Introduction to Neutrino Physics

Michael A. Schmidt

27 June 2022
Sydney-CPPC meeting

UNSW



Neutrinos - a brief history

1920s Ellis: beta decay spectrum is continuous
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1931 Pauli postulates neutrino
to explain energy and (angular) momentum conservation

More than 25 years until detection

1959 Cowan, Reines: neutrino detection @ 1995

1962 Lederman, Schwartz, Steinberger: v,, detection @ 1988
1989 Large Electron Positron collider: Z decay width = N, = 2.984 + 0.008
1998 Super-Kamiokande: atmospheric neutrino oscillations @ 2015

2001 SNO: solar neutrino oscillations @ 2015
2012 Daya Bay, RENO, Double CHOOZ: 613

2017 COHERENT: CEvNS




Neutrinos in Nature
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What do we know?
Neutrino Oscillations

Neutrino Mass Limits



How many Neutrinos?
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e LEP measured invisible partial width I';,, of Z boson
e Used to determine number of neutrinos N,

e The combination of four LEP experiments yields

N, = 2.984 £+ 0.008



Neutrino oscillations

Neutrinos change flavour — they oscillate

v
Yy 2
. . . . Ve
Neutrino weak interaction eigenstates v,
are a superposition of mass eigenstates v; A V1
) . Ve Uei Ue2 Ues " mass eigenstates
Interaction U U U ith
= wi masses
eigenstates Yu pl p2 yis v2
Vr UTl U’T2 U7'3 V3 my, mz, m3
The transition probability is e distance source to detector
— s 2 (AmPL 2 _ 2 2
Pec ) = sin“(20) sin ( AE ) [Am* = m§ — my]

— energy

D 2015: T. Kajita, A. McDonald [for atmospheric and solar v oscillations] 7
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weak interactions

g .cc g NC
= - We— —=—— ¥ 7P + c.c.
ij” ~ 2cos HW
C=2 > Buvls PNe=">" vuvvu
l=e,u,7 l=e,u,7

weak interaction eigenstate = mass eigenstate
Val = Z Uaivit
i

Thus the states are related by

V) = vl |0) = Z i vi)



Quantum Mechanical Description

Time evolution described by Schrodinger equation

.d
i (8) = Hv(t))

Vacuum Hamiltonian diagonal and constant in mass basis
‘V(t)> _ Te—ifot H(t")dt' ‘V Z —iEjt ‘V
Thus the transition from flavour state v, — vg
Apolt) = 5l (0) = 3 Usie™ 51U

Transition probability
a = ‘Aﬂa‘2



Quantum Mechanical Description 2

Ultra-relativistic neutrinos m; < E;

2
E,-:\/p2—&—m?2p—|—ﬂ
2p

Using distance travelled L ~ t and E ~ p

2E
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with phase

10


http://www.arxiv.org/abs/0905.1903
http://www.arxiv.org/abs/0905.1903

Quantum Mechanical Description 2

Ultra-relativistic neutrinos m; < E;

2
E,-:\/p2—&—m?2p—|—ﬂ
2p

Using distance travelled L ~ t and E ~ p

2E

Z UpiUsi UpjUaje™™

with phase

J I
ij=—F5g L
0i 2E

What is the problem with this derivation?

m? — m?
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Quantum Mechanical Description 2

Ultra-relativistic neutrinos m; < E;

2
E,-:\/p2—&—m?2p—|—ﬂ
2p

Using distance travelled L ~ t and E ~ p

ZUBE 22

Z Upi Upi U Uaje'™®

with phase
m? — m?

J I
i=—Fm=1L
P 2E

What is the problem with this derivation?
— See 0905.1903 for an in depth discussion of issues

— Proper derivation using wave packet formalism or QFT [See

e.g. 0905.1903 and references|
10
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Quantum Mechanical Description 3

m2—m2

Poo =Y UsiUsiUsUsje™®  with ¢ = 7sz L)
i

= > |Usil? Uai? + 2 Re | 3" Usi Uz U3 Unge™

i>j

e First term classical part (no interference)

e Second term is interference term, averages to zero for ¢;; > 1
due to spread in energy E or baseline L.
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Quantum Mechanical Description 4

Using unitarity of PMNS matrix > ; Ug;U%; = 4 and thus

Z‘Uﬂ‘ ‘Uu/’2 —()(}3*2RL ZU{,U(”U Uaj

i i>j

we find

Pﬂa_Z\Ug,\ Uai> + 2 Re [ > Upi Uz Up;Unje™i

i>j
* ¢i'
— Wy — 4;Re (UB,-U UBJ Uaj) sin? ?J
i>]
—2) Im (Upi Uz U Usj) sin ¢

i>j
Third term describes CP violation (vanishes for a = 3)

P(Da — D) — P(va — vg) =4 Y Im (Up;Uz; U, Usj) sin ¢

i>j
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Two Generations

Am’L
Pso = sin?(26) sin? Poo =1 — Pgq
8o = sin“(20) sin ( AE ) 3
. 4TE E[MeV]
e Typical length scale = 8 TR 2]m

e.g. atmospheric neutrinos:
E ~1GeV, Am? ~ 2 x 1073eV? = L ~ 1000 km
e Oscillation probability invariant under
Am® = —Am?
T
0———10
72

— Mass hierarchy and octant can not be determined for two

neutrino oscillations in vacuum 13



Matter Effect

e Hamiltonian in matter =

Ve €
H() — /-/‘(/2 + v
e NC interaction results in overall phase
X Does not apply in presence of sterile vs
e” Ve
e Matter potential of electron density n.
Ve Vo
VI = £1/2Grng(x)
4

Rediagonalisation of H(f) required

14



Matter Effect 2

Rediagonalisation of H(f)

Time-evolution equation

G _ [IW iUT(X)dU(X)] ) (x)

Tdx | 2B
e The second term describes change of mass eigenstates
e Adiabatic approximation: It can be neglected if
| AmE _ (dInne(x) -t
AM?2 dx
— Unitary evolution, magnitude of mass eigenstates unchanged

ii5)



Two Generations: e.g. Solar Neutrino

Effective mixing angle and mass in matter
sin(20)

sin?(20) + C2

sin(26) =

Am? = Am? \/sin(26) + C2
with the parameter

2v/2GEne(x)E

C(x) = cos(20) — A2

e Matter effect breaks degeneracies: Am? -» —Am? and

o= & =

e Mikheyev-Smirnov-Wolfenstein (MSW) resonance C(x) =0

= Am? cos(26) = 2v2Ggne(x)E
16



Leptonic mixing (PMNS) matrix U,;

. - Ve Uar Uer Ues 141 ]
Interaction mass eigenstates
. Vp | = Upl U[L2 U,Ll.3 V2 .
eigenstates with masses my,my,m3
Vr UTl UT2 UT3 v3

3 angles 0j;, 1 Dirac phase ¢ and 2 Majorana phases «;;

% I Am3,
I
— 5 AmZ
0. I ) Ar | 1ams|
3m >
|| 013 2 45 4 35 % am?
logyo 7
NuFIT 5.1 (2021) w SK normal ordering inverted ordering
.= 1% 1%
00 01 02 03 04 05 06 gpzg, V3 "—m— V2 — A
1 .
. . 2 2
Possibly explained by symmetry Amy Amz,

V2

V] $Am,

V3 I

Neutrino oscillations independent of Majorana phases «; and absolute mass scale
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Global Fit to Neutrino Oscillation Experiments
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Leptonic mixing (PMNS) matrix

C12€13
5

—C3512 — $23513C12 €'
$23512 — €23513C12 €

is

S12€13
€23C12 — 523513512 €
—523C12 — 23513512 €

size=it
5

: 23013
10 o3

Normal Ordering (best fit)

NuFIT 5.1
AR bfp £1o 30 range
sin? 012 0.30415-012 0.269 — 0.343
012/° 33.4510.77 31.27 — 35.87
sin? fas 0.45010:010 0.408 — 0.603
023/° (a21722) (39.7 - 509)
sin” 013 0.0224675:00052  0.02060 — 0.02435
013/° 8.25 — 8.98
dcp/° 2305 144 — 350
2

wf’"ﬁ 7.42+021 6.82 — 8.04

Am?
ﬁ +251010927 12430 — +2.593

18


http://www.arxiv.org/abs/2007.14792

Global Fit to Neutrino Oscillation Experiments

NuFIT 5.1 (2021)

28 I e
o5 26F JE E normal ordering inverted ordering
ETE 1k ]
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Mass limit: tritium endpoint measurement

If energy resolution worse than mass splitting
S(Ee) < (Q — Ee) Z Uz Ugj — E.)? — mj?

:(o—Ee)\/ — B2 - 3, UgUgm?

KATRIN experiment 2105.08533

<0.8eV

3He

http://www.physics.utah.edu

entire spectrum

€ 10 5 / region close to endpoint
2 s
B ‘v /o8
g os s
g o8 M(ve)=0 eV
06 /
3
L 7
s // 04
04 / P only2x 1073 of
/ 02 | decays in last 1 eV
02
[ L L L r—— -3 2 1 0
2 6 10 14 18
E-EoleV]

Electron-energy E [keV]
http://www.katrin.kit.edu
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Mass limit: neutrinoless double beta decay

2uBB ovpBps
n p 057 \ /\,/ n

0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
K, /Q hep-ph/0611243

\ e_
5 o __ 2
\ \ 0.%0 11(;; 1.10 VeXmgg = g i Ue,'m,‘
. f: €

® X
L)
dN/d (K /Q)
-
5
!

kinetic energy of 2 electrons

nuclear physics

Iifeti{i \

Ov 1
1/2 o ‘Mnucl‘Z <m['33>

6Ge: Gerda
136Xe: KamLAND-Zen, EXO
130Te: CUORE 20
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0.01
Miightest (V]
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Zyue,-|2m? <0.8eV
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107 0.01 0.1 1
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1309.5383

KATRIN 2105.08533

GERDA, EXO,
KamLAND-Zen

Planck 1807.06209
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Open questions

e Are neutrinos their own antiparticles?

What is the absolute neutrino mass scale?

Normal [m; < mjz] vs. inverted [m3 < m;] mass ordering?

What are the values of the remaining parameters?

Is there anything beyond 3 neutrinos?

‘e

Theoretical questions

e Why are neutrinos so much lighter than all other matter?

e |s there any explanation for the mixing angles?

22



Neutrino Mass Generation

Dirac vs. Majorana Mass
Seesaw Mechanisms

Beyond seesaw

23



Neutrino Mass

DIrac neutrinos

Three Generations
of Matter (Fermions) spin v
| il m

mass.. SRR e Tiaee
charge - |% u % C % t
name up. charm top
oo e
” ¥ R b
2 s
-4 stange botom 125 GeV
Tw oo
V|V :
Ao Slffro nelifno
Sy 057w e spin0
elecuon muon au

arXiv:1301.5516 [hep-ph]

" Dirac [Wikipedia]
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Neutrino Mass

DIrac neutrinos

Three Generations
of Matter (Fermions) spin %
n

charge - (34 u % C %
e
rd |Is |7b
© Eldown strange Bottom 125 GeV
m.v
Ve/Ny|*Viy Ny *V/Ny
’*"'oz'em‘fn muomr i et "'"*
ife | u T
~ electron muon tau

arXiv:1301.5516 [hep-ph]

e Effective Dirac mass term

ﬁl, = —le/N

P. Dirac [Wikipedia]

24



Neutrino Mass

DIrac neutrinos

Three Generations
of Matter (Fermions) spin %
| I n

charge - % u % C % t

N |

d |*s b
| down strange Bottom 125 GeV
>m.v

Ve/Ny| Vi/Ny*'V/Ny

’*"'oz'em‘fn muomr i et "'"*

e | u 4

~ electron muon tau

arXiv:1301.5516 [hep-ph]

e Effective Dirac mass term

ﬁl, = —le/N

P- Dirac [Wikipedia] e Dirac mass term in SM

L, =—YpLHN

24



Neutrino Mass

Majorana neutrinos

e Neutrino is its own
anti-particle

— Majorana mass term

L, =—=
2mMyu

E. Majorana [Wikipedia]

25



Majorana neutrinos

e Neutrino is its own
anti-particle

— Majorana mass term
L, = _EmMVV

e Majorana mass term in SM

K
L, =——LHLH
A

E. Majorana [Wikipedia]

Effective Operator
e |t is an effective operator like
in Fermi theory of beta decay
[GF ox -]
w
= There is an underlying, more
fundamental theory.

25



Neutrino Mass

Majorana neutrinos . .
Dirac neutrinos

e Neutrino is its own ot s (Farmion) s
1 I n
anti-particle ~wy ke Pt | Fe
charm 10p gluon
— Majorana mass term y
photon 125 GeV

Ly = fEmMuV

e Majorana mass term in SM

arXiv:1301.5516 [hep-ph]

L, — —ELHLH e Effective Dirac mass term
L, =—mpvN
), (H) | |
R, e Dirac mass term in SM
A} ,
Ly 1 L, = —YpLHN

26



Seesaw Mechanism

~ Ny At low energy scales y < M

Minkowski; Yanagida; Glashow;
Gell-Mann, Ramond, Slansky; Mohapatra, Senjanovic

N ~ (1,1,0)

Three Generations
of Matter (Fermions) spin ¥
| I n

mass - [T 2Ae T2 e Tiace o
charge - (% u % C 0 g
name up charm top gluon
L [T Toamer Tacw 0
= |4 d £ B o
3 S
1 down strange bottom photon 125 GeV
~ [racw S113Gev
0 o o o
Ve/Nj||*Vi/N,|[*V= Z|
au
Jecufn storje ] | muo strie tigos
Ao nidling N R [P netitino ey boton
" 0.511 Mev 105.7 mev. 1777 Gev. .4 Gev. spin 0
5 | e 4 4
g n T | ¢
| elecron muon tau Yook

27



Seesaw Mechanism

L =ypLNH + EM/\/NN

Hs s H
s N, At low energy scales ;1 < M
L’ S L H \ V4 H
Minkowski; Yanagida; Glashow; \ /
Gell-Mann, Ramond, Slansky; Mohapatra, Senjanovic \ /7
L———<— |
=
N ~ (1a 11 O) 1. T 2
m, = —ypM YD <H>
e Two RH neutrinos N are /

enough to explain data
e Typically three N
— U(1)g—L is anomaly-free
o My~ 10 GeV, yp ~1

4

m, ~ 0.1leV 27



Grand Unification

e cg. SO(10)Fritzsch,Minkowsi‘GIashow 1973

Time after Temperature Energy

the Big Bang of the universe
e In SO(10) all SM fermions unified in e o A
one 16 dimensional representation
5x10%s 107k 10" Gev
o Including right-handed neutrinos
) ) 5x10'% 'k 100 GeV
— Seesaw mechanism naturally realised
5x10%s T 1Gev
— Neutrinos have mass
1 F-2
strong ~105Gev 3
5x10"s ﬁ 3K 10t ev
= uuT
B o .
E ~10°Gev e ? = Relations between
H TOE .
g ) fermion masses
< |electromagnetic
electroweak oo o
weak = Unification of Yukawa
> couplings more difficult
energy

28



Type | Seesaw: Flavour Physics

e LFV rare decay u — ey v
3a N m2; 2 54 'y h'.rr
Br(p — evy) = on |UM,'U6,~m—§‘; <10 ;)*/\IVLL%
e Constant term in m, drops out due to " N c

GIM-mechanism (unitarity)

e Similarly for yu — 3e as well as 7 decays

29



Type | Seesaw: Flavour Physics

e LFV rare decay u — ey Y
3a N m2; 2 54 'y h'.rr
Br(p — evy) = on |UmUeim7§‘; <10 ;)*/\IVLL%
e Constant term in m, drops out due to " N c

GIM-mechanism (unitarity)
e Similarly for yu — 3e as well as 7 decays
e No mentionable contribution to quark flavour physics
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Type | Seesaw: Flavour Physics

e LFV rare decay u — ey Y
3a N m2; 2 54 'y h'.rr
Br(p — evy) = on |UmUeim7§‘; <10 m
e Constant term in m, drops out due to " N c

GIM-mechanism (unitarity)
e Similarly for yu — 3e as well as 7 decays
e No mentionable contribution to quark flavour physics
= Not much to see!
* This changes in extensions, e.g.
e in SUSY due to slepton soft mass terms
e in LR models due to RH gauge bosons
e in inverse seesaw with TeV scale masses due to larger couplings

— LFV D6 operator can be large despite small LNV D5 operator

29



Inverse Seesaw

e Add three SM singlets S and no right-handed neutrino mass term

0 mp mys v
(y N 5) 0 M|
. Mss/) \s

e Light neutrino mass m, = mfs + mﬁs

Double seesawwmohapatra; Mohapatra,valle (1986)
DS —17 -1 T
m, = mD(MNS M55MN5)mD
and linear seesawgarr (200)
.
LS -1 -1 T
m,” = — {mo (ml,sMN5> + (mysM,\,s) mD}
o If m2° > m5® two interesting regimes:
1. Inverse seesaw: Mss < mp, Mps: Lepton number only broken
by Mss and thus naturally small, but large Yukawa couplings
2. Mss ~ Mp;, Mns ~ Mgyt, mp ~ Mz
= my ~ 1083 GeV, m, ~ 1 eV

Note, if Mys mg, Dirac screening smimov (1993), Lindner, MS, Smirnov (2005) 30



Tree level: seesaws

SSIl: A ~(1,2,1)
SS1: N~ (1,1,0) yLAL + pHATH SSIIl: £ ~ (1,3,0)
yLHN + mNN yLHY. + m¥¥

H HE ey S0 H
’0 0’ "‘ "‘ ’0 0’

| 4

“" ',0
L L /\ L
L L

Minkowski; Yanagida; Glashow; Foot, Lew, He, Joshi.

Gell-Mann, R d, Slansky; . .
© =ltlth LTl MLy Mohapatra, Senjanovic;

Magg, Wetterich;
Lazarides, Shafi, Wetterich;
Schechter, Valle.

Mohapatra, Senjanovic.



Loop level models: Examples .. cues, v, san

Singly-charged scalar: fLLh™

Zee model
yed L+ ph™ Ho Zee-Babu model
gel &kt 4+ phthtkt T
H/®
; ht _---=-__ bt
: > P %
+ s Lot
i > ~x ®/H / ? k N
’/ \\ L 0 + . C L
L S-S G L L, & e, L
L & i i
f H H
H/®

32



AL =2 EFT operators [Babu, Leung, De Gouvea, Jenkins]

Zee model Zee-Babu model

Ox=L'lULked ey O3, = L'UQKdH ejiery 03 = L'LI Q¥ dH' ejpejy

Osa = L'UQVa H ej  Oup = L'UQJaTH ey Og = L'de"a"Hie;;
Og= LiLijéLlée,’jek/ O = LiLijéQIJGUekI
O11a = L'IQ*d Q' dejey On1p = L'V QKdQ' dejxejy
O, = L' Qfat Qf O = L'UQI " Qf ateje

Oso = L'Q/ddela H*Hl ey Ogo = L'dQ]d'&"a' HH]
operators up to dimension 11 classified
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Lepton mixing and symmetries

34



A Closer Look at Flavour Structure

e Is there any pattern in the leptonic mixing (PMNS) matrix?
e Experimentally measured lepton mixing angles i s1 (2021) 2007 14702

[ ]
sin® 010 = 0.30470:313
sin? o3 = 0.450 70072

sin? 613 = 0.0224615 50082

85
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A Closer Look at Flavour Structure

e Is there any pattern in the leptonic mixing (PMNS) matrix?
e Experimentally measured lepton mixing angles i s1 (2021) 2007 14702

e Tribimaximal mixing is a good starting poiNnt warisonperkinsscott (2002)

sin® 012 = 0.30470:313 sin® 01o= 3

1
sin 63 = O.450f8:8}2 sin? 3= 5
sin? 613 = 0.0224615 50082 sin? f13=0
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A Closer Look at Flavour Structure

e Is there any pattern in the leptonic mixing (PMNS) matrix?
e Experimentally measured lepton mixing angles i s1 (2021) 2007 14702

e Tribimaximal mixing is a good starting poiNnt warisonperkinsscott (2002)

1
sin® 012 = 0.30470:313 sin® 01o= 3
1
sin 63 = O.450f8:8}2 sin? 3= 5
sin? 613 = 0.0224615 50082 sin? f13=0

— However corrections necessary, particularly for 613

Smaller than starting with no mixing in quark sector
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A Closer Look at Flavour Structure

e Is there any pattern in the leptonic mixing (PMNS) matrix?
e Experimentally measured lepton mixing angles i s1 (2021) 2007 14702

e Tribimaximal mixing is a good starting poiNnt warisonperkinsscott (2002)

1
sin® 012 = 0.30470:313 sin® 01o= 3
1
sin 63 = O.450f8:8}2 sin? 3= 5
sin? 613 = 0.0224615 50082 sin? f13=0

— However corrections necessary, particularly for 613

Smaller than starting with no mixing in quark sector
e Symmetries work remarkably well for gauge interactions

— Is there a symmetry [L; — Uj;L;] in the lepton sector?
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Flavour Symmetry: Basic Picture

e Discrete symmetries work well e.g. As

— Angles predicted by symmetry breaking Z5(x2Z3)
Altarelli, Feruglio hep-ph/0512103; He, Keum, Volkas hep-ph/0601001
charged lepton neutrino
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Flavour Symmetry: Basic Picture

e Discrete symmetries work well e.g. As

— Angles predicted by symmetry breaking Z>(x 2Z>)
Altarelli, Feruglio hep-ph/0512103; He, Keum, Volkas hep-ph/0601001
charged lepton neutrino
Breaking of symmetry Gr crucial
oo M Holthausen,MS [JHEP 1201 (2012) 126]
» W e Breaking non-trivial: zero or random
mixing
1.0
0 /
g ‘(,.; ot e

M.Holthausen,PhD thesis
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Flavour Symmetry: Basic Picture

e Discrete symmetries work well e.g. As

— Angles predicted by symmetry breaking Z5(x2y)
Altarelli, Feruglio hep-ph/0512103; He, Keum, Volkas hep-ph/0601001
charged lepton neutrino

Breaking of symmetry Gr crucial

KRi
o P M.Holthausen,MS [JHEP 1201 (2012) 126]
(x) o< (1,0,0) (x) o (1,1,1) e Breaking non-trivial: zero or random
(6) o< (1,0,0) (#) o< (1.1,1) mixing

‘ i e Correct breaking only if larger symmetry

no conserved subgroup

Gr x Gr in scalar sector

(6)  (1,0,0), {x)  (1,1,1) = Need mechanism to achieve alignment
M.Holthausen,PhD thesis
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How to Test Flavour Symmetries?

recise predictions |G, o X 4o
e Precise values of mixin
&

parameters:

— For example tribimaximal mixing in
P & G, - %)
models based on A4, S4
charged lepton neutrino

2

1
_ 2 _
S0 = 3’ 53 si3=0

1
2’
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How to Test Flavour Symmetries?

recise predictions |G, o X 4o
e Precise values of mixin
¢
parameters:
— For example tribimaximal mixing in
P g G, = Z2(x 22)
models based on A4, S4
charged lepton neutrino
> _ 1 » _ 1 2 _
S12 = 3 523 = 5 513 =
Sum rules [G, = Z;]
e Relations between parameters:
— One example is an atmospheric mixing sum rule:
) 1 )
sin Or3 — \ﬁ = Asinfi3cosd + ...
e The most common models predict A =1 or A = —0.5
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Testing Sum Rules

Atmospheric Sum Rule

Ballett, King, Luhn, Pascoli, MS [Phys.Rev. D89 (2014) 016016] 1o T T s0CL
| ‘ AiTeS ==

\ SiTe S
8 1 95 | K 1 SiTeS; ==
— =f 0 Nl 0 5 \ AsTe Sy

——= = SIN0U23 — —= = 1SIN U313 COS \ AsTeSz

V2 V2 o \ / } | ATes:

|

rue 653 (deg.)

1 T T T T T T T

LENF (mLAr)
LENF (MIND) ——

0.5 " 31 %2 3 34 3 36 37 @
true 64, (deg.)
3
5 © e Solar sum rules, e.g. Az To — S
8
-05 2

sin 912 e -1

1
ﬁ N 2 —sin2 913

4 .
Y025 02 015 01 005 o0 005 01 o1 oz ozs © Do allowed regions
a (true) . Lo

e Clear separation of predictions

e 20 and 30 allowed regions Overlapping solar sum rules have
different atmospheric sum rule
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Leptogenesis
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Goal: Explain matter-antimatter asymmetry dynamically

ng — ng
= ———

=(6.21£0.16) x 10 *°

Ny 0

ng

Yag = %”B‘ = (8.75+0.23) x 10
0

Sakharov Conditions

1. B Baryon number violation

2. €, P: C and CP violation

e : production of baryons as efficient as anti-baryons
e CF: production of left-handed baryons as efficient as
right-handed anti-baryons

3. Out-of-equilibrium: Otherwise reverse process immediately destroys
asymmetry
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Goal: Explain matter-antimatter asymmetry dynamically

ng — ng
= ———

=(6.21£0.16) x 10 *°

Ny 0

ng

Yag = %”B‘ = (8.75+0.23) x 10
0

Sakharov Conditions

1. B Baryon number violation
SM: Electroweak sphalerons (non-perturbative field configuration)
2. €, P: C and CP violation
e : production of baryons as efficient as anti-baryons
e CF: production of left-handed baryons as efficient as
right-handed anti-baryons
SM: CP violation in quark sector (CKM phase)

3. Out-of-equilibrium: Otherwise reverse process immediately destroys
asymmetry
SM: Electroweak phase transition
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Goal: Explain matter-antimatter asymmetry dynamically

ng — ng
= ———

=(6.21£0.16) x 10 *°

Ny 0

ng

Yag = %”B‘ = (8.75+0.23) x 10
0

Sakharov Conditions

1. B Baryon number violation
SM: Electroweak sphalerons (non-perturbative field configuration)
2. €, P: C and CP violation
e : production of baryons as efficient as anti-baryons
e CF: production of left-handed baryons as efficient as
right-handed anti-baryons
SM: CP violation in quark sector (CKM phase) — too small

3. Out-of-equilibrium: Otherwise reverse process immediately destroys
asymmetry

SM: Electroweak phase transition — too weak
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Thermal LeptOgeneSiS [Fukugita, Yanagida (1986)]

RH neutrinos are Majorana
particles and can decay to
both leptons and anti-leptons

= [: Violation of lepton number L and hence B — L

= Sphalerons violate BT and thus no-zero B produced

10" 10° 10 10°, 10°
T T s
10°F a .
“
>
= 10" i
2 N,
[
8 K=10 k=10*
10% numerical o
QL) -------- analytical
Q0
£ 10°F S N
S ¥
X
= &
10° T y ‘ -
10" 10° 10' 10° i

hep-ph/0401240

If yp < 1 N long-lived,
then out-of-equilibrium
decay

My, (z = 00)

K==

41
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CP violation

e No C and CP violation at tree-level, because |M|? o |yp|?

e Interference of tree-level diagram with loop diagrams = CP
H H
H . 7 e
/,A\\ /’, L i
N L > ) 7’ N ’ N
Ly Lo
i _ T(Ni—HL)-T(Ny—HAL)
e CP asymmetry: € = F (Mo HL) 1T (Ny AID)
e Efficiency factor: 0O<n<l1
135¢(3)

e Baryon asymmetry Yap =~ xexnxC

4n2g,
First factor is equilibrium number density of Ni/s for T > M,
g« relativistic degrees of freedom

C redistribution of asymmetry due to fast processes

Simplified discussion neglected other processes, washout effects, flavour effects
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Questions?



Mixing in the Lepton Sector

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) ma-
trix describes mixing in the lepton sector:

u=1Vv. diag(e_i‘pl/z, 6_1@2/2, 1)

5 oo Tawixi— With (sj; = sin 0jj, ¢jj = cos 0j;)

pontecorvo. jinr.ru

c12€13 512€13 s;ze !
_ i5 is
V=| —c3s120— s3s13€12 €' €23C12 — 523513512 €' $23C13
is i5
523512 — €23513C12 €' —5)3C12 — 23513512 €' €23C13

e Three mixing angles 012, 013, and 023 [Euler angles]

e One Dirac CP phase

e Possibly two Majorana CP phases ¢ o, if neutrinos are their
own antiparticles


pontecorvo.jinr.ru

Casas-lbarra Parameterisation

It is possible to invert the type-l seesaw formula

m, = —mpM~tm]

In the mass basis of charged leptons and right-handed neutrinos,
the PMNS matrix U diagonalises m,,,
Dm, = U"m,U = —UTmDD\FD\FmDU
and thus
—
mp UD;W} [/DjmmD uD; />

1-— [/Djm

The combination in brackets is a complex symmetric matrix
RTR =1 and therefore

mp = yp (H) = —i D /zRD /U
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