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\Plan of Lectures |

|. Standard Neutrino Properties and Mass Terms (Beyond Stinda

|l. Effects ofr Mass. Neutrino Oscillations in Vacuum and Matter

II1. The Data and The Emerging Picture. Some Implications
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Historic Introduction
Neutrinos in the SM

Neutrino Properties:
Helicity versus Chirality, Majorana versus Dirac

Neutrino Mass Terms Beyond the SM
Dirac vs Majorana, Lepton Mixing

Direct Probes of Neutrino Mass Scale
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e At end of 1800’s radioactivity was discovered and three $yigentified.«, 3, v
£ . anelectroncomes out of the radioactive nucleus.

e Energy conservatiors> e~ should have had a fixed energy

(A,Z) = (A, Z+1)+e = E.=MA,Z+1)— M(A,Z)

But 1914James Chadwick showed thathe electron energy spectrum is continuous

Energy spectrum of beta
decay electrons from 210p;

Intensity

ﬁ \ 0 02 04 06 08 10 12
= : Kinetic energy, MeV

Do we throw away the energy conservation?
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‘Discovery of u’sl

e The idea of theneutrinocame in 1930, whellV. Paulitried a desperate saving

operation of "the energy conservation principle”.
In his letter addressed to the “Liebe Radioaktive Damen uad H

ren” (Dear Radioactive Ladies and Gentlemen), the pasitgp
of a meeting in Tubingen. He put forward the hypothesis that
a new particle exists as “constituent of nuclei”, the “nentrv,
able to explain the continuous spectrum of nuclear betaydeca

(A, Z) — (A, Z4+1)4+e” +v

e The v islight (in Pauli’'s words: “the mass of the should be
of the same order as tlkanass”),neutraland haspin 1/2

e In order to distinguish them from heavy neutroRsymipro-
posed to name themeutrinos
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In 1934, Hans Betheand Rudolf Peierlsshowed that the cross
section betweemn and matter should be so small thatago
through the Earth without deviation

In 1953 Frederick Reinesand Clyde Cowan
place a neutrino detector near a nuclear plant

and cadmium chloride. ;»“"

. neutrite
rlrl’ ﬁﬁ
_ VA&
400 litters of water R myiw
: : ,,;-Et;u .r:admwr_-? :

V. +p—et +n

¢
e™ annihilatess~ of the surrouncfr%rgr;material givingvo simultaneous’s.
neutroncaptured by a cadmium nucleus with emission‘sfsomel5 msec after

The neutrino was there. Its tag was clearly visible
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‘Neutrino Helicity I

e The neutrino helicity was measured in 1957 in a experimertsbigihaberet al.

— 152 152 *
e Using the electron capture reacti  © + PRy — v+ Sm

—1928m + ~
with J(**?Eu) = J(**?Sm) = 0andL(e”) =0

-~
~~
ml
~—r
I

e Angular momentum J.(v) + J.(Sm”)
conservation= X = J.(v)+ J.(v)

= *; f1l= L) =-300)

e Nuclei are heavys p(*2Eu) ~ p(1°2Sm) ~ p(1°2Sm*) = 0

So momentum conservatiest p(v) = —p(v) = v helicity= ~ helicity

e Goldhaber et al found had negative helicitys- » has helicity—1
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\The Other Flavours |

v coming out of a nuclear reactoris because it is emitted together with en

Question:ls it different from the muon type neutring, that could be associated to
themuor? Or is this difference a theoretical arbitrary convention?

In 1959 M. Schwartz thought o lindage de fer

producing an intense beam fron * SES—
m's decay (produced whenapro o e ﬂlﬂ§
beam of GeV energy hits matter)protons D R 'T*T&i
Schwartz Lederman Steinberge -
and Gaillard built a spark chamb o 10 Tonmes)

(a 10 tons of neon gas) to detect | | onenetincelles sur le

parcours du muon
issu de I’interaction
du neutrino v

They observelO v interactions: irb ane~ comes out and iB4a .~ comes out.

If v, = v. = equal numbers gk~ ande— = Conclusionv, is a different particle

In 1977Martin Perldiscovers the particlau= the third lepton family.
Ther, was observed bipONUT experiment at FNAL irnL.998(officially in Dec. 2000).



Sourcesof v's

E, =0.0004 eV

dLarth — 6 % 101% /cnPs

E, ~0.1-20 MeV
Human Body

®, = 340 x 10v/day

Nuclear Reactors
E, ~ few MeV

P, ~ 1lv/cnrs

Restes de la
Supernova 1987A

Atmospheric/’s
Ves Viy Ve, Vi

Jt

Earth’s radioactivity
d, ~ 6 x 10%//cm?s

Concha Gonzalez-Garcia

“ Felrmllab

Accelerators

~ 0.3—-30 GeV KEK
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e 3 Generations of Fermions:

(1,2,—3) (3,2,2)](1,1,-1) (3,1,2) (3,1,—%)
Ly, Q" Er Up Djy

U, U’ i i

(), (e )y er vk dh
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p /L \ s /L
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e 3 Generations of Fermions:

L

LL Er U}% D'jé
( e )L ( ’ )L R u% d%
(2), () m

10 st )r R R

t' ; ;
( T )L (bz) TR tr bR

e Spin-0 particl

8



Neutrinos Concha Gonzalez-Garcia

\uintheSI\/I |

e The SM is a gauge theory based on the symmetry group

e 3 Generations of Fermions:
(17 27 _%) (37 27 %) (17 17 _1) (3 1 2) (37 17 _%) QEM — TLS +Y

U 73
Ly v Er Uk D%

e U's are T3 = = COMpO-

eR u'hy db, nentsleptondoubletl ,

U c ; ; e 'S haveno strong or EM
(%), ()] s |
W /L \s interactions
Vr t* i ; .
( ~ )L (b’i . TR tRr b e NoO v (they aresingletsof
gauge group)
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3 3
7 . >\a,ij a Tq a
> > Qui (Zﬁu—gsTGu—975z’qu 9' 50 B) Lk

k=11,j=1

> D HURY (’iau 52 Gy, '§5ij3u> Ut

k 1 Z,j 1

S 3" D (10 — 0565 - 55, B,) D,

k=11,7=1

Z+LL,k’YM (iau - Q%WZL - g/%Bu> Ly x+ERr k" (iau - QI%BM) Bk
k=1

3

-2 (A%k’@L,k(iﬁ)?bUR,k’ + Mo QL x DR + A LL kOB R 1 + h-c-)
ko k=1
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3 3
i - Aa,ij ya Tq a
Z ZQL,WM (Zaﬂ_gs LG — 9% 0 W — g' 50, B ) L.k

k=14,j=1
> D HURY (’iau 52 Gy, '§5ij3u> Us
k= 17,,] 1
S 3" D (10 — 0565 - 55, B,) D,
k=11,7=1
Z+m’v“ (iau - Q%WZL - g/%Bu> LLJ@"'H%’WM (iau - QI%B/A) ERrk
k=
L - - )
-2 (A%kz’QL,k(iﬁ)?bUR,k’ + Mo QL x DR + A LL kOB R 1 + h-c-)
k k' =1

e Invariant under global rotations
q; — eiocB/qu lz N eiaLi/ng‘ v — GiaL’i/BV@'
= Accidental € not imposedglobalsymmetry B x L. x L, x L,
= Each lepton flavourl;, is conserved
= Total lepton numbef. = L. + L,, + L, Is conserved
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\Number of Neutrinos |

e The counting ofight active left-handed neutrinas based on the family structure
of the SM assuming a universal diagonal NC coupling:

V
rZV\M/\< ]g — ZEO&LVMVO&L
«

v

e Form,, < myz/2 one can use the total-width I'; to extract/V,

35

ALEPH

Hadrons

B L ba

30

= = &t
1 L] L]

Dy, _ 1
Ny = E—F —F —SF " 71891
r, — 1,z =Tn=30Y) g .
Fg 127TRM o |
=~ — Rpe—3 c
r, [\/ odmz ]

I';,,,= the invisible width
I',= the total hadronic width
I';= width to charged lepton Ereray (@)

Leads N, = 2.9840 + 0.0082

O /. Tt
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mff_LfR + h.c. (thisisnotSU(2)r gauge invariant)

¢ In the Standard Model mass comes frepontaneous symmetry breaknig
Yukawa interaction of the left-handed doublet with the right-handed singlétz:

LYy = —X\,L1;Er;j¢+h.c. ¢ = the scalar doublet
e After spontaneous symmetry breaking
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\Fermion Massesin SM |

e A fermion mas<an be seen as at&ft-Right transition

mff_LfR + h.c. (thisisnotSU(2)r gauge invariant)

¢ In the Standard Model mass comes frepontaneous symmetry breaknig
Yukawa interaction of the left-handed doublet with the right-handed singlétz:

LYy = —X\,L1;Er;j¢+h.c. ¢ = the scalar doublet

e After spontaneous symmetry breaking

0 _
SSB I i - ¢ _ 1 I
o= i =L .« = —ErM Er+h.c.with M* = ﬁ)\ v
V2
In the SM

— There are no right-handed neutrinos
= No renormalizable (ie dird 4) gauge-invariant operator for tree leweinass

— SM gauge invariance also implies an accidental symmetry
GEXM =U()p x U(1), x U(1)p, x U(1)p.
In SM Neutrinos arestrictly Massless
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‘ Helicity versus Chirality I

e We define thehiral projections Pr 1, = L %75
L —s L+ 5
V=9 +Yvr Y= 5 Y Yrp= 5 (0
e In the SM the neutrino interaction terms
(Y 19 7
Lini = —=11" W~ + 9 WT|+ Z
' \@[‘7“ w “’] V2 cos QW]“ :

. - . R _
Jp =lavuPrva a=epu1 jF=34." j7=0auPrva

= v, Interact and’p do not interact
= chirality statesarephysical states for weak interactions

e However what Goldhaber measured washhkégcity not the chiralityof v
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e The Lagrangian of a massifieeefermion is £ = v (x)(iy - 9 — m)(x)
. .. .0 0 s =
e The Equation of Motion is Zaw = Hy=~"(y.p+m)y

e has 4 possible solutior (v -p — m)us(p) =0 (v-p+m)vs(p) =0

s = +1 andu,(p) andv,(p) are the four component Dirac spinors.

—
—

e For thisfreefermion[H, J]=0and|[p, J.p]=0with J = L + % (0" = —~2~%~9)

= we can chose(p) andv,(p) to be eigenstates also of thelicity projector

Pi:%(liQf‘ﬁO :%(u&%)
p p

e For masslesgermions the Dirac equation can be written

Y ="V ="y E¢ =°EY = Form =0 Py = Pr [
Only for massles$ermionsHelicity andchirality states are the same.
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. .. .0 0 s =
e The Equation of Motion is Zaw = Hy=~"(y.p+m)y

e has 4 possible solutior (v -p — m)us(p) =0 (v-p+m)vs(p) =0

s = +1 andu,(p) andv,(p) are the four component Dirac spinors.

—
—

e For thisfreefermion [H, J]=0 and|p, J.p|=0with J = L + % (0F = =295~
= we can chose(p) andv,(p) to be eigenstates also of thelicity projector
P.=1 (1 i2f£) =1 (1 :|:5’£> = Prr +O(2)
| p| g
e For masslesgermions the Dirac equation can be written
Y ="y p = " B =By = Form =0 Py = Pr
Only for massles$ermionsHelicity andchirality states are the same.
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e The Lagrangian of a massifieeefermion is £ = v (x)(iv - 9 — m)(x)
. .. .0 D e
e The Equation of Motion is Zaw = Hy=~"(y.p+m)y

e has 4 possible solutior (v - p — m)us(p) =0 (v-p+m)vs(p) =0

s = +1 andu,(p) andwv,(p) are the four component Dirac spinors.

e For thisfreefermion[H, J|=0and|[p, J.p]=0with J = L + % (0! = =74

= we can chose,(p) andv,(p) to be eigenstates also of thelicity projector

D p
j 1492 1+ ) =P 4+ 0O
o ( \pl> 2( \pl> zr+OG)

e For massive spinors at high energiés $ m)
Uyl (p) = Pru(p) — Prru(p) = ur,r(p)

vi1(p) = Pru(p) — Prru(p) = vi,r(p)
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¢ In the SM neutral bosons can be of two type:
— Their own antiparticle such ag =° ...
— Different from their antiparticle such ds°, K°...

e In the SMv are the onlyneutral fermions
= OPEN QUESTION are neutrino and antineutrino the same or different pagiz|

x* ANSWER 1:v different fromanti-v = v is aDiracparticle (likee)
= Itis described by diracfield v(z) =) [as(ﬁ)us(@e_ipx + bl (P)vs (ﬁ)eim}

S$,P

which contain two sets of creation—annihilation operators
= And the charged conjugate neutrino fietdhe antineutrino field
W =cve Tt =Y [bs (Pus (PeP" + al (7)vs (ﬁ)eim} — 0 =i
. (C=1iy*9°)
= These two fields can rewritten in terms of 4 chiral fields

vy, vr, (vr)%, (vp))® with v =vy +vg and v = (v1)¢ + (vR)
(Notice that(x;,)“ is the right-handed part of“ and(vz)€ is the left)

C
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+ ANSWER 2:» same asintiv = v is aMajoranaparticle :vy; = v/,

_ Z[ Pus@e™ + al @] = 3 [asBus @e™" + b s ()e™’]

$,P

= So we can rewrite the fieldy, = » ~ [a.(P)us(P)e™ " + al(p)vs (7)e?”]

$,0
which contains only one set of creation—annihilation ofmesa

= A Majorana particle can be described with only 2 independbiral fields:
14 and(yL)C which Verify vy = (VR)C (VL)C — VR

e In the SM the interaction term for neutrinos

Lg (- + L9
Lint = Loy Prv, YW 4+ (0,7, Pl )W T +
15 \/5[( YulL ) 7 ( Tud'L ) ,u] \/iCOSQW

Only involves two chiral fields P, v =v;, and 7 Pgr = (u,;)CTCT

(VaVuPrLva)Z,

= Weak interaction cannot distinguish if neutrinos Bxeac or Majorana

The difference arises fromme mass term
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e A fermion masss aleft-Rightoperator :.£,,,, = —my¢ frfr + h.c.
e One introduces i which can couple to the lepton doublet by Yukawa interaction

~

LY = N giLél +hee. (6 = iT29")

e Under spontaneous symmetry-break'rh@) _, (Dirac)

1Irac 1 1% C —
£Pirac) — _ oYy + he. = —§(VRMDVL+( D)eMb" (vr))+h.c. = —kaukDu,?

MY, = %)\’/ v =Dirac mass for neutrinos VT MpV" = diag(m1, ma, ms)

= The eigenstates ad¥/7, are Dirac particlegsame as quarks and charged leptons)

o £ Pirac) involves the four chiral fields;, |, vy (vp)¢

) (VR)C

= Total Lepton numbeis conservedy constructior{not accidentally.

=e ‘U

) C ezoz VC

Ul)pv=¢e“v and U(l)f
Ul)v® =e@v® and U
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e Onedoes nointroducery but uses that the field ;)¢ is right-handed, so that one
can write aLorentz-invariantmass term

: | - 1
r(Maj) _ —isz]’QyL +h.c. = —5 ka?;MVZM
k

mass

MY, =Majorana mass far’s is symmetric V' My, V¥ = diag(my, ma, m3)

= The eigenstates ad¥/;, are Majorana particles
vM = yviy + (VVTVL)C (verify vM: = M)

= But SU(2), gauge inv is brokee> £M29) hot possible at tree-level in the SM

e Moreover under any/ (1) symmetry withU (1) v = ¢'“ v

Ul ve=e v and U(l)T=e¢ U so U(1)v°=¢v°

= £M2) preaksly (1) (so it can only appear for particles without electric charge
= Breaks Total Lepton Numbet- £M29) ot generated at any loop level in the SM

e in SM B — L is non anomalouss £ not generated non-perturbatively in SM
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i,J=1 i,j=1

e Changing to mass basis by rotations

f%fi = Vfijgll,j gg/,i = V}%r@ng,j V?LVV = V;?VJ
VfTMgve = diag(me, m,, m;) VVEM, VY = diag(m?, m2,m3,...,m%)
%5 = Unitary 3 x 3 matrices VY= Unitary N x N matrix.

e The charged current in the mass basis

9 ij
Loo === 7" Upgp v W,

V2

ik |
Urgp =3 x N matrix U7, = ZP%VL” e
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‘Lepton Mixing I

ik
Upgp = 3 x N matrix U7, = ZPZ%V,fT vvk py

e P’ phase absorbed in
Py, phase absorbed i (only possible ifv; is Dirac)

o ULEPUEEP:I;J,Xg but in general U{EPULEP%INxN

e For exampldor 3 Diracv’s : 3 Mixing anglest 1 Dirac Phase

1 0 0 C13 0 81367;5 Ccoa1 si12 O
Uep=10 c23 523 0 1 0 —s12 c12 0
0 —so3 C23 —<‘513€_i(S 0 C13 0 0 1

e For 3 Majorana’’s : 3 Mixing anglest 1 Dirac Phase 2 Majorana Phases

1 0 0 C13 0 813€i5 o1 si1o O 1 0 0
Ugp =10 C23 523 0 1 0 —S12 c12 0 0 ¢eiP2 0

0 —s923 93 —8136_1.(S 0 C13 0 0 1 0 0 et?3
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\ Effects of v Mass |

e Neutrino masses can have kinematic effects

e Also if neutrinos have a mass the charged current interestod leptons are not
diagonal (same as quarks)

\%W; S (UPep CAP LV + Udper, UA* LD?) + hec.
1J
Vj U.

! 4

e SM gauge invariancdoes not implyU (1)r,, x U(1)r, x U(1)r, symmetry

e Total lepton numbet/ (1), = U(1)re+r,+1, Canbe orcannot bestill a
symmetry depending on whether neutrinos@m@c or Majorana
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e Fermi proposed a kinematic searchvpfmass from beta spectra i/ beta decay

SH —3 He+ e+ 1,
e For “allowed” nuclear transitions, the electron spectrsrgiven by phase space alone

K(T) = \/Cclz]zY CpElF(E) \/(Q - T)\/(Q T)? - mﬁ
T = E. — m., Q= maximum kinetic energy, (fot{ beta decay) = 18.6 KeV)

Taking into account mixintmg = \/ngj U, |2

e m, # 0 = distortion from the straight-line at the end point of thecdpam
mpg = 0 = Tmax — Q K (T)
m5#0:>TmaX:Q—m5

T

M, ——

— At present only a bountmg < 2.2 eV (at 95 % CL)(Mainz & Troisk experiments)
— Katrin operating to improve present sensitivity toz ~ 0.3 eV
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\Neutrino M ass Scale: Other Channels |

Muon neutrino mass

e From the two body decay at rest

T —>,u_—|—§u

e Energy momentum conservation:

\/pu m2 + \/pu + m?

m?2 = m?2 —|—m — 24 my/p? +m2

e Measurement ofp, plus the precise
knowledge ofmn, andm, = m,
e The present experimental result bound:

mfjfjf = \/Zm?‘qu‘Q < 190 KeV
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\Neutrino M ass Scale: Other Channels |

Muon neutrino mass Tau neutrino mass

e From the two body decay at rest

e Ther Is much heaviem., = 1.776 GeV

(O T o 2 = Large phase space difficult precision
e Energy momentum conservation: for m,,
\/pu +m?2 + \/pu + m? e The best precision is obtained from

m2 =m2 +m2 — 2+ my+\/p? + m2 hadronic final states
_ %

e Measurement ofp, plus the precisi T —nm+v, withn >3

knowledge ofmn, andm, = m,
e The present experimental result bou

meff = 2
mSHS =\ /> m2 U2 < 190 KeV = /2o m U2 < 182 Med

e Lep | experiments obtain:

\‘
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\Neutrino M ass Scale: Other Channels |

Muon neutrino mass Tau neutrino mass

e From the two body decay at rest

e Ther Is much heaviem., = 1.776 GeV

(O T o 2 = Large phase space difficult precision
e Energy momentum conservation: for m,,
My = \/pﬁ +m2 + \/pﬁ + m? e The best precision is obtained from

m2 = m2 +mi — 24 mu/p2 + m2 hadronic final states

e Measurement ofp, plus the precisi T —nm+v, withn >3

knowledge ofmn, andm, = m,
e The present experimental result bou

meff — \/Zm2‘U ,‘2 < 190 KeV m,‘i{f = \/Z??lﬂUTJ‘Q < 18.2 Me\
Y J1T R

e Lep | experiments obtain:

\‘

= If mixing anglesU.; arenot negligible
Best kinematic limit on Neutrino Mass Scale comes from intiBeta Decay
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n >

(A, Z) — (A, Z+2) + e + e

e Amplitude involves the product of two leptonic current@y* Lv| [ey* Lv/|
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‘u-less Double-G Decay |

n >

(A, Z) — (A, Z+2) + e + e

p
e Amplitude involves the product of two leptonic current@y* Lv| [ey* Lv/|

— If v Dirac = v annihilatesa neutrinoand createsn antineutrino
=> N0 same state> Amplitude =0

— If v Majorana=- v = v annihilates and createsheutrino=antineutrino

1

= same state> Amplitudex v (1)1 #£ 0

e Amplitude ofv-less#3 decay is proportional t |(mgg)| = \ZUfjmj\
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‘u-less Double-G Decay |

n >

(A, Z) — (A, Z+2) + e + e

p
e Amplitude involves the product of two leptonic current@y* Lv| [ey* Lv/|

— If v Dirac = v annihilatesa neutrinoand createsn antineutrino
=> N0 same state> Amplitude =0

— If v Majorana=- v = v annihilates and createsheutrino=antineutrino

1

= same state> Amplitudex v (1)1 #£ 0

e Amplitude ofv-less#3 decay is proportional t |(mgg)| = \ZUfjmj\

e Problem is uncertainty in the nuclear matter elements
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‘Ouﬁﬂ Decay: Circa 2013 I

e Bounds from'3%Xe exp EXO and KamLAND-ZEN, and frorff Ge exp Gerda

26
10 [ T T T T T LI T T T IGERDA13'OZ

GERDA Phase |

>
(@R
l_
claim (200%/

megga S 0.15-0.5eV
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X ) [0
o R !
'Q\QQ % S 1
LN Q)Q N < 1E
& 4 | 10O
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‘Oyﬂﬂ Decay: Future I

JJ Gomez-Cadenas, sl etal ArXiv:1109.5515

Experiment Mpgg € AFE c Bgr/ROI
(kgss) (keV) (1073 counts/(keV- kggg - year)) (cts/yr)
EXO-200 141 0.34 100 0.78-5 11-71
GERDA-1 15.2 0.95 4.2 12—-70 0.77-4.5
GERDA-2 30.4 0.84 2 1.2-7 0.07-0.43
CUORE-O0 10.9 0.83 5 180-390 9.8-21.3
CUORE 206 0.83 5 36—130 37.1-134
KamLAND-Zen 357 0.61 250 0.22-1.8 19.6-161
MAJORANA Demonstrator 17.2 0.85 2 1.2-12 0.04-0.41
SNO+ 44 0.50 220 9-70 87—-680
NEXT 89.2 0.33 18 0.2-1 0.32-1.6

SuperNEMO Demonstrator 7 0.28 130 0.6-6 0.55-5.5
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’ "_}»’ e
g gluon W baryon 25 ﬁ?@q,}’f;‘g
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Neutrinos coupled

Decoupled neutrinos

by weak interactions

DA
NG
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(Cosmic Neutrino
Backgr'ound or CNB)
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Inflation

3
IPe. sAemo.IIU WSO

,q’sM UOIJE[

Key: W, Z bosons NS\, photon
q quark * star
g gluon L@ ® baryon
e electr on
.l mnaon I.

neutrino @ RIS

Particle Data Group, LBNL, © 2000. Supported by DOE and
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story of the Universe

Inflation

Neutrino cosmology is interesting because Relic neutrinos are
very abundant:

 The CNB contributes to radiation at early times and to matter
at late times (info on the number of neutrinos and their masses)

» Cosmological observables can be used to test standard or non-
standard neutrino properties

Fartcie Data Group, LBINL, (O ZUUU. dupported by DUE and INDF
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‘ Massive v in Cosmology |

Relic's: Effects in several cosmological observations at sevei@dlep

baryen density € j*®
Fol SEHRy W

Lo® i
baryon-Llo-pholen ratie i,

Primordial Cosmic Microwave Large Scale
Nucleosynthesis Background Structure Formation
BBN CMB LSS
T ~ MeV T <eV
Number ofv's (V;e1) Nier @and) S m,,

Observables also depend on all other cosmological parasnete
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‘Cosmological Analysis by Planck I

Correlations
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‘ Example of cosmological boundson m,, |

Dependence on Data Samples and Cosmological Model

Model Observables >¥m, (eV) 95%
ACDM + m,, Planck-lowL+rprior < 1.31
ACDM +m,, Planck+WP+highL(A) < 1.08
ACDM + m,, Planck+Lens+WP+highL(A) < 0.85
ACDM + m,, Planck+WP+highL < 0.66
oACDM + m,, Planck+WP+highL < 0.98
ACDM + m, | Planck+Lens+WP+highL+BAQ < 0.25
oACDM + m,, | Planck+Lens+WP+highL+BAQ < 0.36

Lesson for Particle Physicists:

Carefulwith what you callCosmological bound om,,
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— Accidentalglobalsymmetry B x L, x L,, X Ly <= m, =0

e INn theSM:

— neutrinos aréeft-nanded= helicity -1): m, = 0 = chirality = helicity

— No distinction betweeiviajoranaor Dirac Neutrinos
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e INn theSM:

— neutrinos aréeft-nanded= helicity -1): m, = 0 = chirality = helicity
— No distinction betweeiviajoranaor Dirac Neutrinos
e If m, # 0 — Need to extend SM

— different ways of addingn, to the SM
— breakingtotal lepton numberi = L. + L, + L.) — Majoranav: v = v¢
— conservingotal lepton number— Diracv: v # v©

— Lepton Mixing= breaking ofL, x L, x L,
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— neutrinos aréeft-nanded= helicity -1): m, = 0 = chirality = helicity
— No distinction betweeiviajoranaor Dirac Neutrinos
e If m, # 0 — Need to extend SM
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— breakingtotal lepton numberi = L. + L, + L.) — Majoranav: v = v¢
— conservingotal lepton number— Diracv: v # v©
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Question: How to search fon, < O(eV)?
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‘Summaryl I

— Accidentalglobalsymmetry B x L, x L,, X Ly <= m, =0

e INn theSM:

— neutrinos aréeft-nanded= helicity -1): m, = 0 = chirality = helicity
— No distinction betweeiviajoranaor Dirac Neutrinos
e If m, # 0 — Need to extend SM

— different ways of addingn, to the SM
— breakingtotal lepton numberi = L. + L, + L.) — Majoranav: v = v¢
— conservingotal lepton number— Diracv: v # v©

— Lepton Mixing= breaking ofL, x L, x L,
e From direct searches ofmass:m, < O(eV)
Question: How to search fon, < O(eV)?

Answer Tomorrow....



