: mesons, neutrons
excited baryons, muons,
tauons ...

 Stable SM particles can
travel astronomical distances
Examples: electrons, protons,
neutrinos, photons

Signal is simply proportional
to the DM density @



Photons

« Photons are the most direct messengers, they travel from the
source to us on a straight line. This allows to identify the location
of the source and the energy released in the decay.

 For two body decays, the photons form a monochromatic
emission line and energy directly tells the DM mass.

0.36 T T T | T |
M31 ON-center —@®—

Normalized count rate
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Data
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GeV mass Dark Matter? keV mass Dark Matter?

e.g. Goodenough/Hooper 2009 Boyarsky et al 2014, Bulbul et al 2014




Detecting Photons

Fermi Gamma-ray Space Telescope

Chandra X -ray Telescope




Charged Cosmic Rays

Galaxies (including our own)
have magnetic fields. Those
fields atfect hared cosmic ray
propagation.

As a result, only limited
information about the position of
the source can be extracted, the
main observable is the spectrum.
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Positron Excess
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Positron spectrum shows funny rise at high energies - from DM?



Ground Based Cosmic Ray Detection

Loma Amarilla
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Pierre Auger Observatory

e Cherenkov detectors (water tanks)

» fluorescence (optical telescopes)

e muon detectors (underground
scintillators)

e radio detectors (antenna)



Space-born Detectors




Space-born Detectors
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DM Hunter’'s Nemesis: The Pulsar

o Pulsars are neutron stars, i.e.,
very compact objects that form at
ROTATION . ;e
AXIS the end of a massive star’s live.

RADIATION
BEAM

Neutron Star

S R
i (] SRS 3P S TR
RADIATION W St oy

BEAM

v Kindaroomy.com




DM Hunter’s Nemesis: The Pulsar

e Pulsars are neutron stars, i.e.,
gy very compact objects that form at

AXIS

RADIATION the end Of d massive StaI',S HVQ.

BEAM

» They do not shine like normal
stars, but have enormous
magnetic fields that cause polar

lights which are visible on earth.

Because they spin rapidly, they

blink like a lighthouse.

e The enormous electromagnetic
B B fields can also act as a particle
i accelerator and generate high

energy cOSmic rays.




Sterile neutrino Dark Matter



Sterile Neutrinos

Three Generations
of Matter (Fermions) spin %
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Sterile Neutrinos

Three Generations
of Matter (Fermions) spin %

Right handed neutrino would
be gauge singlet!
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Sterile neutrino - mixing

Ve Uel Ue2 UeB Ue4 V1
Uu Up2 Uus Upa V2
Vr U’Tl U7'2 U'7'3 U7'4 V3
Vs Usl Us2 U83 Us4 V4

Sterile neutrino is gauge singlet, feels no electromagnetic or nuclear forces!

But can mix with ordinary neutrinos...
...this would affect neutrino oscillation data



Beam Excess
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Beam Excess

Have we seen it?
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Heavy “Sterile” Neutrino Dark Matter

Dark Matter Particles are
e heavy

 long lived

« neutral

o feebly interacting

kno
wn

» What is the Dark Matter made of? D P

It makes up most of the mass in the universe. k



Heavy “Sterile” Neutrino Dark Matter

Dark Matter Particles are
e heavy

« long lived Neutrinos are the only known particles
e neutral that fulfil three conditions...

o feebly interacting ...but they are too light

kno
wn

» What is the Dark Matter made of? D P

It makes up most of the mass in the universe. k



Heavy “Sterile” Neutrino Dark Matter

Dark Matter Particles are
e heavy

» long lived heavy sterile neutrinos
« neutral can fulfil all conditions!

o feebly interacting

kno
wn

» What is the Dark Matter made of? D P

It makes up most of the mass in the universe. k
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Heavy Neutrino Mass Scale

keV MeV GeV TeV 1014 GeV

Explain Light Neutrino Masses

(“Seesaw Mechanism”’)

Origin of Matter
(“Leptogenesis”)

Direct Searches

e.g. MaD 1303.6912

~

Indirect Signature



https://arxiv.org/pdf/1303.6912

How heavy do they have to be?

velocity distribution for DM particles:

Fx(v) : C p( v )
X — X 9
(VQ?TMXUX)B 20%

the maximum number density must be consistent with Pauli principle

max _PX (X) crit . 9X
fX (V:X) — My FX(O) f (271_)3’
for milky way:
Pauli limit on fermionic Mx ,Z 20€eV

Dark Matter mass




DM Phase Space Density

Liouville’s theorem: phase space volume constant

P P

X X

But coarse grained phase space density decreases in dense regions

e

f(k,x,t) < maxg fi(k).



Tremaine Gunn Bound

Astronomical data constraints the quantity _ Po

(v

For spheroidal dwarf galaxies:
(v =(v?)/3. po=Mxnx  (p?) =Mg(v?

Combining the equations

 03/2 a4 a3/2 as4 F
Q_3/ MX< 2>3/2—3/ MXf(ijth)
P
using coarse grained Tremaine Q 1/4
phase space Gunn Mx 2 ( > = )
distribution bound 33/2 max f;




Dark Matter Decay

primary decay channel N — 3v

G2 M5 1 M \°
N=3 9673 z&: 9o 1.5 x 104 sec (10 keV) ; 0a|

lifetime must be longer than the age of the universe

10keV \°
f* < 3.3 x 1071
<0t ()



Indirect DM Searches

pt
loop level decay into photons J Qf;
> >

L) F
9‘3“(;%*92 5 22 N2 M) 1
I’ L, = M?° = 5.5 x 107440 B
N2 056 % T1keV|

One can search for an
emission line!




Data - model

Normalized count rate
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Has the line been seen?
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see also
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2014

Situation unclear...

need better spectral resolution (XARM and ATHENA will help)



How to make Sterile Neutrino DM?

1. thermal production through mixing
2. thermal production through new interactions at high energy

3. non-thermal production in decay of heavy particles



Production through Mixing

Consider system with one active and one sterile neutrino
Vy) = cosB|vy) +sinf 1),

vg) = —sinf|vy) + cosf |vg)

In the primordial plasma there is an effective mixing angle

Va) = €080, (t) |11 (t)) +sinb,, (t) e (1)),
vs) = —sinb,, (t) |v1(t)) + cosb,, (t) v (t))




Effective Mixing Angle

in2(20,) — A?(p) sin?(26)

A2(p) sin?(26) + [A(p) cos(20) — Vp — Vp|*
The active-sterile mass splitting enters via
A(p) = Am?*/(2p)

And the “matter potentials” are

8 y )
VT ~ ——\/QGF p2 | p; El,f
Mz mW

Vi 2v/2G pn, 1, _zfoF ( )T?’ZI,,

R




Non-resonant Production

in2(20,) — A?(p) sin?(26)

A2(p) sin?(26) + [A(p) cos(20) — Vp — Vp|*
The active-sterile mass splitting enters via

A(p) = Am?/(2p)

And the “matter potentials” are




Non-resonant Production

A? in” (26
Sin2(29m) _ - (p) S111 ( ) 5.
A?(p) sin“(20) + [A(p) cos(20) — Vp — V7]
The active-sterile mass splitting enters via I
A (p) = Am? / (2]9) vacuum mixing angle smaller than 10-6

(X -ray searches)
And the “matter potentials” are




Non-resonant Production

A?(p) sin*(20)

oI (26m) = A2(p) sin®(20) + [A(p) cos(20) — Vp — Vir]*

The active-sterile mass splitting enters via /

A (p) = Am? / (2]9) at high T the matter potential suppresses

the effective mixing angle
And the “matter potentials” are




Non-resonant Production

A?(p) sin*(20)

oI (26m) = A2(p) sin®(20) + [A(p) cos(20) — Vp — Vir]*

The active-sterile mass splitting enters via

A(p) = Am?/(2p)

And the “matter potentials” are
~ 2 4 2 2,72

Thermal production rate geaks at T ~ 0.1 -1 GeV

at low T the light neutrino flux is too low




Resonant Production

A?(p) sin*(20)

S (260m) = A2(p) sin®(20) + [A(p) cos(20) — Vp — VT]Q'

The active-sterile mass splitting enters via

A(p) = Am?/(2p)
resonance condition o
A(p)cos(20) — Vp — V=0

resonance condition strongly depends on lepton asymmetries

4\/_<( )GFZVPTB n 2G2 =0, [, = (ny — nﬁ')/n’)"

T2 v

M2




Resonance Condition

resonance for mode with I =D / 1" occurs at

TES GgHTQ \/§7T2 74

resonance requires a lepton asymmetry

1 -

1 M2GZ%; w1

2 T2 G2 8((3)2 12

this is several orders of magnitude larger than the baryon asymmetry!
(but well below the observational bound)




Structure Formation

DM free streaming length

Ais(t) = a(t) / dt’ UEZ%

L

Q

~ 1 Mpc

keV (ppm)

atfects matter power spectrum
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Sterile Neutrino Dark Matter

05 1 2 5 10 20 50
1.x107%f | | | | | | |

\
3 \ - KATRIN statistical limit ’I
—_— ~ 1 -
1.x107° _ | OSNST— N\ T -
g .
=
(]
>
10 Q ' thermal overproduction
—_ \ s
N © : DA .
1 [ x 10 % G.) o 1 ‘\-\‘ 1
o ® S O N
D & o 3 \\',‘\\\" current X-ray
s o 3 : :\.ﬁ constraints
Babk I _CCU _g : \~\\.?"
1 X 1 0—12 A L PO 2 ~ . Lymana disfavoured e
S e L : ion) )
resonant production ‘:'--.(Erl%r:nal production)
inconsistent with BBN  + Tt el
_1 4 : ............
1.x107 '} L T

0.5 1 2 5 10 20 50
Boyarsky/MaD/Lasserre/Mertens/Ruchayskiy 18 M [keV]



http://arxiv.org/abs/arXiv:1807.07938
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Sterile Neutrino Dark Matter
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