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OUTLINE

e Historic Introduction to the SM of Massless Neutrinos

e Introducing v mass: Dirac vs Majorana, Lepton mixing, Flavour Oscillations
e Summary of Flavour Oscillation Observations

e Status of 3~ global description

e Explorations beyond 3v’s: steriles,NSI’s,Z’s. . .
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‘Discovery of v’s I

e At end of 1800’s radioactivity was discovered and three types identified: «, (3, 7

(. an electron comes out of the radioactive nucleus.

e Energy conservation = e~ should have had a fixed energy

(A, 2) = (A, Z+1)+e = B.=M(AZ+1)— M(A,Z)
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‘Discovery of v’s I

e At end of 1800’s radioactivity was discovered and three types identified: «, (3, 7
5 : an electron comes out of the radioactive nucleus.

e Energy conservation = e~ should have had a fixed energy

Z+1 e = o= M(A Z4 1) - M(A, Z)

(4,2) > (4
But 1914 James Chadwick owed that the electron energy ‘spectrum 1s continuous

Energy spectrum of beta
decay electrons from 210

Intensity

0 0.2 0.4 0.6 0.8 1.0 12
Kinetic energy, MeV

Do we throw away the energy conservation?

Bohr: we have no argument, either empirical or theoretical, for upholding the energy principle in
the case of (B ray disintegrations
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‘Discovery of v’s I

e The idea of the neutrino came in 1930, when W. Pauli tried a desperate saving

operation of ”the energy conservation principle”.
In his letter addressed to the Liebe Radioaktive Damen und Her-

ren (Dear Radioactive Ladies and Gentlemen), the participants
of a meeting in Tubingen. He put forward the hypothesis that
a new particle exists as constituent of nuclei, the neutron v,

able to explain the continuous spectrum of nuclear beta decay

(A, Z) = (A, Z41)+e +v
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‘Discovery of v’s I

e The idea of the neutrino came in 1930, when W. Pauli tried a desperate saving

operation of ”the energy conservation principle”.
In his letter addressed to the Liebe Radioaktive Damen und Her-

ren (Dear Radioactive Ladies and Gentlemen), the participants
of a meeting in Tubingen. He put forward the hypothesis that
a new particle exists as constituent of nuclei, the neutron v,

able to explain the continuous spectrum of nuclear beta decay

(A, Z) = (A, Z41)+e +v

e The v is light (in Pauli’s words:

m,, should be of the same order as the m.),

neutral and has spin 1/2



Massive Neutrinos 2024 Concha Gonzalez-Garcia

‘Neutrino Detection |

Fighting Pauli’s “Curse’:
[ have done a terrible thing, I have postulated a particle
that cannot be detected.



Sources Of 1% ,S s ::-?: Supernova 19874

L, =330 /c.m3 ExtraGalactic
, =0.0004 eV * E, 2 30TeV

The Sun

VG
dEarth — 6 x 100 /cm?s Atmospheric v's
E, ~ 0.1-20 MeV Ve, Vyyy Ve, Uy,
Human Body ®, ~ lv/cm?s .
®, = 340 x 105v/day -/

Nuclear Reactors
E, ~ few MeV

# Fermilab @

- OAK RIDGE _
Earth’s radioactivity Accelerators | 1;55
Fra ~ MeV
®, ~ 6 x 10%/cm?s E, ~0.3-30 GeV v
Concha Gonzalez-Garcia KE K
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‘Neutrino Detection |

Problem: Quantitatively: a v sees a proton of area:

o¥P ~ 107 38¢cm? %
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e So let’s consider the atmospheric v’s:
O™ — 11 /(em? second) v (E,) =1 GeV

e How many interact?
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Problem: Quantitatively: a v sees a proton of area:

o’P ~ 107 38cm? —GEeK/

e So let’s consider the atmospheric v’s:
O™ — 11 /(em? second) v (E,) =1 GeV

e How many interact? In a human body

_ L vp human human
Nmt =, X o X Nprot X CZﬂhfe (M x T = Exposure)

human
M x Ng = 80kg X N4 ~ 5 x 1028protons Exposurenhuman

human __
Nprotons T gr

Thuman — 80 years = 2 x 109 sec ~ Ton X year
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\Neutrino Detection |

Problem: Quantitatively: a v sees a proton of area:

o¥P ~ 107 38¢cm? %

e So let’s consider the atmospheric v’s:
O™ — 11 /(em? second) v (E,) =1 GeV

e How many interact? In a human body

Nint _ (I)y ¥ g¥P x Nhuman < Tvlhuman

prot ife (M x T = Exposure)
human
Ngfor?(?r?s =M e X N4 = 80kg X N4 ~ 5 x 10?8protons Exposurenuman
Thuman — 80 years = 2 x 109 sec ~ Ton X year

Nint = (5 x 10%®) (2 x 10?) x 107%% ~ 1 interaction in life

To detect neutrinos we need very intense source and/or
a hugh detector with Exposure ~ KTon X year
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‘First Neutrino Detection |

In 1953 Frederick Reines and Clyde Cowan put a detector near

a nuclear reactor (the most intense source available)

400 1 of water ° o ‘/7;; _
and Cadmium Chloride. .~} _*E‘*"" gy

et annihilates with e~ in the water and produces two 7’s simultaneouoly.
neutron is captured by por the cadmium and a +’s is emitted 15 msec latter

Reines y Clyde saw clearly this signature: the first neutrino had been detected
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‘Neutrinos = “Left-handed” |

Helicity of Neutrinos™

M. GOLDHABER, L. GropziNs, AND A. W. SuUNYAR

Brookhaven National Laboratory, U pton, New York
(Received December 11, 1957)

COMBINED analysis of circular polarization and

resonant scattering of 7 rays following orbital
electron capture measures the helicity of the neutrino.
We have carried out such a measurement with Eu!%?™,
which decays by orbital electron capture. If we assume
the most plausible spin-parity assignment for this
isomer compatible with its decay scheme,! 0—, we find
that the neutrino is “left-handed.” ie., @, p,=—1
(negative helicity).
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e We define the chiral projections Pgr 1 = 5 = = 158Y g =T
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e We define the chiral projections Pgr 1 = L 1575 = Y = 1_%1? YR = H%w

e The Hamiltonian for a massive fermion ) is H = @(I)(—iZWj 0; + m)Y(x)
J

e 4 states with (E,p) (v*p, —m)us(p) =0  (v*p, +m)vs(p) =0 s=1,2
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e The Hamiltonian for a massive fermion ) is H = E(x)(—inj 0; + m)Y(x)
J

e 4 states with (E,p) (v*p, —m)us(p) =0  (v*p, +m)vs(p) =0 s=1,2

Lo S Y | .
e Since [H,~s5] # 0 and [P, J| # 0 [J=L+ 5 (T = —49°9") ]
=> Neither Chirality nor .J; can characterize the fermion simultaneously with F, p
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for vy 2) to be eigenstates of the helicity projector
(1 + 5 )

. P

N |—
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J
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e We define the chiral projections Pgr 1 = L 1575 = Y = 1_%1? YR = H%w

e The Hamiltonian for a massive fermion ) is H = E(w)(—inj 0; + m)Y(x)

J

e 4 states with (E,p) (v*p, —m)us(p) =0  (v*p, +m)vs(p) =0 s=1,2

S S5 o X . .
e Since [H,~s5] # 0 and [P, J| # 0 [J=L+ 5 (T = —49°9") ]
=> Neither Chirality nor J; can characterize the fermion simultaneously with F, p

e But [H,J.P] = [P,.J.P]=0 = we can chose u; (p) = u (p) and us(p) = u_(p) (same
for vy 2) to be eigenstates of the helicity projector
(1 + 5

. P

e For massless fermions the Dirac equation can be written
SP1 =55y = —7"5°E+p) = 4°Ey = Form = 0Py = Pg

Only for massless fermions Helicity and chirality states are the same.

N |—

) = PL.r+ O(%)
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‘VintheSM I

e The SM i1s a gauge theory based on the symmetry group

e 3 Generations of Fermions:

(1,2,—3) (3,2,2)[(1,1,-1) (3,1,2) (3,1,—3)
Ly zL Er U}é Dj%
1 ui 1 2
c i €R UR dR
e I di I
Vu C i @

i HR ¢ 8
U . S‘ . R R
1% tl ) 2
" i TR R br
T ) b L
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‘VintheSM I

e The SM i1s a gauge theory based on the symmetry group

e 3 Generations of Fermions:

1,2,—2) (3,2,%)|(1,1,-1) (3,1,3) (3,1, —=
(1L2,-5) (32,8 |(,1,-1) (3,1,3) (3,1,-3) Onn = Toa 4 ¥
Ly L Er Ur Dfg
i . . ’ — 1
Ve u’ er wl di e v’s are 17,3 = 5 components of Ly,
(& I d I ’ : >
i . . e ’s have no strong or EM interactions
i ‘ pr ko sh
HolL ‘zz L | | e No v (= singlets of gauge group)
T ) \b J;
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‘ SM Fermion Lagrangian I

3 3
L ZZ L,ﬂ“(@({? — g “” L — g0 Wi — ’153) Tk

3 T (10,2465 0 30,) U
: 3: |
—I—Z ZD Phala (i(? — s “”Ga—l—g’lé B )D“}%’,\C
k=11,7=1
3
+ZLLW“ (10, — g3 W) +¢'5B,) Ly k+Er " (i0, + ¢'By) Er i
k=1
3
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3 3
L ZZ L,ﬂ“(@({? — g “” L — g0 Wi — ’153) Tk

+Z Z Uit (10 = 9,252 Gy — 9'305B, ) U
k=1 3: |
+Z > Dy (10 — 95252 G4 + ¢/ 3655 By ) Dip
k=11,7=1
3 _—
+ZLLJ<'VM (10, — g3 W) +¢'5B,) Ly k+Er " (i0, + ¢'By) Er i
k= 1
o Z ( kk’QL k ZTQ>¢ UR kT Akk’QL k(/bDR k/+>\k:k:’LL kngR L T h. c)
k,k'=1

e Invariant under global rotations

Qri — e “B/3Qr ;. Ugr. — € B/3Ug Dry — € “2/3Dp . Ly — €L g Ery — v Ep
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3
Z Lk7M<28 — g, azj a gTa5 Wa /15 B) o

Moo

@fo

3
—I—Z ZD Phala (i(? — s “”Ga—l—g’lé B )D“}%’,\C

’)//J’ (7,8 a2’ij GIZ — g’%dijBM) U}ygb,k

k=11,7=1
3
‘|‘ZLLJ€'YM (Zau — VVZ + g’ 1B ) LL,k—l-ER,k’Y'U’ (7,5’“ + g’BM) ER,k
k= 1
o Z ( kk’QL k ZTQ>¢ UR k't Akk’QL k(/bDR k/+>\k:k:’LL kngR L T h. c)
k,k'=1

e Invariant under global rotations

Qri — e “B/3Qr ;. Ugr. — € B/3Ug Dry — € “2/3Dp . Ly — €L g Ery — v Ep
— Accidental (= not imposed) global symmetry: U(1)p x U(1), x U(1)r, x U(1)L,
= Each lepton flavour, L;, 1s conserved
= Total lepton number . = L. + L,, + L 1s conserved
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e A fermion mass can be seen as at a Left-Right transition

mf@¢ — mf¢_L¢R + h.c. (this is not SU (2) 1, gauge invariant)
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e A fermion mass can be seen as at a Left-Right transition
mf@¢ — mf¢_L¢R + h.c. (this is not SU (2) 1, gauge invariant)

e In the Standard Model mass comes from spontaneous symmetry breaking via
Yukawa interaction of the left-handed doublet L, with the right-handed singlet E'r:

UY = —)\ﬁjsz-Equb + h.c. ¢ = the scalar doublet
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e A fermion mass can be seen as at a Left-Right transition
mf@¢ — mf¢_L¢R + h.c. (this is not SU (2) 1, gauge invariant)

e In the Standard Model mass comes from spontaneous symmetry breaking via
Yukawa interaction of the left-handed doublet L, with the right-handed singlet E'r:
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e After spontaneous symmetry breaking
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¢ % 'U+h i £I'I’la,SS

V2

= —E, M ER +h.c. with M‘= L)\

N




Massive Neutrinos 202<| SM — maSSleSS 1% ,S and LFC Ioncha Gonzalez-Garcia

e A fermion mass can be seen as at a Left-Right transition
mf@¢ — mf¢_L¢R + h.c. (this is not SU (2) 1, gauge invariant)

e In the Standard Model mass comes from spontaneous symmetry breaking via
Yukawa interaction of the left-handed doublet L, with the right-handed singlet E'r:

UY = —)\ﬁjsz-Equb + h.c. ¢ = the scalar doublet

e After spontaneous symmetry breaking

0 _
SSB l - ¢ - ¢ 1 I
b "= . = L. = — P M " Er 4+ h.c. with M* = —\/5)\ )
V2
In the SM:

— There are no right-handed neutrinos
= No renormalizable (ie dim< 4) gauge-invariant operator for tree level v mass

— SM gauge invariance =-accidental symmetry U (1) x U(1)r, x U(1)r, x U(1)r,
= Not possible to generate such term at any order perturbatively
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e A fermion mass can be seen as at a Left-Right transition
mf@¢ — mf¢_L¢R + h.c. (this is not SU (2) 1, gauge invariant)

e In the Standard Model mass comes from spontaneous symmetry breaking via
Yukawa interaction of the left-handed doublet L, with the right-handed singlet E'r:

UY = —)\ﬁjsz-Equb + h.c. ¢ = the scalar doublet

e After spontaneous symmetry breaking

0 _
SSB l - ¢ - ¢ 1 I
b "= . = L. = — P M " Er 4+ h.c. with M* = —\/5)\ )
V2
In the SM:

— There are no right-handed neutrinos
= No renormalizable (ie dim< 4) gauge-invariant operator for tree level v mass

— SM gauge invariance =-accidental symmetry U (1) x U(1)r, x U(1)r, x U(1)r,
= Not possible to generate such term at any order perturbatively
In SM v’s are Strictly Massless & Lepton Flavours are Strictly Conserved
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e We have observed with high (or good) precision:

* Atmospheric v,, & v,, disappear most likely to v (SK,MINOS, ICECUBE)

* Accel. v, & U, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
* Some accelerator v,, appear as v, at L ~ 300 /800 Km ( T2K, MINOS,NOvA)
* Solar v, convert to v, /v (Cl, Ga, SK, SNO, Borexino)

x Reactor 7, disappear at L ~ 200 Km (KamLAND)

x Reactor 7, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)
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e We have observed with high (or good) precision:

* Atmospheric v,, & v,, disappear most likely to v (SK,MINOS, ICECUBE)

* Accel. v, & U, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
* Some accelerator v,, appear as v, at L ~ 300 /800 Km ( T2K, MINOS,NOvA)
* Solar v, convert to v, /v (Cl, Ga, SK, SNO, Borexino)

x Reactor 7, disappear at L ~ 200 Km (KamLAND)

x Reactor 7, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)

All this implies that L, are violated
and There 1s Physics Beyond SM
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‘Dirac versus Majorana Neutrinos I

e In the SM neutral bosons can be of two type:

— Their own antiparticle such as v, 7 ...

— Different from their antiparticle such as K°, KY...

e In the SM v are the only neutral fermions
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e In the SM v are the only neutral fermions
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x* ANSWER 1: v different from anti-v = v 1s a Dirac fermion (like e)
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= And the charged conjugate neutrino field = the antineutrino field
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which contain two sets of creation—annihilation operators
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‘Dirac versus Majorana Neutrinos I

e In the SM neutral bosons can be of two type:

— Their own antiparticle such as ~, 7° ...

— Different from their antiparticle such as K°, KY...

e In the SM v are the only neutral fermions
= OPEN QUESTION: are neutrino and antineutrino the same or different particles?

x* ANSWER 1: v different from anti-v = v 1s a Dirac fermion (like e)
= It is described by a Dirac field v(z) = > ° [as(ﬁ)us(ﬁ)e_ipx + bl (P)vs (ﬁ)eipx}

s,P

= And the charged conjugate neutrino field = the antineutrino field

v = e =3 (b (Bus (e + al (v, (e | = —C 7
5P (C =iy

which contain two sets of creation—annihilation operators

= 4 chiral fields
vy, , VR , (VL)C : (VR)C with v = vy + v and v = (VL)C — (VR)C
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‘Dirac versus Majorana Neutrinos I

+ ANSWER 2: v same as anti-v = v is a Majorana fermion : vy, = v/,
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+ ANSWER 2: v same as anti-v = v is a Majorana fermion : vy, = v/,

= 1S =3 [P @us@e + ol e ()™ | = v =37 |as(Bus(B)e " + bl Fos (D)™

S,p S$,p
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‘Dirac versus Majorana Neutrinos I

+ ANSWER 2: v same as anti-v = v is a Majorana fermion : vy, = v/,

=00 =3 [b@u@e ™™ + al (Pv. (™ | =v =" |as(@usHe " + bl (). (M ]
s,p s,p
= So we can rewrite the field v, = Z [as(ﬁ)us(ﬁ)e_ipx + al(p)vs (ﬁ)eipx}

s,0
which contains only one set of creation—annihilation operators
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‘Dirac versus Majorana Neutrinos I

+ ANSWER 2: v same as anti-v = v is a Majorana fermion : vy, = v/,

= 1S =3 [P @us@e + ol e ()™ | = v =37 |as(Bus(B)e " + bl Fos (D)™

S$,P $,P

= So we can rewrite the field v, = Z las(P)us(P)e” " + al (P)v, (p)e*P*]

s,0
which contains only one set of creation—annihilation operators

= A Majorana particle can be described with only 2 independent chiral fields:

vy and (v7)¢ and the other two are  vg = (v1)¢  (vr)® =g



Massive Neutrinos 2024 Concha Gonzalez-Garcia

‘Dirac versus Majorana Neutrinos I

+ ANSWER 2: v same as anti-v = v is a Majorana fermion : vy, = v/,

= 1S =3 [P @us@e + ol e ()™ | = v =37 |as(Bus(B)e " + bl Fos (D)™

S$,P $,P

= So we can rewrite the field v, = Z las(P)us(P)e” " + al (P)v, (p)e*P*]

s,0
which contains only one set of creation—annihilation operators

= A Majorana particle can be described with only 2 independent chiral fields:

vy, and (v7)¢  and the other two are vp = (v1)¢  (vr)® = v
e In the SM the interaction term for neutrinos
Ling = i—g[(l_oﬁ Prva) W, + (UaVuPrla)W. ]+ L9 (VaVuPLva)Z
V2 : H : H V2 cos Oy : :

Only involves two chiral fields Prv =v; and 7V Pgr = (VL)CTCT
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‘Dirac versus Majorana Neutrinos I

+ ANSWER 2: v same as anti-v = v is a Majorana fermion : vy, = v/,

= 1S =3 [P @us@e + ol e ()™ | = v =37 |as(Bus(B)e " + bl Fos (D)™
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s,0
which contains only one set of creation—annihilation operators

= A Majorana particle can be described with only 2 independent chiral fields:

vy, and (v7)¢  and the other two are vp = (v1)¢  (vr)® = v
e In the SM the interaction term for neutrinos
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‘Dirac versus Majorana Neutrinos I

+ ANSWER 2: v same as anti-v = v is a Majorana fermion : vy, = v/,

= 1S =3 [P @us@e + ol e ()™ | = v =37 |as(Bus(B)e " + bl Fos (D)™

S$,P $,P

= So we can rewrite the field v, = Z las(P)us(P)e” " + al (P)v, (p)e*P*]

s,0
which contains only one set of creation—annihilation operators

= A Majorana particle can be described with only 2 independent chiral fields:

vy, and (v7)¢  and the other two are vp = (v1)¢  (vr)® = v
e In the SM the interaction term for neutrinos
Ling = i—g[(l_oﬁ Prva) W, + (UaVuPrla)W. ]+ L9 (VaVuPLva)Z
V2 : H : H V2 cos Oy : :

Only involves two chiral fields Ppv =v; and 7TPr = (VL)CTCT

= Weak interaction cannot distinguish if neutrinos are Dirac or Majorana

The difference arises when including a neutrino mass
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‘Addlng v Mass: Dirac Mass I

e A fermion mass is a Left-Right operator : L,,,, = —m fﬂw r + h.c.
e One introduces v which can couple to the lepton doublet by Yukawa interaction

LY = NopLpol +he. (¢ =img?)
) : (v) (Dirac)
e Under spontaneous symmetry-breaking £.-" = Linass
1rac 1 — v 1% C —
£{Pirae) — _grMbvr + he. = —5( rMbvr+(wr)eMb" (vr)¢)+h.c. = — kaukDykD

MY = %)\V v =Dirac mass for neutrinos VETMDVV = diag(m, ma, m3)

= The eigenstates of M7 are Dirac fermions (same as quarks and charged leptons)

o £ Dirac) 4 uolves the four chiral fields vy, v, (v)¢, (vg)®

= Total Lepton number is conserved by construction (not accidentally):

- e T —i g Dirac Dirac
Ul),: v—e v and T — e v :>£](mass)_>£1(mass)
Ul : v9 —=e @Y and v¢ — e
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can write a Lorentz-invariant mass term

mass 2
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LMa)) — e 4 he = —= m M
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can write a Lorentz-invariant mass term
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:  — 1
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k

MY, =Majorana mass for v’s is symmetric VYT My, VY = diag(my, mo, ms3)

= The eigenstates of M}, are Majorana particles

vM = VrTy + (VPTup)e (verify vMS =M )
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can write a Lorentz-invariant mass term
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MY, =Majorana mass for v’s is symmetric VYT My, VY = diag(my, mo, ms3)

= The eigenstates of M}, are Majorana particles
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e One does not introduce v but uses that the field (v, )€ is right-handed, so that one
can write a Lorentz-invariant mass term

mass 2

. 1 1
LMa)) — e 4 he = —= m M
LM 2 1 7
k

MY, =Majorana mass for v’s is symmetric VYT My, VY = diag(my, mo, ms3)

= The eigenstates of M}, are Majorana particles

vM = VrTy + (VPTup)e (verify vMS =M )

= But SU(2), gauge inv is broken = LQQ’;‘Q not possible at tree-level in the SM

e Moreover under any U (1) symmetry with U(1) : v — v

c —ia C — —ix — —C i e (Maj) 2iac p(Maj)
= vi—e V" and TV—e U so ve—eve = LU0V — et L0

£§n1\§2§) breaks U(1) = only possible for particles without electric charge

= Breaks Total Lepton Number =- ﬁ%‘g‘;” not generated at any order in the SM
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1% r= Unitary 3 X 3 matrices V¥= Unitary N x N matrix.
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‘u Mass = Lepton Mixing I

VL,p

VL, r
(vr,1)C

e CC and mass for 3 charged leptons ¢; and /N neutrinos in weak basis »" =

3
Loc+Ly = _\f ZzL AW Y My Z VCWMVZJ v} +h.c.

i,j=1 i,J=1

e Change to mass basis : E%V VLUEL g ﬁg/ VRUER 5 vV = Vi,

VfTMgV}% = diag(me, m,, m;) VVEM, VY = diag(m?, m3, m2,...,m%)
1% r= Unitary 3 X 3 matrices VY= Unitary N x N matrix.
e The charged current in the mass basis: Loo = — %E ol UﬁjﬁP v Wi

o Urpp = 3 x N matrix ULEPUEEP:[;;X;), but in general UEEPULEP;&]NXJV

Jrk vk) pv
U = ZPEVE vvkipy.
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‘ Lepton Mixing I

B . gtk
Upep = 3 X N matrix LEP = ZPM-VL Vv JP]-”]-
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e P% D 3 phases absorbed in /;

e [’/7 D N-1 phases absorbed in v; (only possible if v; is Dirac)
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‘ Lepton Mixing I

3 .
.. 1k .
Upgp =3 X N matrix  Ujpp = ZPZ%VF V’/k]PjVj
k=1

e P. D 3 phases absorbed in /;
e [’/2 D N-1 phases absorbed in v; (only possible if v; is Dirac)

= For N =3+ s: UpgpD 3(1+ s) angles + (2s + 1) Dirac phases + (s + 2) Maj phases
e For example for 3 Dirac v : 3 Mixing angles + 1 Dirac Phase

1 0 0 C13 0 813€i5 ca1 si2 O
Uep =10 C23 S23 0 1 0 —s12 c12 0

0O —s23 c23 —:3136_i(S 0 C13 0 0 1
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Massive Neutrinos 2024
‘ Lepton Mixing I

3 .
.. 1k .
Upgp =3 X N matrix  Ujpp = g Pf;VfJr V’/k]PjVj
k=1

e P. D 3 phases absorbed in /;
e [’/2 D N-1 phases absorbed in v; (only possible if v; is Dirac)

= For N =3+ s: UpgpD 3(1+ s) angles + (2s + 1) Dirac phases + (s + 2) Maj phases

e For example for 3 Dirac v : 3 Mixing angles + 1 Dirac Phase

1 0 0 C13 0 813€i6 ca1 si2 O
Uep =10 C23 S23 0 1 0 —s12 c12 0
0O —s23 c23 —8136_i(S 0 C13 0 0 1

e For 3 Majorana v : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0 0 C13 0 5136“s c21 si2 O 1 0 0
Urgp=10 C23 523 0 1 0 —Ss12 c12 O 0 el 0
0O —s93 923 —8136_1'(S 0 C13 0 0 1 0 0 et?3
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‘Effects of » Mass: Flavour Transitions |

e Flavour (= Interaction) basis (production and detection): v., v, and v,

e Mass basis (free propagation in space-time): v, 15 and vs ...

¢ In general interaction eigenstates # propagation eigenstates

Flavour not conserved 1n propagation

V1
Ve s | la lb
i e _—
U, V3 Va Long Journey Vg,

Source Detector

e The probability I, of producing neutrino with flavour « and detecting with
flavour (8 has to depend on:

— Misalignment between interaction and propagation states (= U)
— Difference between propagation eigenvalues
— Propagation distance
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e If neutrinos have mass, a weak eigenstate |v,) producedin/, + N —v, + N’

is a linear combination of the mass eigenstates (|v;))

Va)= Z i Vi)

U 1is the leptonic mixing matrix.
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e After a distance L (or time ?) it evolves

va(t) Z i|vi(t)
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‘Mass Induced Flavour Oscillations in Vacuum |

e If neutrinos have mass, a weak eigenstate |v,) producedin/, + N —v, + N’

is a linear combination of the mass eigenstates (|v;))

Va)= Z i Vi)

U 1is the leptonic mixing matrix.

e After a distance L (or time ?) it evolves

va(t) Z i|vi(t)

e it can be detected with flavour 5 with probability

Pop = [(vg|va(t) —!ZZ 8iUps (vslvi(6) ]

71=1 =1
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‘Mass Induced Flavour Oscillations in Vacuum |

e The probability

n n

Pas = [(wplva(O) =) D UsiUs;(vslva()?

71=1 =1

e We call F/; the neutrino energy and m,; the neutrino mass

e Under the approximations:

(]-) ‘V> is aplane wave = ‘Vz(t» — e —1 Bt

v;(0)) and using (v;|v;) = d;;

Pap = 6ap — 4 ) Re[UaiUj;Us;Us;lsin® (%) +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

1<J 1<J

with Aij = (Ez — Ej)t
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‘Mass Induced Flavour Oscillations in Vacuum |

e The probability

n n

Pas = [(wplva(O) =) D UsiUs;(vslva()?

71=1 =1

e We call F/; the neutrino energy and m,; the neutrino mass

e Under the approximations:

(]-) ‘7/> is aplane wave = ‘Vz(t» — e —1 Bt

v;(0)) and using (v;|v;) = d;;

Pap = 6ap — 4 ) Re[UaiUj;Us;Us;lsin® (%) +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

1<j 1<J
with Aij = (Ez — Ej)t

(2) relativistic v

2
Ei:\/p?%-m%ﬁpﬁ—;g
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‘Mass Induced Flavour Oscillations in Vacuum |

e The probability

n n

Pas = [(wplva(O) =) D UsiUs;(vslva()?

71=1 =1

e We call F/; the neutrino energy and m,; the neutrino mass

e Under the approximations:

(1) ‘V> is aplane wave = ‘z/z(t» — e —1 Bt

v;(0)) and using (v;|v;) = d;;

Pap = 6ap — 4 ) Re[UaiUj;Us;Us;lsin® (%) +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

i< i<j
with Aij = (Ez — Ej)t
(2) relativistic v

2
m:
EZ.:\/Z 2 oy, 4 U
P m it o
(3) Lowest order inmass p; >~ p; =p ~ E
2 2 2 2
Azg _ (mz o g)L _ 1 27777,2 _m] L/E

5 AE ‘ eVZ  Km/GeV
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‘Mass Induced Flavour Oscillations in Vacuum |

e The oscillation probability:

Pog = 80p — 4ZRe[UMU5,L-UajUBj]sm2 ( 23> + 2ZIm[UaiUﬁanjUﬁj]sm (Aij)
1<J 1<J
Ay (BEi—Ej)L 1 27(m?_m?) L/E
2 2 - eV:Z Km/GeV
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e The oscillation probability:
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‘Mass Induced Flavour Oscillations in Vacuum |

e The oscillation probability:

Pap = 6ap —4) Re[UaiUs;Us;Ug;lsin® (

Ay B .
23 ) +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

1<J 1<J
_ (Bi—Ej)L _ (mi—m3) L/E
2 2 = 1.27 eV: Km/GeV
; .o (A _ .
— The first term 0,5 — 4ZRe UmUBZU Upg,lsin > equal forv (U — U™)
1<J

— conserves CP

— The last piece 2 ZIm[UmUEiU;j Ugjlsin (A;;) opposite sign for 7

>y .
= — violates CP

~Ifa= 8= mUyU:U Uy = Im[|U%?|Ua;s 2] =

at~ aj

= CP violation observable only for 5 # «
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‘Mass Induced Flavour Oscillations in Vacuum |

e The oscillation probability:

Pap = 6ap —4) Re[UaiUs;Us;Ugjlsin® (TJ) +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

i< j i<j
Ay _ (BB)L _ 4 27(m?—m?) L/E
2 2 - eV?  Km/GeV
- * * -2 AZ] — *
— The first term 6,3 —4ZRC[UaiUBanjU5j]SIH = equal forv (U — U™)
i<j

— conserves CP

— The last piece 2 ZIm[Um—UEiU;ﬁj Ugs;lsin (A;;) opposite sign for v

<j .
Y — violates CP
e .3 depends on Neutrino Parameters and on Two set-up Parameters:
o Am;; =m7 —m> The mass differences e F The neutrino energy
o U, The mixing angles e [, Distance v source to detector

(and Dirac phases)
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‘Mass Induced Flavour Oscillations in Vacuum |

e The oscillation probability:

Pap = 6ap —4) Re[UaiUs;Us;Ugjlsin® (%) +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

i< j i<j
Ay _ (BB)L _ 4 27(m?—m?) L/E
2 2 - eV?  Km/GeV
- * * -2 AZ] — *
— The first term 6,3 —4ZRC[UaiUBanjU5j]SIH = equal forv (U — U™)
i<j

— conserves CP

— The last piece 2 ZIm[Um—UEiU;ﬁj Ugs;lsin (A;;) opposite sign for v

<j .
Y — violates CP
e .3 depends on Neutrino Parameters and on Two set-up Parameters:
o Am;; =m7 —m> The mass differences e F The neutrino energy
o U, The mixing angles e [, Distance v source to detector

(and Dirac phases)

e No information on mass scale nor Majorana phases
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(A, Z) > (A, Z4+2) + e + e
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e Amplitude includes [EWMLVQ ev“Lue = ZU‘% e’y“’uz [67“ V]}
ij
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e Amplitude includes [Ev“Lue} [Ey“Lue] = ZUeiUij [E’y“’ui} [Ey“uj}
i
— If v; Dirac = v; annihilates a neutrino and creates an antineutrino
= no same state = Amplitude =0

—If v; Majorana = v; = v} annihilates and creates a neutrino=antineutrino
= same state = Amplitude < v; (1/2) =+ 0
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Dirac or Majorana? v-less Double-5 Decay

Lectures of R. Schwingenheuer

(A, Z) > (A, Z+2) +e + e

fih\

e Amplitude includes [Ev“Lue} [Ey“Lue] = ZUeiUij [E’y“’ui} [Ey“uj}
i
— If v; Dirac = v; annihilates a neutrino and creates an antineutrino
= no same state = Amplitude =0

—If v; Majorana = v; = v} annihilates and creates a neutrino=antineutrino
= same state = Amplitude < v; (1/2) =+ 0

e If Majorana m,, only source of L-violation

= Amplitude of v-less-33 decay is proportional to (m..) Z
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e Fermi proposed a kinematic search of v. mass from beta spectra in * H beta decay

SH -3 He+ e+ 7,
e For “allowed” nuclear transitions, the electron spectrum is given by phase space alone

d
K(T)_\/dJZYCpEF(E)O(\/Q T)\/ T)? —m?2

T = E. — m., Q= maximum kinetic energy, (for > H beta decay ) = 18.6 KeV)

Taking into account mixing mS’ = \/ g m;, |Ue;|?
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e Fermi proposed a kinematic search of v. mass from beta spectra in * H beta decay

SH -3 He+ e+ 7,
e For “allowed” nuclear transitions, the electron spectrum is given by phase space alone

d
K(T)_\/dJZYCpEF(E)O(\/Q T)\/ T)? —m?2

T = E. — m., Q= maximum kinetic energy, (for > H beta decay ) = 18.6 KeV)

Taking into account mixing mS’ = \/ g m;, |Ue;|?

e m, # 0 = distortion from the straight-line at the end point of the spectrum
m, =0 = Thax =@ K (T)
my#o = TmaX:Q_ml/




Massive Ne“‘| Neutrino Mass Scale: Tritium 5 Decay IIG

e Fermi proposed a kinematic search of v. mass from beta spectra in * H beta decay

SH -3 He+ e+ 7,
e For “allowed” nuclear transitions, the electron spectrum is given by phase space alone

d
K(T)_\/dJZYCpEF(E)O(\/Q T)\/ T)? —m?2

T = E. — m., Q= maximum kinetic energy, (for > H beta decay ) = 18.6 KeV)

Taking into account mixing mS’ = \/ g m;, |Ue;|?

e m, # 0 = distortion from the straight-line at the end point of the spectrum
m, =0 = Thax =@ K (T)
my#o = TmaX:Q_ml/

-—m,——=

— At present only a bound: mejff < 0.8eV (at90 % CL) (Katrin)

— Katrin operating can improve present sensitivity to m®t ~ 0.3 eV
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Single 8 decay : Pure kinematics, Dirac or Majorana v’s, only model independent

m3, = 2 m3|Ues
Present bound: m,_ < 0.8 eV (90% CL KATRIN 2021)
Katrin (20XX) Sensitivity to m,,_ ~ 0.2eV

K (T)

TOV _ me

; If m,, only source of AL T} 2= a2
n Ov nucl mZ,
V =12 _Umi|

e~ Present Bounds: m.. < 0.04—0.2 eV

COSMO for Dirac or Majorana
Z m;  Lecture S. Pastor
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‘The Other Flavours |

v coming out of a nuclear reactor is 7. because it is emitted together with an e™

Question: Is it different from the muon type neutrino v, that could be associated to
the muon? Or is this difference a theoretical arbitrary convention?
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v coming out of a nuclear reactor is 7. because it is emitted together with an e™

Concha Gonzalez-Garcia

Question: Is it different from the muon type neutrino v, that could be associated to

the muon? Or is this difference a theoretical arbitrary convention?

In 1959 M. Schwartz thought of
producing an intense v beam from
7’s decay (produced when a proton
beam of GeV energy hits matter)

Schwartz, Lederman, Steinberger
and Gaillard built a spark chamber
(a 10 tons of neon gas) to detect v/,

cible

—

protons

e

20 m

blindage de fer

" detecteur
(10 tonnes)

-== gtincelles sur le

parcours du muon
issu de I’interaction

du neutrino Ve
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v coming out of a nuclear reactor is 7. because it is emitted together with an e™

Concha Gonzalez-Garcia

Question: Is it different from the muon type neutrino v, that could be associated to

the muon? Or is this difference a theoretical arbitrary convention?

In 1959 M. Schwartz thought of
producing an intense v beam from
7’s decay (produced when a proton
beam of GeV energy hits matter)

Schwartz, Lederman, Steinberger
and Gaillard built a spark chamber
(a 10 tons of neon gas) to detect v/,

cible

—

protons

e

blindage de fer

20 m

" detecteur
(10 tonnes)

=== ptincelles sur le

parcours du muon
issu de I’interaction

du neutrino Ve

They observe 40 v interactions: in 6 an e~ comes out and in 34 a 1~ comes out.

If v, = v, = equal numbers of 1~

and e—
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If v, = v = equal numbers of 1~ and e— = Conclusion: v, is a different particle
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‘The Other Flavours |

v coming out of a nuclear reactor is 7. because it is emitted together with an e™

Question: Is it different from the muon type neutrino v, that could be associated to
the muon? Or is this difference a theoretical arbitrary convention?

In 1959 M. Schwartz thought of blindage de fer

producing an intense » beam from | <

7’s decay (produced when a proton i“’ o _m
beam of GeV energy hits matter) protons T _‘ |‘ " 1 N
| I_|§- 1

Schwartz, Lederman, Steinberger i

" detecteur

and Gaillard built a spark chamber 0m (10 tonnes)

(a 10 tons of neon gas) to detect v/, oereesetincelles sur le

parcours du muon
issu de I’interaction
du neutrino Ve

They observe 40 v interactions: in 6 an e~ comes out and in 34 a 1~ comes out.

If v, = v = equal numbers of 1~ and e— = Conclusion: v, is a different particle

In 1977 Martin Perl discovers the particle tau = the third lepton family.
The v, was observed by DONUT experiment at FNAL 1n 1998 (officially in Dec. 2000).
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‘ Neutrino Helicity I

e The neutrino helicity was measured in 1957 in a experiment by Goldhaber et al.

e + 152E’U,—> U+ 1523777,*

e Using the electron capture reaction 152G |~

with J(**?Eu) = J(**2Sm) = 0and L(e™) = 0
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‘ Neutrino Helicity I

e The neutrino helicity was measured in 1957 in a experiment by Goldhaber et al.

- 4 152p 152Q,,, *
e Using the electron capture reaction e T u— v+ Pm

1928 m 4 ~
with J(**?Eu) = J(**2Sm) = 0and L(e™) = 0

e Angular momentum J(eT) = J(v) 4+ J(Sm)

conservation = < = J.(v)+ J.(7v)

|+
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‘ Neutrino Helicity I

e The neutrino helicity was measured in 1957 in a experiment by Goldhaber et al.

— 152 152Q,,, *
e Using the electron capture reaction e” + PRu—v+ Bm

1928 m 4 ~

with J(**?Eu) = J(**2Sm) = 0and L(e™) = 0

e Angular momentum J(eT) = J(v) 4+ J(Sm)

conservation = < = J.(v)+ J.(7v)

+1
. 2

e Nuclei are heavy = p(1°2Eu) ~ p(1°2Sm) ~ p(1°29m*) = 0

So momentum conservation = p(v) = —p(y) = v helicity= v helicity



Massive Neutrinos 2024 Concha Gonzalez-Garcia

‘ Neutrino Helicity I

e The neutrino helicity was measured in 1957 in a experiment by Goldhaber et al.

— | 152 152Q,,, *
e Using the electron capture reaction e” + PRu—v+ Bm

1928 m 4 ~

with J(**?Eu) = J(**2Sm) = 0and L(e™) = 0

e Angular momentum J(eT) = J(v) 4+ J(Sm)

conservation = < = J.(v)+ J.(7v)

+1
. 2

e Nuclei are heavy = p(1°2Eu) ~ p(1°2Sm) ~ p(1°29m*) = 0

So momentum conservation = p(v) = —p(y) = v helicity= v helicity

e Goldhaber et al found « had negative helicity = v has helicity —1
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‘Number of Neutrinos |

e The counting of light left-handed neutrinos i1s based on the family structure of the

SM assuming a universal diagonal NC coupling:

o

Vv

.ILL _ —

.]Z — § Voszy'uVozL
o

v
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‘Number of Neutrinos |

e The counting of light left-handed neutrinos i1s based on the family structure of the

SM assuming a universal diagonal NC coupling:

V

/ZW\< Jg — ZD&LWMVQL
_ o
V

e For m,. < myz/2 one can use the total Z-width I'z to extract IV, o
Al 0

a5
Hadrons
a0

o o ar
1 o L
L ]

F. 1 ¢ 1980

Ny = = —(I,—-1; —3I . 0 1891
r, — 1,0z Ih=30) Z .
r 127 R T |
', o,mz 1

I';,,,= the invisible width
I',= the total hadronic width
[';= width to charged lepton Energy (GeV)

Leads N, = 2.9840 + 0.0082

T mwn/’ Tt
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‘Neutrinos always “‘Left-Handed” = Massless I

e If v had a mass they would not go to the speed of light:

= the direction of its momentum depends on the reference frame
So in one reference frame

YOU

V
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‘Neutrinos always “‘Left-Handed” = Massless I

e If v had a mass they would not go to the speed of light:

= the direction of its momentum depends on the reference frame
So in one reference frame

YOU

V

And 1in another

VR?'%

®
YOU
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‘Neutrinos always “‘Left-Handed” = Massless I

e If v had a mass they would not go to the speed of light:

= the direction of its momentum depends on the reference frame
So in one reference frame

YOU So if always left=-

V

Strictly massless
And in another

VR?'%

®
YOU



Massive Neutrinos 2024 Concha Gonzalez-Garcia

‘ v Mass from Non-Renormalizable Operator I




Massive Neutrinos 2024 Concha Gonzalez-Garcia

‘ v Mass from Non-Renormalizable Operator I

If SM is an effective low energy theory, for &/ < Anp
— The same particle content as the SM and same pattern of symmetry breaking

— But there can be non-renormalizable L= Loy +Z
(dim> 4) operators ”

1
n—4 On
AN]E’
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‘ v Mass from Non-Renormalizable Operator I

If SM is an effective low energy theory, for &/ < Anp
— The same particle content as the SM and same pattern of symmetry breaking

_ _ i 1
But there can be non-renormalizable L= Lo +Z —— 0,
(dim> 4) operators " ANP
First NP effect = dim=5 operator Zii (——N\ (T O
' Ls= (LL,z'¢) (¢ Ly j)
There is only one! Anp ’
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‘ v Mass from Non-Renormalizable Operator I

If SM is an effective low energy theory, for &/ < Anp
— The same particle content as the SM and same pattern of symmetry breaking

_ _ i 1
But there can be non-renormalizable L= Lo +Z —— 0,
(dim> 4) operators — Axp
First NP effect = dim=5 operator Zii (——N\ (T O
' Ls= (LL,z'¢) (¢ Ly j)
There is only one! Anp ’
which after symmetry breaking o v?
(My)ij = Zi;

induces a ¥ Majorana mass 7 Anp
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‘ v Mass from Non-Renormalizable Operator I

If SM is an effective low energy theory, for &/ < Anp

— The same particle content as the SM and same pattern of symmetry breaking

_ _ i 1
But there can be non-renormalizable L= Lan +Z —_0,
(dim> 4) operators " ANP
First NP effect = dim=5 operator Zii (——N\ (T O
. L5 = (LL,in) (Cb Ly j)
There is only one! Anp ’
which after symmetry breaking Iy v v
induces a ¥ Majorana mass (My)ij = Zi; Anp

Implications:

— It 1s natural that ~ mass is the first evidence of NP
— Naturally m, < other fermions masses ~ Moif Anp >> 0

— See-saw with heavy vy integrated out 1s a particular example of this



