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Lecture D

% Matter-antimatter asymmetry

% Cosmic neutrino background

Y UHE cosmic neutrinos

Linus Pauling:

The best way to have a good
il idea is to have a lot of ideas.




Dirac’s expectation 3

Paur A. M. DIrAC

Theory of electrons and positrons

Nobel Lecture, December 12, 1933

[t we accept the view of complete symmetry between positive and nega-
tive electric charge so far as concerns the fundamental laws of Nature, we
must regard it rather as an accident that the Earth (and presumably the
whole solar system), contains a preponderance of negative electrons and
positive protons. It is quite possible that for some of the stars it is the other
way about, these stars being built up mainly of positrons and negative pro-
tons. In fact, there may be half the stars of each kind. The two kinds of stars
would both show exactly the same spectra, and there would be no way

of distinguishing them by present astronomical methods.




The puzzle 4

Why there isn’t an anti-Universe

as expected by Dirac? The Particle Universe
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106+ protons electrons

107 - neutrons
10-8 - dark matter
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Evidence 5

n_B was historically determined from the Big Bang Nucleosynthesis:
Primordial abundances of BBN light elements are sensitive to it.

n_B can now be measured from Cosmic Qgh?
Microwave Background: Relative sizes of | oz o ...‘.’:,"..2....‘.’.:,‘.’.‘."..:
those Doppler peaks of CMB temperature 5 :

anisotropy are sensitive to it.
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Sakharov conditions 6

Baryogenesis: /- Just-So: B > 0 from the very beginning up to now;
Dynamical picture: B > 0 evolved from B = 0 after inflation.

Condition 1: baryon number (B) violation.
[GUT, SUSY & even SM allow it, but no direct experimental evidence]

Condition 2: breaking of C and CP symmetries.
[C & CP asymmetries are both needed to keep B violation survivable]

Condition 3: departure from thermal equilibrium.
[Thermal equilibrium might erase B asymmetry due to CPT symmetry]

Sakharov’'s paper:

almost no citation
during 1967-1979

Now >1300 times

Baryogenesis Mechanisms
+ Planck/GUT Baryogenesis;
+ Electroweak Baryogenesis;

¢+ Leptogenesis; <: Neutrino

+ Affleck-Dine Mechanism; ... Physics




Remarks on CP violation -

CP violation from the CKM quark mixing
matrix is not the whole story to explain
the matter-antimatter asymmetry of the
visible Universe.

Two reasons for this in the SM:
B CP violation from the SM’s quark sector is highly suppressed;

B The electroweak phase transition is not strongly first order.

New sources of CP violation are necessarily required.

( )
Why 3 known Vv's
heavy seesaW L have tiny masses
Majorana . i}
v's + CPV 'eptogenesis Why we can exist in
a matter world
U J




Thermal Ieptogene5|s (1) 8

€ add 3 heavy right-handed Majorana neutrinos
into SM & keep its SU(2) XU(1) gauge symmetry:

—L

lepton

__ o~ 1
= [ Y{H Ey + Y, HNg + SNEMy N+ hc.

Fukugita, Yanagida 86

€ lepton-number-violating & CP-violating decays of heavy neutrinos:

(¢}

> [PV, = £, + H) = T(N, - [, + H)|

1
8r(V1Y),

%

g

> (N, = £, + H) + T(N, = 7, + H)

> Im (YY), ]

()

M2
M2

)

fy ()

fs(@)

(SM)

(SUSY) :




Thermal leptogenesis (2) o

¢ to prevent CP asymmetries from being washed out by the inverse
decays and scattering processes, the decays of heavy neutrinos must
be out of thermal equilibrium (their decay rates must be smaller than

the expansion rate of the Universe. (N, »( +H)<H(T=M,)
The net lepton number asymmetry:

_ LT g
YL: —

k; + efficiency factors

1
— Z ;€ §.. : number of relativistic d.o.f
g* 73

5 S : entropy density

(Boltzmann equations for time evolution of particle number densities)

4 non-perturbative but (B-L)-conserving weak sphaleron reactions
convert a lepton number asymmetry to a baryon number asymmetry.

at the quantum level
via triangle anomaly.

8 JH' _ 0 J;U' _ Nf o 2[’1’ﬁ I}}i;??,[w + 12 B B,u,r/
B T YpYL T 32772 9 LV g L

B_1] — / &z (13— J0) = 0| (B-L)is conserved in the SM ('t Hooft, 76)

Chern-Simons (CS) numbers = +1, 12, ...




Thermal leptogenesis (3)

4 —F T
Sphaleron = tE [opn o (1) e sph/
ready to fall @ EW phase transition

aw = g°/(4m)

spln]el on

- W fields W, @
Fsph X e—47r/OzW ~ 0(10—165)

Sphaleron-induced (B+ L)-violating process is 102GeV < T < 102 GeV
in thermal equilibrium when the temperature:

- = - - = ’I’LB — N—=
Baryogenesis via leptogenesis is realized: |y, = B —_CY,
S

np npg — Ny, ny,

S lequilibrium = S equilibrium =-C 5 linitial C = BNy + 4N,

22N, + 13N,

"B _cot'ET __¢o"t B { 28/79 (SM)

S lequilibrium S equilibrium S linitial ] 8/23  (MSSM)




History of the Universe

LR
something occurred
over there

L AnC

13.7 billion years ago

Key: W.Z bosons
q quirk ) meton
£ peon # ® ® boryon
e slecuron ” 1an
Meoon | o

n MUtr vy @ atom

’W photon

Particle Data Group, LBNL, © 2000, Supported by DOE and NSF



A grand picture? 12

‘<l Cosmological matter-antimatter asymmetry >

Seesaw

Signatures

-+

] at colliders
Leptogenesis

‘<l Neutrino oscillations & lepton number violation >

Cosmic messenger: neutrino astronomy and neutrino cosmology.
Surprise maker: history of neutrino physics was full of surprises.



mic v background

Solar v's

Geo-anti-v's

Supernova v burst (1987A)

2\

/ Reactor anti-v’s

Supernova relic v background

Atmospheric v's

B observed

B expected
10 1073 1 10° 106
neV. meV eV keV MeV

10° 10 ’
GeV TeV PeV EeV
Neutrino energy




Formation of CvB

As 7T~ a few in the Universe, the survival relativistic particles were
photons, electrons, positrons, and

Electroweak reactions:

Weak interactions Number density of © relic s:

Hubble expansion

‘s in thermal contact with cosmic plasma ’s not in thermal contact with matter

and
temperatures (blue)

L <mfet +e= =749

N
)




Witnhess / Participant

and : the existence of had an impact on the
epoch of matter-radiation equality, their species and masses could
affect the CMB anisotropies and large scale structures.

Timeline of the Big Bang: bQuark- Big Bang Cold dark matter[~ Galaxies form
traagﬁgn nucleo- begins to form Solar system forms
Inflation | synthesis structure Y
i 1 103 mb m" Years
_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII! —
10 10°° 10 10" 107" 106 1 10° 10" : ; Seconds
I I L
Neutrinos Recombination: neutral NOW
decouple atoms form; photons decouple

At the time of recombination ( ~

relativistic

21 4\*?
Q, =— (—) Q, ~ 1.68 x 107°h~"

Y 8 \11




Is CvB detectable?

Today’s matter & energy densities in the Universe (Dunkley et al 07;

Komatsu et al 09; Nakamura etal 10): 5-year WMAP + model
Parameter Value

Hubble parameter h 0.72 £ 0.03
Total matter density € Q. h?=0.133 £+ 0.006
Baryon density (g Qph? = 0.0227 £ 0.0006
Vacuum energy density €2, (2, =0.74 £ 0.03
Radiation density (), <(— Qh? =247 x 107°
Neutrino density Q, <(— Qh?=%m;/ (94 eV)
Cold dark matter density 2qpy Qepyh? = 0.110 £ 0.006

The CMB ( ) is already measured today

Is it likely to detect the C/B ( ) in the foreseeable
future? ---- Here we'll look at a Gedankenexperiment.




Detection of C/B

Way 1: CvB-induced on Cavendish-type torsion balance;
Way 2: of relic v's on radioactive '-decaying nuclei (Weinberg ©2);
Way 3: “-resonance of UHE cosmic 's and relic v's (Weiler ©2).
Temperature today Relic neutrino capture on -decaying nuclei

5151, § 1\ backoroun:

5.981 x 10~* eV g S
At least 2 's cold today g signal
How to detect ULE \'s ? '§
(Irvine & Humphreys, ©3) a T

active or
e no energy threshold on incident Vv's m m sterile v's

o mono-energetic outgoing electrons kinetic energy of electrons



Towards a real experlment'-’

TN B 2
* flrst experlment *x CvB capture rate

* 100 g of tritium [0, ~ 4 yr*

* graphene target Fl(\j/lyB ~ 8 yr!

* planned energy D = Dirac
resolution 0.15eV M = Majorana

PTOLEMY
Princeton Tritium
Observatory for
Light, Early-

Universe, Massive-
Neutrino Yield
(Betts et al,
arXiv:1307.4738)



Example

Salient feature: the cross section of a capture reaction scales W|th
so that the number of events converges to a constant for [t

C

v,

(Cocco et al 07, Lazauskas et al

Capture rate: (1 MCi =100g =

Energy resolution (Gaussian function) : A=2v2In20~ 235482 ¢




200

- normal | ! |
Illustration hierarchy | |
=150 ! A=0.015 eV
. () [
Target mass: tritium atoms |« |
o |
Input 6(13) : 10 degrees £100+ |
O 1
= I
Number of events per year: ~ = |
= 80 |
itati i 2 . 0.24
The gravitational clustering effect 0.
may help enhance the signal rates 0 . . \/ .
I -0.1 0.0 0.1
(Ringwald & Wong, 04). o= Qu (eV)
200 T I | I ' 200 ! | ! I
inverted | approximate |
_ [ hierarchy . Ms=0.00eV |1 | [degeneracy M3=0.10 eV
S 150 : A=0015ev |{ I5 150} ! A =0.06 eV
o ! (0] |
> | = '
d : 3 |
% 100 F | 7.83 - 2100 - : 8.07 -
) | e |
Cc;:% 50 - ': - E‘; 50 - \

-0.1 | 0.0 | 0.1 | 0.2 -0.1 0.0 0.1 0.2



Cosmic anti-
Background?

Relic antineutrino capture on
EC-decaying nuclei.

7, + "Ho + €i(shell) “Dy; = "Dy +E,

(Lusignoli, Vignati, 11; Li, Xing, 11)

- Q =25 keV m1=0.10 eV
i A=0.06eV | 4

30 kg Ho-163 |
~]1 event/yr |

w
o

10

Rate [events/(eV year)]
Ny
o

— m=0.00 eV| T

- = = My=0.05eV| 3

- = =Mm;=0.05eV| 3

mz=0.00 eV| T




A naive (why not) picture

- How dark is dark?

v~

-~

dark matter: CvB is guaranteed but not significant.
dark matter: most likely? At present most popular.

Warm dark matter: suppress the small-scale structures.



If you think so,

Do not put all your
eggs In one basket




keV sterile v dark matter

strong prior theoretical motivation for the existence of keV sterile

‘s. Typical models: Asaka et al, 05; Kusenko et al, . 0; Lindner et al,

A purely phenomenological argument to support keV sterile s in the
FLAVOR DESERT of the standard model (Xing, ©%).

neV meV eV keV MeV GeV TeV
-a-‘ AL A R I SRR U T S R BRI i||||||l T |url1]—rn111rr|—rrrn11||—rrrrrm|—rmrlr1—rmnln
Thb t
' A A -
-
O
E S C
Q2+ Ii E C .
@
O
| v, ; eud |
1 : ; ; A : .
PRI EEEETT T ||i 1 ol vl ||||.n,:: * L i ||||i wd 1 gl |n||u|i 111

L1l 1111l "! llii'ui'iE il!iil!i: ii'i!ﬂﬂ I L T | L1l II||I IIIII||‘ L L Luuun
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Mass (eV)



keV sterile v dark matter

strong prior theoret g 2 existence of keV sterile
s. Typical models: As: al, 10; Lindner et al,

1 4

‘.‘/’"1. 7
’ o Y
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desert problems
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keV sterile v dark matter

Production: via active-sterile v oscillations in the early Universe, etc;

Salient feature: in the form of keV sterile 's can suppress
the formation of dwarf galaxies and other small-scale structures.

Bounds on 2-flavor parameters:
(Abazajian, Koushiappas, 2006)

For simplicity, we assume only one Z X-ray Background
type of keV sterile neutrinos:

Cluster X—ray

Standard parameterization of V: % xi N
mixing angles & = (Dirac) or D
(Majorana) CP-violating phases.

Tremaine—Gunn Bound

I S W] I SO W A T R N 1] S S I W R A1 B S S W R 17| B A WY 1T B S SN T 1T B W AT T
107" 107" 107 107" 107" 107° 10® 1077 10°®

-~ 70 i{055—015
—C19C13514€ 1 — §19C13894€ ( ) sin® 20



Decay rates

Dominant decay mode [Cv = 1 (Dirac) or 2 (Majorana)]:

& C Gimg < 5 C Gim} &
F p 77 pr— —
Z Z (Ij4 — Va + ’U_xf + yﬂ) 192?T Z “’ 0—1‘ 192?T Z H 51

a=—e¢ _BZE a=e¢ 1=1

Lifetime (the Universe’s age ~

2.88 x 107 ( m, )—5 (s§4+s§4+s§4)1s

1 keV 10-8

Radiative decay: X-ray and Lyman-
alpha forest observations.

gaemOyGFmi i
51274

_ 9a,,C,GEm; 23:
51271

9, C GEm)

em — v

51274

(314'+‘324'+‘334)




Detection in the Lab

The same method as the detection of the C/ B in the lab.

ZESVEEWIAETa Capture rate with a Gaussian energy resolution:
AN, &

Qg =my —my —m,
N—>N+e +7 A,

Assumption: the number density of sterile [fEaIUBRE UG

— Z N T |‘;’t |‘2 O-J/,i v v, nvi

‘s is equivalent to the total amount of DM

,, ~ 5) -\ /. -3
in our galactic neighborhood. m, = 10° (3 keV/m,) em

Half-life effect of target nuclei (Li, Xing, 1 1) K&
Two sources (Liao, 1 0; Li, Xing, 7 1):

H : Qz=186keV, t,,,=3888x10°s, 0,0, /c=784x10""" cm’
06Ry - (2 =39.4keV , t 1/ = 3.228 x 107 s , 0,0, /e =5.88 x 10 45 em?

This method & the X-ray detection probe different parameter space.

72~ 2 2 2 2
Vel ™ 22 a8 + 879854 + 219819814824 €08 (054 — 015 — 01y)




For illustration:

Illustration

(dotted) curves

(without) half-life effects.

Number of events per year:

6.0

2 —7 I ’ T 6.() ) —7 T T T

— |Veq|? =5 x 10 : , _ |Veql® =~ 5 x 10 ,
— i *H (10kg) — : &~ 106Ru (1 ton)
5 ', m, = 2.0 keV S : m,= 2.0keV
; ': A = 0.4keV ; ! A = 0.4keV
£ 3.0 I 1 £ 30 | \ 1.7 1
2 ; 1.1 o : |
) | o !
g | 2 :
K ‘; ks

00 1 " 00 St 1 " -

1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 2.5 3.0
T. — Qp (keV) T. — Qp (keV)

Dim and remote observability of keV sterile neutrino DM in this way:

--- tiny active-sterile neutrino mixing angles (main problem)
--- background: keV solar neutrinos or scattering.




UHE cosmic messenger

Light absorbed by CMB |\ telescqpe
- 1v.:2v,: 0 1v.:1v, :1 |
Cosmic P_._J,\ b e iU

lerat roton scattered by the |
accelerator magnetic field \ g

N

123 45 67 8 910111213




Jet Narr_ow Line

l L J
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Broad 2O T
; > = Broad Line ~ — ¢
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MNarrow
Line Radio — Black
Galaxies Hole

Obscuring
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Seyfert Galaxies Type 2 f -
-
[

Seyfert Galaxies Type 1 L
Radio Quiet Quasars




Optical Cherencov NTs 3

" “in
Sakil
-\
Catania, Italy
NESTOR 4

Pylos, Greece
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Flavor identification 34

| Halzen, astro-ph/0602132
1PeV =10°GeV =10"eV

L




3
2 PeV Events —um
sum of atmospheric background
102 ----- atmospheric u
---------- atmospheric v conventional
Icec u be : 10 === atmospheric v prompt

= cosmogenic v Ahlers et al.

arXiv:1304.5356 (PRL) 2 —— FOV Vv = 3.6x107 GeVsr ™ em?
Event 1: 1.04 + 0.16 PeV é
Event 2: 1.14 + 0.17 PeV % l
z
Very unlikely /
--- ATM conventional v’s
--- Cosmogenic v's 65 g, NPE 7.5

neutral-current Ve, ji,r (176%7) or charged-current v, (z_/e) Interactions

"Bert" : . : : | "Ernie"
Disfavored . B
--- ATM prompt v’s ;;
Plausible (2.8c) o
--- Astrophysical v's = :




Optically thin Opticallysthick §

Conventional mechanism:

p+y—= AT > a7 4 n
p+p— -+ X




Oscillations

k12,3

P(v, — vg Z V! }\Z + 2Re ) VoiVarVar Vg, exp { 1Afzf j’L}
i<k -

Expected sources (AGN) at a typical distance: ~100 Mpc.

The transition probability:

1 Mpc & 3.1 x10%? m

After many oscillations, the |
averaged probability of UHE [E) e Strumia

cosmic neutrinos is S 0.6 {HTAMHH A Lkt Vissani
4 T | 06

osphere




Flavor democracy

At an astrophysical source:

At a v-telescope: T =S 03Py, vy =3 Z SV, 2|V

a =1

If there is a ;- symmetry for V:| (RIS

Then the unitarity of V leads to:

Near flavor democracy (Learned, Pakvasa,

-t symmetry breaking KNS NN S ST, AY - (
Xinammerny oL T @l = (1-24): (1+A): (1+A)



- symmetry breaking

1
0.100 | A — ; lz sin? 26, sin (923 — g) — sin 46, sin 05 cos 5]

0.099 - T.575T. 5T _ Yy I. :
G, 1@, P =(1-24):(1+A4):(1+4)

0.098 ; A Question:
_ Even if such
0.097 | a nice flavor
| distribution
0.096 - Is detected,
we still do
0.095 , not know if
| UHE cosmic
0,094 ‘s originate

30° from py or
pp collisions




The Glashow resonance
Unique for electron anti-'s!

(CER VSN /. ~ M, /(2m,) ~ 6.3 PeV

An interesting
discriminator
between py &
pp collisions
at an optically
thin source of
cosmic rays. P ond il vod ol
(Anchordoqui 10 10° 10° 10'°
et al 05, Hummer et al E [GeV]

I III! IIIIIII! IIIIIII! IIIIIII! IIIIIII| IIIIIII! IIIIIII| IIIIIII| [T

Gandhi et al 96
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Cosmic Flavor Physics

Baryogenesis
Leptogenesis

Supernova V's

(relic background)

A New Road Ahead?



