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OUTLINE

e Historic Introduction to the SM of Massless Neutrinos

e Introducing v mass: Dirac vs Majorana, Lepton mixing

e Mass induced Flavour Oscillations in Vaccum and in Matter

e Summary of Flavour Oscillation Observations:Status of 3 global description
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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
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‘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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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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(1 + 5 )
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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 |—

) = Prp +O(2)
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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

SSB 0 z
¢ % '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 neutral bosons can be of two type:

— Their own antiparticle such as ~, 7° ...
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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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‘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 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
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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 Prv =v; and 7V Pgr = (VL)CTCT
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+ ANSWER 2: v same as anti-v = v is a Majorana fermion : vy, = v/,
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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
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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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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
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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
L Maj) _ ——v{ Myvr, +he = 5 kaﬁf\/[ViM
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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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
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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 )
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LQQ@? breaks U(1) = only possible for particles without electric charge
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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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VL,p

VL, r
(vr,1)

e CC and mass for 3 charged leptons ¢; and /V neutrinos in weak basis W = o

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

i,j=1 i,J=1
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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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‘ Lepton Mixing I

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

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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e Minimal Extension to allow for LFV = give Mass to the Neutrino

x Introduce vr AND impose L conservation = Dirac v # v¢:
L=Lsy — M,vrvr + h.c.

* NOT 1impose L conservation = Majorana v = v°
L=Lgpn — MVLVL—i—hC

e The charged current interactions of leptons are not diagonal (same as quarks)
—W+Z Doyt Lvd + U Uiy LD?) + hec

Vj uj
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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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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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Dirac or Majorana? v-less Double-5 Decay

Lectures of C. Patrick

(A, Z) > (A, Z4+2) + e + e

/% %\

e Amplitude includes [Ev“Lue ev“Lue = ZU‘% e’y“m [6’}/“1/]}
ij
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Dirac or Majorana? v-less Double-5 Decay

Lectures of C. Patrick

p
) i //
. o
— _ W
(A, Z) > (A, Z+2) + e +e y
w _
" > e
n > \\

e Amplitude includes [Ev“Lue} [Ey“Lue] — ZUeiUij [E’y“m} [Ey“yj}
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 x v; (VZ) # 0
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Dirac or Majorana? v-less Double-5 Decay

Lectures of C. Patrick

p
) i //
. o
— _ W
(A, Z) > (A, Z+2) + e +e y
w _
" > e
n > \\

e Amplitude includes [Ev“Lue} [Ey“Lue] — ZUeiUij [E’y“m} [Ey“z/j}
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 x v; (VZ) # 0

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

= Amplitude of v-less-33 decay is proportional to (m..) Z



Massive Neutrinos 2024 Concha Gonzalez-Garcia
‘Probes of v Mass Scale |

Single 5 decay : Pure kinematics, Dirac or Majorana v’s, only model independent

=Y mi|Uql?
Present bound: m,,_ < 0.8 eV (90% CL KATRIN 2021)
r 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

COSMOLOGY for Dirac or Majorana
m,, affect growth of structures Z m; <? (Lecture by. E Di Valentino )
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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



Massive Neutrinos 2024 Concha Gonzalez-Garcia

‘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.
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U 1is the leptonic mixing matrix.

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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‘Mass Induced Flavour Oscillations in Vacuum |

e The oscillation probability:

Pap = 6ap —4) Re[UaiUs;Us;Ug;lsin® ( 23> +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

i< j i<
Ay (Bi—Ej)L _ 1 27(m?_m?) L/E
2 2 - eV>  Km/GeV
- * * . 2 AZJ — *
— The first term 6,3 — 4ZRe[Ua7;U5anjU5j]81n = equal forv (U — U”)
i<j

— conserves CP
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e The oscillation probability:

Pap = 6ap —4) Re[UaiUs;Us;Ug;lsin® ( 23> +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

i< j i<
Ay (Bi—Ej)L _ 1 27(m?_m?) L/E
2 2 - eV>  Km/GeV
- * * . 2 AZJ — *
— The first term 6,3 — 4ZRe[Ua7;U5anjU5j]81n = equal forv (U — U”)
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— The last piece 2 ZIm[UmUEiU;j Ugjlsin (A;;) opposite sign for 7

< j .
= — violates CP
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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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‘ 2-v Oscillations |

e . cos 0 sin 0
e When oscillations between 2-v dominate: U =
—sinf cosé

, W \/
P, .. = sin® (20) sin? (AZEL) Appear < A=mE/(1.27 M) >
Disappear 5 /
o8¢ sin?2

L (distance)

Paazl_Posc
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‘ 2-v Oscillations |

cos 0 sin 0

e When oscillations between 2-v dominate: U =
—sinf cosé

W\/
Posc — sin2(29) Sin2 (ATEQL) Appear <=7 E/(1.27 Amz)%
P.,.=1—-P,.. Disappear 5 /
o= sin?2

L (distance)

e P, is symmetric independently under Am* — —Am?* or 6 — —0 + %
= No information on ordering (= signAm?) nor octant of ¢
e [/ 1s real = no CP violation

This only happens for 2 vacuum oscillations
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‘u Oscillations: Experimental Probes I

e Generically there are two types of experiments to search for v oscillations :

Disappearance Experiment Appearance Experiment
v, sour ce v dletector \)adtla'ltector v source v.. detector
_ 1. _ _ b Searches for
" ” g g Bdiffa
L= % Pa B L B
- |_ -

I
Compares ©_,, and @, tolook for loss



Massive Neutrinos2024 Concha Gonzalez-Garcia

‘u Oscillations: Experimental Probes I

e Generically there are two types of experiments to search for v oscillations :

Disappearance Experiment Appearance Experiment
V_detector detector
Vgsource VOt Va©F v, source Vg detector
_ 1. _ _ Searches for
T ~ T Bdiffa
—L= % Py B - -
- LII -
Compares ©_,, and @, tolook for loss
e To verify mass-induced oscillations we can study the neutrino flavour
as function of the Distance to the source As function of the neutrino Energy
2
D.w 2
D_(l)
4  E/Am? ~ o
iV \/ ] :

' ' ™NE=2 x Am? x L/
L(distancia) T E(energy)
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e To verify mass-induced oscillations we can study the neutrino flavour

as function of the Distance to the source As function of the neutrino Energy

N

L(distancia)

PSUI‘\I
PSUN

4 v E/AmM?

POSC

POSC
‘ sin®2¢
sin®29

SNE=2 x Am? x L/
E(energy)
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e To verify mass-induced oscillations we can study the neutrino flavour

as function of the Distance to the source

PSUI‘\I

4 v E/AmM?

POSC
‘ sin®2¢

N

e In real experiments =-

L(distancia)

Pog)= deVdE occ

{Pue? <Pun?

1—(sin*29®) /2

(sin*28)/2

L (distance)

/N

As function of the neutrino Energy

PSUN

POSC
sin®29

SNE=2 x Am? x L/
E(energy)

Ey)Pos(Ey)

N _—
N T—

E (energy)

LPee” <Pyn?>




Massive Neutrinos 2024

Concha Gonzalez-Garcia

e To verify mass-induced oscillations we can study the neutrino flavour

as function of the Distance to the source

PSUI‘\I

4 v E/AmM?

POSC
‘ sin®2¢

N

L(distancia)

e In real experiments = (P,z)= [dE, -4 iom E ooc

1—(sin*29®) /2

(sin*28)/2

{Pue? <Pun?

L (distance)

e Maximal sensitivity for Am? ~ E/L
-Am? < E/L = (sin® (Am’L/4E))
~-Am? > E/L = (sin® (Am’L/4E))

2

2

As function of the neutrino Energy

PSUN

POSC

SNE=2 x Am? x L/
E(energy)

/N

Ey)Pos(Ey)

LPee” <Pyn?>

N T—0

E (energy)
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‘N eutrinos in Matter:Effective Potentials |

e In SM the characteristic v-p interaction cross section

G2 E?

s

o~ ~107%cm? at E, ~ MeV

e So if a beam of ®,, ~ 102’5 was aimed at the Earth only 1 would be deflected

so 1t seems that for neutrinos matter does not matter
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‘N eutrinos in Matter:Effective Potentials |

e In SM the characteristic v-p interaction cross section

G2 E?

s

o~ ~107%cm? at E, ~ MeV

e So if a beam of ®,, ~ 102’5 was aimed at the Earth only 1 would be deflected

so 1t seems that for neutrinos matter does not matter

e But that cross section is for inelastic scattering
Does not contain forward elastic coherent scattering

e In coherent interactions = v and medium remain unchanged
Interference of scattered and unscattered  waves
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‘N eutrinos in Matter:Effective Potentials |

e Coherence = decoupling of v evolution equation from equations of the medium.

e The effect of the medium is described by an effective potential depending on density
and composition of matter
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‘N eutrinos in Matter:Effective Potentials |

e Coherence = decoupling of v evolution equation from equations of the medium.

e The effect of the medium is described by an effective potential depending on density
and composition of matter

e For example for v, in medium with e~
v €

Voo = V2GRN,
W

N, = electron number density
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‘N eutrinos in Matter:Effective Potentials |

e Coherence = decoupling of v evolution equation from equations of the medium.

e The effect of the medium is described by an effective potential depending on density
and composition of matter

e For example for v, in medium with e~
v €

Voo = V2GRN,
W

N, = electron number density

e vV

e The effective potential has opposite sign for neutrinos y antineutrinos
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‘N eutrinos in Matter:Effective Potentials |

e Coherence = decoupling of v evolution equation from equations of the medium.

e The effect of the medium is described by an effective potential depending on density
and composition of matter

e For example for v, in medium with e~
v €

Voo = V2GRN,
W

N, = electron number density

e vV

e The effective potential has opposite sign for neutrinos y antineutrinos

e Other potentials for v, (V.) for v, (Vo) a=e,u,
medium Vo VN
et ande”  HV2Gp(Ne — Né)q:G—\/g(Ne — N&)(1 — 4sin2 0y)
pand p 0 i%(Np—Nﬁ)(1—4sin2 Ow )
n and 7 0 :FG—\/g<Nn_Nﬁ)
Neutral (Ne = Np) +v/2G N, q:G—\/gNn
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‘Vacuum Oscillations Revisited |

e v oscillations can also be understood from the eq. of motion of weak eigenstates

e A state mixture of 2 neutrino species |v,,) and |vg) or equivalently of |v;) and |v5)

O(z) = Cu(2)|va) + Pp(x)|vs) = Pr(2)|11) + Pa(2)[r2)
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‘Vacuum Oscillations Revisited |

e v oscillations can also be understood from the eq. of motion of weak eigenstates

e A state mixture of 2 neutrino species |v,,) and |vg) or equivalently of |v;) and |v5)
O(2) = o (2)|Va) + Pp(2)[vp) = P1(x)[v1) + Pafz)|r2)
e Evolution of @ is given by the Dirac Equations [8 = 7o , @z = 707y (assuming 1 dim)]
E(I)l = _—iozxé% + ﬁml]q)l
E(I)Q = —?:Oéx% -+ Bmg}q)g
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‘Vacuum Oscillations Revisited |

e v oscillations can also be understood from the eq. of motion of weak eigenstates

e A state mixture of 2 neutrino species |v,,) and |vg) or equivalently of |v;) and |v5)
O(z) = o () [va) + Pp(x)[vp) = Pr(2)[v1) + Po()|r2)

e Evolution of @ is given by the Dirac Equations [8 = 7o , @z = 707y (assuming 1 dim)]

E(I)lz —iozxé% —|—/3m1]<131
E(I)QZ —?:Oéx% —I-Bmg}q)g
e We decompose ®;(x) = v;(z)¢; ¢; is the Dirac spinor part satisfying:

(aw{ B2 = m2}'? + Bmy) 6 = Egs (1)

e ¢; have the form of free spinor solutions with energy F
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‘Vacuum Oscillations Revisited |

e v oscillations can also be understood from the eq. of motion of weak eigenstates

e A state mixture of 2 neutrino species |v,,) and |vg) or equivalently of |v;) and |v5)
O(z) = o () [va) + Pp(x)[vp) = Pr(2)[v1) + Po()|r2)

e Evolution of @ is given by the Dirac Equations [8 = 7o , @z = 707y (assuming 1 dim)]

E(I)lz —iozxé% —|—/3m1]<I>1
E(I)QZ —?:Oéx% —I-Bmg}q)g
e We decompose ®;(x) = v;(z)¢; ¢; is the Dirac spinor part satisfying:

(au{ B2 = m2}' " 4 Bm) o = Bor (1)
e ¢; have the form of free spinor solutions with energy F

e Using (1) in Dirac Eq. we can factorize ¢; and o, and get:

,8V1(aj> 2 2 1/2
—i— {E —ml} vi(x)

8V2(£E) L 2 2 1/2
—i— —{E —mg} va(x)
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e In the relativistic limit \/E? — m? ~ E .

2
_my
ox Vs 0 E—mj Vs




Massive Neutrinos 2024 Concha Gonzalez-Garcia

e In the relativistic limit \/E? — m? ~ E .

2
_my
ox Vs 0 E—mj Vo

e In weak (= flavour) basis v, = U,;(0)v;

Am Am
_ii<ya>_{E_M]]_( 4E cos20 5 SmQQ)( a)
ox T 2F Am? Am? U

iE 1E &)
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e In the relativistic limit \/ E2 —m2~F — ¢
’ 2F
m2
i -2 (Vl > _ — 2B 0 <V1 >
- “Ox — 2
ox Vs 0 E;;nQ Vo

e In weak (= flavour) basis v, = U,;(0)v;
Am” 1520 Aﬁf sin 20 ) ( Vo, >

- (Va> { m2+m3 (_ 4F

—iZ = |E — 11— ; )

0 2F Am? _: A

v e-sin20  SE-cos 20 V3

e An overall phase: v, — € vy and v — €714 is unobservable

: : 0 :
= pieces proportional to [ = (O ) do not affect evolution:

.9 [ Va — AZLTEQ cos 20 AZLTEQ sin 26 Vo
= o - Am? Am?
15— Sin 20 1] COS 20 Vg
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e Evolution Eq. for flavour eigenstates:

()=

Can be rewritten as

Vo + w2, =0

Vg + w?vg =0

Am? 0590

Am® 2 qin 260

Am
AE e
Aﬁ; (3052¢9> (Vﬁ)
Am?
ith - —
wi W o

Concha Gonzalez-Garcia
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e Evolution Eq. for flavour eigenstates:

Am? 0590

Am® 2 qin 260

()=

Can be rewritten as

Uy + w

Vg + w?vg =0

e The solutions are:

Vo =0

Am
AE o
Aﬁé (30529> (VB)

Am?

ith =
wi W 15

Ale —1WwT 4 Age +i1wx
Ble — 7 Wx 4 Bge 42 wx

with the condition |v, (z)|* + |vg(z)]? =1

Concha Gonzalez-Garcia
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e Evolution Eq. for flavour eigenstates:

(Da>:< A{'El cos 20 A4E )( a)
Vg Aﬁé sin 26 Aﬁé cos 20 Vg

Can be rewritten as

Vo + w?v, =0 h B Am?
wi W = o

Vg + w?vg =0
e The solutions are:
vo(z) = A, € T o4, € e
vg(x) = B € T L B, TR
with the condition |v, (z)|* + |vg(z)]? =1

Ay =sin?0 A, = cos? 0

e For initial conditions: v,,(0) = 1 and v3(0) = 0 =
Bi1 = —Bs =sinfcosf

e And the flavour transition probability

Am?L
P(vo — vg) = |vg(L)|* = Bf + B3 + 2B By cos(2wL) = sin*(20) sin® ( ZE )
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Neutrinos in Matter: Evolution Equation

Evolution Eq. for |v) = vy |vy) 4+ va|ve) = va|va) + vslvs)

2
my 0
(a) In vacuum in the mass basis: —i% <V1> — {E x I — <2E , )} <V1>
V2 0 my 12

(b) In vacuum in the weak basis
A AmZ sm29>}( a)
Aﬁ; cos 26 V3

.9 [ Ve _ mi+m; AE
o) (o0 (4

4F
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Neutrinos in Matter: Evolution Equation

Evolution Eq. for |v) = vy |vy) 4+ va|ve) = va|va) + vslvs)

2
my 0
(a) In vacuum in the mass basis: —i% (Vl > Il ExT_| 2F i <V1 >
V2 0 my 12

(b) In vacuum in the weak basis

.9 [ Va m2+m? — ﬁ”g cos 20 ﬁ—”gsin 20 Va
G 1% a {E - 4B ] <1 Am® 190 Am’ o599 v
B AE AE B

(c) In matter (e, p,n) in weak basis

.5 [ Va Y Vo — Aél”; cos 260 Aﬁf sin 26 Vo
Yoz — [E ~ T 4E } x 1 — Am?2 _. Am?
Vg 15— Sin 20 Vs + Sj5-cos 20 Vg
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Neutrinos in Matter: Evolution Equation

Evolution Eq. for |v) = vy |vy) 4+ va|ve) = va|va) + vslvs)

m2
: : 9 [ V1 Q_El 0 V1
(a) In vacuum in the mass basis: —1 5 =< ExI— 2
V2 0 2 V2
(b) In vacuum in the weak basis
Am? Am
N 2t sin 26 o
()= (- - (D E) )
Vg s =g Ccos 20 V3
(c) In matter (e, p,n) in weak basis
_;8 Ve [E— ml—l—m2i| s Vo — A4E A4E Sln29 Ve,
o \ vg LB Am= gin 20 Vs+ 24 Am? 0590 Vg
4F
(c)# (b) because different flavours ,

have different interactions
For example o = e,8 = pu, T:
VCC — Va - Vu — \/§GFN€

(opposite sign for ) e, N Ve, Vy, Vr only e
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Neutrinos in Matter: Evolution Equation
Evolution Eq. for |v) = vy |vy) 4+ va|ve) = vo|ve) + vslvs)
. . ) 81 % 0 Vi
(a) In vacuum in the mass basis: —15— =< FE x1I-— 2
2 0 52 2

(b) In vacuum in the weak basis

Am? Am?
s (Va> _ {{E— m§+m§] T (— i cos 20 4E281n29>} (Va>
92 \ vg A ﬁ’g sin 20 %COS 20 V3

(c) In matter (e, p,n) in weak basis

Va—V, A A
—’Li (Va) _ |:E B Va+Vg B m%—{—m%] o = B _2 4% cos 260 o V47g Sin 2§ (Va>
” B i o 76 4 AmZ o520 Vg

Ve : w aE Sin 20 T 2 1E
Diagonalizing:
_A_FLQ 2T
_ii<ya)5{{E_“%+ﬂg} x]—( i cos 20, 4E251n29m)}(ya)
9z \ vg b ﬁ—%sin 20, ﬁ—%cos 20, Vg

Effective masses and mixing are different than in vacuum
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= Effective masses and mixing are different than in vacuum
— The effective masses: (A =2FE(V, — V3))

2 2
1t o(z) = e ;mQ + E(Vo 4+ Va) F %\/(Am2 cos 20 — A)® + (Am?2 sin 26)*

Ap?(z) = \/(Am2 cos20 — A)? 4+ (Am?2 sin 26)°
— The mixing angle in matter

Am? sin 26

tan 260,,, = 5
Am~“cos20 — A
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= Effective masses and mixing are different than in vacuum
— The effective masses: (A =2F (V. — V3))

2 2
1t o(z) = e ;mQ + E(Vo 4+ Va) F %\/(Am2 cos 20 — A)® + (Am?2 sin 26)*

Ap?(z) = \/(Am2 cos20 — A)? 4+ (Am?2 sin 26)°

— The mixing angle in matter

Am? sin 26
Am? cos20 — A

e Dependence on relative sign between A and Am? cos(20)

tan 20,,, =

= Information on sign Am? or Octant of 0
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= Effective masses and mixing are different than in vacuum
— The effective masses: (A =2F (V. — V3))

2 2
1t o(z) = e ;mQ + E(Vo 4+ Va) F %\/(Am2 cos 20 — A)® + (Am?2 sin 26)*

Ap?(z) = \/(Am2 cos20 — A)? 4+ (Am?2 sin 26)°
— The mixing angle in matter

Am? sin 26
Am? cos20 — A

e Dependence on relative sign between A and Am? cos(20)

tan 20,,, =

= Information on sign Am? or Octant of 0

e For constant matter density = 6,,, and y; are constant along v evolution
= the evolution i1s determined by masses and mixing in matter so

2
Po+5 = sin®(26,,) sin’ (%)

e Constant matter potential is a good approximation for LBL experiments.
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= If matter density varies along v trajectory the effective masses and mixing vary too
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= If matter density varies along v trajectory the effective masses and mixing vary too

The effective masses: (A =2E(V, — V3))

m% —|—m2

p1,2%(z) = > 2 + E(Va + Vp)

1
F5 \/(Am2 cos 20 — A)? + (Am?2 sin 20)°
2
K

At resonant potential: Ap = Am? cos 20
Minimum Ap? = p3 — p?
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= If matter density varies along v trajectory the effective masses and mixing vary too

The effective masses: (A =2E(V, — V3)) The mixing angle in matter
2 .
m2 4+ m2 _ _ Am“sin 26

p1,2%(w) = % + E(Va + Vp) tan 20, Am? cos20 — A
:F%\/(AmQ cos 20 — A)? 4+ (Am?2 sin 20)? < [ avzd=000]

W

s

m

x* At A = 0 (vacuum) = 0,,, = 0
x AtA=Ar=20,, =
x AtA> Ar=0,,=2%2 — 0
* At A >> Ar =0, = 5

At resonant potential: Ap = Am? cos 20

Minimum Ap? = p3 — p?

TN
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The oscillation length in vacuum

vse = AmE
Lo™ = Am?
The oscillation length in matter (A = 2E(V,, — V3))
ArE L§c

LOSC —

Ap? \/(Am2 cos 20 — A)? + (Am? sin 26)?
L°°¢ presents a resonant behaviour

At the resonant density Ar = Am? cos 20

LOSC
Losc _ 0
R sin 26
The width of the resonance in potential:
Am? sin 26
VR = 248 = >
The width of the resonance in distance:
oV
5 'R — 1

14X | R
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e The instantaneous mass and mixings in matter (A = 2E(V,, — Vj3))

, _ ; 2 5 9 _ Am? sin 26
Ap(z) \/(Am cos 20 — A)” + (Am? sin 20) tan 20, Am? cos20 — A

e The evolution equation in instantaneous mass basis

(5)- s ) (D

= It is not diagonal =- Instantaneous mass eigenstates #* eigenstates of evolution

= Transitions v{"* — v5* can occur = Non adiabaticity
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e The instantaneous mass and mixings in matter (A = 2E(V,, — Vj3))

, _ ; 2 5 9 _ Am? sin 26
Ap(z) \/(Am cos 20 — A)” + (Am? sin 20) tan 20, Am? cos20 — A

e The evolution equation in instantaneous mass basis

(5)- s ) (D

= It is not diagonal =- Instantaneous mass eigenstates #* eigenstates of evolution

= Transitions v{"* — v5* can occur = Non adiabaticity

< Am? sin? 20

e For A,uQ(x) > 4E9m($) [%% 2E cos 20

} = Slowly varying matter potent
R

= v;" behave approximately as evolution eigenstates
= v;"* do not mix 1n the evolution This is the adiabatic transition approximation
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e The instantaneous mass and mixings in matter (A = 2E(V,, — Vj3))

, _ ; 2 5 9 _ Am? sin 26
Ap(z) \/(Am cos 20 — A)” + (Am? sin 20) tan 20, Am? cos20 — A

e The evolution equation in instantaneous mass basis

(5)- s ) (D

= It is not diagonal =- Instantaneous mass eigenstates #* eigenstates of evolution

= Transitions v{"* — v5* can occur = Non adiabaticity

< Am? sin? 20

o For Ap?(x) > 4E9m($) [ = 2E cos 260

V dz

} = Slowly varying matter potent
R

= v;" behave approximately as evolution eigenstates
= v;"* do not mix 1n the evolution This is the adiabatic transition approximation
1 dV Am? sin” 26

The adiabaticit dition: — — = 9 LEe€/2
e adiabaticity condition: +-—— R<< 57 cos 20 rr > L¥C/2

= Many oscillations take place in the resonant region



Massive Neutrinos 2024 Concha Gonzalez-Garcia

‘ Solar Neutrinos |

e Sun shines by nuclear fusion of protons into He

. protod. —. ‘ ) +2e* +2v,+25MeV  And only v, are produced

. . 4He
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‘ Solar Neutrinos |

e Sun shines by nuclear fusion of protons into He

O
. proton ____, ‘

. . He

e Two main chains of nuclear reactions

pp Chain :

[(Dp+p—D+et+u]
(99.75%) |

[)p+e +p—=D+uyl
| (0.25%)

L

D+ p— *He + v

|
! ! }

*He + *He = o + 2p He + "He — ™Be +~ | (6)*He + p — 'He + et + 1, |
(p-p 1: 86%) | (0.00002%)
| ]
[(3)  Be + e = "Li+ v, | Be+ p— 5B + 5
| |
Li +p —+ 2a | (4) °B = "Be" + et + 1|
(pp I : 14%) |

fBe* — 2a
(p-p I 0.015%)

) +2e* +2v,+25MeV  And only . are produced

CNO cycle:

\<E>_O .997MeV

v <E ,>=0.999MeV
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Flux (cm™ s71)
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Solar Neutrinos: Fluxes

PP CHAIN E, (MeV)
(pp)

2 +
p+p —>< H+ e + ve < 0.42
(pep)
pte  +p =2 H+ v, 1.552

("Be)
7Be + e —>7 Li+ ve

0.862(90%)

102 ¢ . — , —

Lot /_\ Bahcall-Serenelli 2005 3
3 pp-| £1% E

1010 Neutrino Spectrum (x1lo) 3
i _—— .

0o Be-|+10.5% ]
i BN _ - - : : [ PN .

108 PRSP ¥ S v Ly 3
:”’, ’,” pepl_)ia%\ ]
- 150—)//’ 1 \

107g--" I I .
E B Rl B G
C _rF-7 RN

1086 | TR _ - =7 1 \ 8B +16% 4
E ’,’ 1 E
F -7 7Be-~ |

108 & +10.50 T .
3 |
r // 1

104 ¢ 1 E
3 1
. I

103 E 1 =
3 I
[ |

102 ! E
3 /I 3
i 1

101! L /. | 1

0.1 1

Neutrino Energy

in MeV

0.384 (10%)
(hep)

2He+p—>4 He+e++ue < 18.77
&B)

8B 58 Be* + et + ve < 15
CNO CHAIN E (MeV)
RETS
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Electron-Neutrino Detectors All Flavors

Water Heavy Water Heavy Water

Chlorine Gallium z =
v+e s v+e

votd—p+p+e || ved—pen+y

’Be

u Stk Gallex/GNO (Super-)
omestake SAGE Kamiokande

Experiments measuring v, observe a deficit

Deficit disappears in NC
= Solar Model Independent Effect

Deficit is energy dependent
Deficit = P.. ~ 30% (< 0.5) for £/, = 0.8 MeV
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‘Neutrinos in The Sun : MSW Effect |

e Solar neutrinos are v, produced in the core (R < 0.3R) of the Sun

The solar matter density The energy spectrum of solar v/ s
o~ R R R RN N RARREEREES ‘Gallium IChlorine | SquI‘K,SNP
Z L f : o —————

L - F Bahcall
\o C ] 101 m 119
\Z_/ 2 = 1010 r °
o - ] >
O 1 - 3 10° |
- - ] = 4 +10%
oF = a4 Bell B
- ] ,g 107 ? 2
—1 L 7 i.’.
- . = 10
=2 ? f; 2 1o°;r
-3 f— . 104%; -
s \ \ \ \ \ \ \ \ \ 10° /
—4 0O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 10¢ r
R/RSUN 0 10.-1 I 0.'3 1 3 10

_ —14 N Neutrino E MeV

Voo = V2GpN, ~ 1071 Xe ey cutrino Energy (MeV)

Atcore: Voo ~ 10714-10712 eV E, ~ 0.1-10 MeV
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‘Neutrinos in The Sun : MSW Effect |

e Solar neutrinos are v, produced in the core (R < 0.3R) of the Sun

The solar matter density The energy spectrum of solar v/ s
N 4 [TTTT TTTT TTTT TTTT TTTT TTTT TTTT rTTT \\\\‘\\\\ |Ga].].ium IChlorine ! SuperK' SN9
Z< E - 1012 g —
C ] E Bahcall
; 101 /—Q e
o w  f
(@) 3 10° |
- = E +10%
(o} 10® ] 7 ?
E ‘07 r Be Be
5 ;
: 5 10°8
C N ] () i
B \"i Z 10 3
i il 104 r 1
; | | | | | | | | | 10 /
-4 O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 10 r
R/ RSUN 10 10.-1 I 0.'3 1 3 10
— —14 N Neutrino E MeV
Voo = V2GpN, ~ 10 vo eV eutrino Energy (MeV)
: —14_10—12
At core: Voo o ~ 107°-107"“ eV E, ~ 0.1-10 MeV

e For v <> v,,(7), In vacuum v, = cosf vy + sinf vy

e For 107%eV?2 < Am? <107 eV? = 2E, Ve > Am? cos20
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‘Neutrinos in The Sun : MSW Effect |

e Solar neutrinos are v, produced in the core (R < 0.3R) of the Sun

The solar matter density The energy spectrum of solar v/ s
N 4 [TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT] |Ga].].ium IChlorine ! SuperK' SN9
Z .0 z -
L - F Bahcall
; C ] 101 r//_a 119
S .
(@) 1 = — 3 10° |
- u . = ] +10%
oLb A 1°°§r "Be “Be
- . ,g 107 | 8 °
1 F 7 _'F_-; E
- . = 100
=2 ? f; 2 1o°;r
-3 f— . 104%; H
E \ \ \ \ \ \ \ \ \ 10 /
_40 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 102;
R/RSUN 101o.-1 03 1 3 10
_ —14 N, Neutrino E MeV
Voo = V2GpN, ~ 10714 5= eV eutrino Energy (MeV)
. —14 —12
At core: Voo o ~ 107°-107"“ eV E, ~ 0.1-10 MeV

e Forv, «<+ v in vacuum v, = cosf vy + sinf vy

p(T)>
e For 107%eV?2 < Am? <107 eV? = 2E, Ve > Am? cos20

= v can cross resonance condition in its way out of the Sun
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For § < 7: Invacuum v, = cosf vy + sinf vy is mostly 14

In Sun core v, = cosl,,ov1 + sinb,, gve 1s mostly v,
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For § < 7: Invacuum v, = cosf vy + sinf vy is mostly 14
In Sun core v, = cosl,,ov1 + sinb,, gve 1s mostly v,
If (Am?/eV?)sin? 260

—9
(E/MeV)cos 26 >3 x 10
= Adiabatic transition

* v 1s mostly v5 before and after resonance
x 0, | dramatically at resonance
= v, component | = P.. |

This 1s the MSW effect
VZ
5 Vi
A R A

P.e = 5|1 + cos 26, o cos 20| ~ sin? 6

N —
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For § < 7: Invacuum v, = cosf vy + sinf vy is mostly 14

In Sun core v, = cosl,,ov1 + sinb,, gve 1s mostly v,

(Am?/eV?)sin? 260 _ (Am?/eV?)sin? 260 —
If (E/MeV)cos 26 >3 x 10 ’ If (E/MeV)cos 26 SJ 3 x 107"

= Adiabatic transition = Non-Adiabatic transition

* v 1s mostly v5 before and after resonance  * v is mostly v till the resonance

x 0., | dramatically at resonance * At resonance the state can jump into v
= Ve component | = P, | (with probability Pr )
This 1s the MSW effect = v, component T = P, T

2
My V

A AR A

[1 + cos 20,, g cos 20] ~ sin” 0 Pee = 5 [1+ (1 — 2P1z)cos 20, o cos 20)]
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‘Neutrinos in The Sun : MSW Effect |

_____
.-

..............

LUl Lo [ | Lol | \\\HH‘ | \HHH‘ | \\\HH‘ | \\HHT
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‘Neutrinos in The Sun : MSW Effect |

1 1
v does not cross resonance: P, = 1 — 5 sin? 20 > 5

_____
.-

~
S

..............

1013 1014 1015 1016 1017 1(:)18

4E /Am® (eV™")
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‘Neutrinos in The Sun : MSW Effect |

1 1
v does not cross resonance: P, = 1 — 5 sin? 20 > 5

_____
.-

..............

0
/ 1010 1011 1012 1013 1014 1015 1016 1017 1(:)18

4E /Am® (eV™")

I Crosses resonance
MSW effect
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‘Neutrinos in The Sun : MSW Effect |

1 1
v does not cross resonance: P, = 1 — 5 sin? 20 > 5

_____
.-

5 1014 1015 1016 1017 1(:)18

2 -1
v Crosses resonance 4E/Am (e\/ ) 1

° b o o . 2
MSW effect Adiabatic MSW transition P.. =sin“ 0 < 5
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‘Neutrinos in The Sun : MSW Effect |

1 1
v does not cross resonance: P.. =1 — 5 sin? 20 > 5

_____
.-

~

diabacity breaking
Effect of P »

T =

5 1014 1015 1016 1017 1(:)18

2 -1
v Crosses resonance 4E/Am (e\/ ) 1

° b o o . 2
MSW effect Adiabatic MSW transition P.. =sin“ 0 < 5
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Electron-Neutrino Detectors

All Flavors

Water

Chlorine Gallium z =
v+e s v+e

’Be

Heavy Water
Votd—p+pre”

Heavy Water
v+d S p+n+vy

Experiments measuring v, observe a deficit
Deficit disappears in NC
= Solar Model Independent Effect

Deficit is energy dependent

Deficit = P.. ~ 30% (< 0.5) for £/, = 0.8 MeV

P.. for Am2, = (7.4179°3,

e Gallex/GNO (Super-)

Best explained by MSW v, — v, +

otl . L | . L |

1
Neutrino Energy [MeV]

) x 1072 eV2 and 01, = 33.41°

+0.78
—0.75
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Electron-Neutrino Detectors All Flavors

Water Heavy Water Heavy Water
Ve SV e

Chlorine Gallium
ve+d—>p+p+e' v+d S p+n+vy

'Be

e Gallex/GNO (Super-)
Homestake SAGE SNO

Best explained by MSW v, — v, »

Experiments measuring v, observe a deficit 14 P
Deficit disappears in NC :i: E
= Solar Model Independent Effect 3 a0 E
Deficit is energy dependent s j: :
Deficit = P.. ~ 30% (< 0.5) for £, 2 0.8 MeV F E

Am? ~5x107°eV?, 0 ~
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‘ Terrestrial test: KamLAND |

KamLLAND: Detector of 7. produced in nuclear reactors in Japan at an average distance

of 180 Km

Crane

Rock lining

Outer water tank

Inner tank

Lig.-scinti.
Container

_Aluminum sheets

Phototubes

Map of Japanese Reactors

HEOBEFHRER
PAHRE

w)
oka
e

g oy
o Kami
= g 5
T,
we

"ji

68.5 GW reactor
at
(175 + 35) km
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‘ Terrestrial test: KamLAND |

KamLLAND: Detector of 7. produced in nuclear reactors in Japan at an average distance
of 180 Km

Results of KamLAND
compared with P, for

Crane
0 = 35°y Am® = 7.5 x 107° (eV/c?)?
______ Rock lining
| o Data-BG-GeoV,
1—_ — EXxpectation based on osci. parameters
&Ll Outer watertank - + determined by KamLAND
Inner tank E _—
3 0.8 e
Lig.-scinti. S |
Container x 0.6—+ + -
T Z
Ajuminum sheets E 047
@ | +
Phototubes 0.2
OI_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
20 30 40 50 60 770 80 90 100

LJE, (km/MeV)
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‘ Terrestrial test: KamLAND |

KamLLAND: Detector of 7. produced in nuclear reactors in Japan at an average distance

of 180 Km

Crane

Rock lining

]

s Outer water tank

Inner tank

Lig.-scinti.
Container

Aluminum sheets

Phototubes

Am? (107° eV?)

_

o N W OO OO N 0 © O —
N TT T T[T T T T[T T T T[T T T T[T T T T[T T T T[T I T T [TTTT [T TTT[TTTT

Solar

<>

KamLAND

I \0‘3\ [
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‘Byproduct: Testing How the Sun Shines with /s I

Fitting together Am?, 6 and normalization of v-producing reactions: f; = (I);DW
\/ = Constraint on solar energy produced by nuclear reactions

Present limit on CNO:
LeNo - (0.75 + 0.3) % (30)

Ay

&) .3 L@
i / e Test of Lum Constraint:
: Lo (v — inferred)

= 1.04 £ 0.06

Lo

Ax?

Ax?

MCGG, Maltoni, Pinheiro, Serenelli 2311.16226

Ax?

Ax?

Ami,
~ ~
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o o o fe
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°

b

u?gobbvloooo/
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‘Atmospheric Neutrinos I

Atmospheric v, , are produced by the interaction of cosmic rays (p, He ...) with the

atmosphere

+ S
Nyt NG,

NV;I- N\—,e

R“/e_
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‘Detection of Atmpospheric Neutrinos: SuperKamiokande I

Located in the Kamiokande mine in the center of Japan at ~ 1Km deep

50 Kton of water surounded by ~ 12000 photomultipliers

50,000 tan Water Cherenkov Delector

11,200 20" PMTs

aglectronics hut

31

20" PMTs

FAT supporl .
AVET

coOnerele

rack — |}
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o SKI+II+III+IV data:
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Massive Neutrinos 202 AtmOSpheric NE“trinOS: Results

Ve in agreement with SM
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o SKI+II+III+IV data:
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Alternative Oscillation Mechanisms

e Oscillations are due to:

— Misalignment between CC-int and propagation states: Mixing = Amplitude
4B
Am?

— Difference phases of propagation states = Wavelength. For Am?-OSC \ =
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Alternative Oscillation Mechanisms

Caoncha Gonzalez-Garcia

e Oscillations are due to:

— Misalignment between CC-int and propagation states: Mixing = Amplitude

: : A4l
— Difference phases of propagation states = Wavelength. For Am?-OSC \ = A2
m
e » masses are not the only mechanism for oscillations
C : o s
Violation of Equivalence PI'lHClple (VEP): Gasperini 88, Halprin,Leung 01 A\ = E|q§‘5
Non universal coupling of neutrinos 1 # 72 to gravitational potential ¢ 7
Violation of Lorentz Invariance (VLI): Coleman, Glashow 97 \ = 2
2
Non universal asymptotic velocity of neutrinos ¢y # co = F; = ”21]; + cip EAc
Interactions with space-time torsion: Sabbata, Gasperini 81 \ = 2
Non universal couplings of neutrinos k1 # ko to torsion strength () QAk
Violation of Lorentz Invariance (VLI) Colladay, Kostelecky 97; Coleman, Glashow 99
2
due to CPT violating terms: ng/‘jﬁ Yy Vg = F;, = % + b; \ — iz_ﬂ

Ab
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‘Alternative Mechanisms vs ATM 1’s |

e Strongly constrained with ATM data (MCG-G, M. Maltoni PRD 04,07)

1: —— Oscillations 7; 1:7
vo| - Mmoo
. 108"
2 19 x 1072
07} oot -
U skabeovy ¥ 6 A~y| < 5.9 x 102
P17 05 0 o5 10t
R At90% CL: |Q Ak| < 4.8 x 10723 GeV
: 1 1.2
08" 1ML
e R A I B Ab| < 3.0 x 1072 GeV
0'6% T 7 o8]
0.5 ‘ 3 r
E SK stop (1) [
04— L 0.6

-1 -08 -06 -04 -02 0 -1 -08 -06 -04 -02 0
cos 6 cos 6
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Long Baseline Accelerator v Experiments

T2K: MINOS, NOrA
v, produced in Tokai (Japan) v, produced en Fermilab (Illinois)
detected in SK at ~ 250 Km detected in Minnesota at ~ 800 Km
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v, oscillations with Am? ~ 2.5 x 107 eV* and mixing compatible with =
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Long Baseline Experiments: v, Appearance

e Observation of v, — v, transitions with E/L ~ 1072 eV?

TYK NOvA

_ _ vV, — Ve v, — Ue
V, — Ve Vy —7 Ve vbean NOVA Preliminary b NOVA Preliminary
£ s : £ F o PE W T — T
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% € pion decay % 16 events [ imm | ] ] 5l . i. ]
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i 14 events|| O [ Mitosummee | 012 1 o T —amovesit | WToemtg8|8
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-+ S [ Toa beambig| 0 5 T 1-csystrange§ [T cosmictig Q) 5
= X [ Eonete | ¢ B 10_"33 ts t til .
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1H2t3td4t'1zev 12 3 4 1 2 3 4
econsiructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)

e Test of P(v, — v.) vs P(v,, — V) = Leptonic CP violation
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Searches for 7, — 1, disapperance at L ~ Km (E/L ~ 1072 eV?)

e Relative measurement: near and far detectors

Daya-Bay Reno

Far Detector
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e Searches for i/, — 1/, disapperance at L ~ Km (E/L ~ 107? eV?)
e Relative measurement: near and far detectors

Daya-Bay Reno

Far Detector
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60 —+— Far site data 000 ]
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- E=21 Accidemtal Far Data —
40— ) e te - Prediction (best fit) —
1 ®C(a.n)®o - ssssmess Prediction (no oscillation) -
20— Fast neutrons
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Massive Ne“‘| Medium Baseline Reactor Experiments IIG

e Searches for i/, — 1/, disapperance at L ~ Km (E/L ~ 107? eV?)
e Relative measurement: near and far detectors

Daya-Bay Reno

Far Detector

® Far Data
Prediction (best fit)
smmmemey Prediction (no oscillation)

6000 — = . —]
140 — =
- ~ _
120 L - -
= 4000
100 « | |
= S -
=
= B0 2 -
= = —
= 60 £ 2000 —
[N ] m N

TTTTTTTET T \H| |I|IH‘\H‘HI|IH‘\H|]ﬁ

- ,
—_— (=] —
5 | 2 ]
= = |
- : —
= (=W —1
= oos N *J—rﬂ‘“ | < - ]
= oo , + l = 3 3 7] 5 6 7 3
= -3 a 6 8 10 12 E, (MeV)
E,ompdMeV] P

Described with Am? ~ 2.5 x 10~%eV? (as v,, ATM and LBL acc but for v,) and 6 ~ 9°



Massive Neutrinos 2024

e We have observed with high (or good) precision:
* Atmospheric v, & v,, disappear most likely to v, (SK,MINOS, ICECUBE) %Tm; ~ 92103
* Accel. v, & v, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
* Some accel v, & v,, appear as v, & U, at L ~ 300/800 Km ( T2K, MINOS,NOvA 0~ 8
* Solar v, convert to v, /v, (Cl, Ga, SK, SNO, Borexino)
« Reactor 7, disappear at L ~ 200 Km (KamLAND)

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

e Confirmed:

Survival Probability

Data/Prediction (null oscillation)

KamLLAND
« Data-BG- GeoV,
[ — Expectation based on osci. parameters
I + determined by KamLAND
0.8
0.6~ +
C i
0.4
02
Lo b b b n by b a La | L
20 30 40 50 60 70 80 90 100

LyE,, (km/MeV)

— MSW conversion in Sun

— Vacuum oscillation L/ FE pattern with 2 frequencies

Am?2

eV?2

Concha Gonzalez-Garcia

Am?2
eV?2

~ 107°,6 ~ 30°
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e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O Cc13 0 8136i50p co1 S12 0
ULep = [0 c23 s23 0 1 0 —s12 c12 0
0 —s23 c23 —Slge_pr 0 C13 0O 01

e Convention: 0 < 6;; <90° 0 <9 < 360° =2 Orderings

NORMAL INVERTED
ms mo /\ .
I s Am3; > 0 by convention
m =
2

. ) Ams, > 0 for NO
= . Amsz, < 0 for I0
CEI m v ms
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e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O Cc13 0 813€i50p co1 S12 0
ULep = [0 c23 s23 0 1 0 —s12 c12 0
0 —s23 c23 —Slge_iécp 0 C13 0O 01

e Convention: 0 < 6;; <90° 0 <9 < 360° =2 Orderings

me o1 Ic;;c]ﬂ Am?Z, > 0 by convention
. A2 Am3, > 0 for NO
= M3y = 5
R . Amsz, < 0 for I0
CEI m; \4 ms
Experiment Dominant  Important Additional
Solar Experiments 012 Am3, 013
Reactor LBL (KamLAND) Am3, 012 013
Reactor MBL (Daya Bay, Reno, D-Chooz) 6,3, Am?) ’
Atmospheric Experiments (SK,IC) 093 Am§ / 013 ,0¢p

Acc LBL v,, Disapp (Minos,T2K,NOvA) Am§ 0 023
Acc LBL v, App (Minos, T2K,NOvA) Ocp 013
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Concha Gonzalez-Garcia

‘Summary: Global 3 v Flavour Parameters I

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]

(Good agreement with other groups’: Capozzi,et al, 2107.00532; Salas etal 2006.11237)

NO, IO (w/o SK-atm)

| NUFIT 5.3 (2024) |

NO, 10 (with SK-atm)

0.65
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SK-atm = y? table from SK1-5
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‘Summary: Global 3 v Flavour Parameters I

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]

e 4 well-known parameters:

j 012, 013, Amsy, |Ams,|

AQUFIT 54(72024)

NO, 10 (w/o SK-atm)
=====:= NO, 10 (with SK-atm)

L _I_I—l_l_
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‘Summary: Global 3 v Flavour Parameters I

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]

e 4 well-known parameters:
2 2
012, 013, Ams,, |Am3,|
. NO.10(wio SK-atm) NUFIT 5.3 (2024) | 9
N, 10 (with SK-atm) Am2, Solar vs KLAND

T 1T Tr v T L T T TTTT T T T TVT T T T T LI L TWTT T TTTTTTTTTTTTTTTITT
N SSARRRFE | 1 IR RARRRRARRNRRRRAF

15— -+ \ — | [
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< .
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‘Flavour Parameters: Mixing Matrix I

e We have the three leptonic mixing angles determined (at + 30/6)

0.80 — 0.85 0.51 — 0.56 0.14 — 0.16
U|3s = <0.23 — 0.51 0.46 — 0.69 0.63 — O.78>
0.26 — 0.53 0.47 — 0.70 0.61 — 0.76

e Good progress but still precision very far from:

0.97427 £ 0.00015  0.22534 £ 0.0065 (3.51 £ 0.15) x 1073
V]ckn = | 0.2252 4+ 0.00065 0.97344 +0.00016  (41.27:1) x 1073
(8.67T02)) x 1072 (40.4735%) x 1073 0.999146710 006075

e But clearly very different flavour mixing of leptons vs quarks = Flavour Puzzle
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‘Summary: Global 3 v Flavour Parameters I

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]

e 4 well-known parameters:
012, 013, Am3,, |Am3,|

NO, IO (w/o SK-atm)

el e Am3, Solar vs KLAND
: 1F / ] /|7 Tension Resolved
ol 1F - " - @ f3: Least known angle
I 55 ol : 1 Maximal? Octant?
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L, AW/ Lo N4 1 e L ]

e Ordering NO or 10?
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‘Matter effects in LBL |

e At LBL: /2G N, = Va.crUST ~ D X 10~ 4 eV ~ constant at v trajectory
e Most relevant for v, — v,

A ’ Az1 F Vo) L
P/,Le(/jé) = 333 Sin2 2013 ( e ) sin2 (( 31 F EB) )
Azl F Vg 2
= A Vo L As1 F Va)L Ast L

+ J== ol sin (i> sin (( 31 F Vo) ) cos COS( 51 )

Vo Az F Vg 2 2 5
= S - sin (—@ ) sin (( 31 F Vo) ) sin d sin < oL > +

Vo Asz1F Vg 2 D) 5

Ay = 35,

J = C13 Sin2 2013 sin2 2923 sin2 2912

= Sensitivity to 013, octant of 023, dcp, signAm3,; = Ordering
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‘Matter effects in LBL |

e Most relevant for v, — v,

A ’ As1 F Vo) L
P/,Le(/jé) = 333 sin? 2013 ( i > sin2 (( 31 + EB) >

As31 F Vg 2
~ A A Vo L A Vo)L Aaq1 L
+ J 21 51 sin (i> sin <( 31 F Vo) ) cos 0 Cos ( 51 )
Vo As1 F Vg 2 2 2
~ A A L A L Asg1 L
+ J 21 51 sin (—V@ ) sin (( 31 F Vo) > sin ¢ sin ( 51 ) +
Vo As1 F Vg 2 2 2
Am?.
Rij = 35,
8 T T T 8 J = C13 sin2 2013 sin2 2923 sin2 2912

IS
|

: ] | & |
of B . 6.@%07 G 1 Inplots: 13 ~ 8° fix
—~ e i
S AN < i
= | / 1 ¢ \ { Inplots: A3y L ~ 7 (0sc max)
= 1
; i

Left: V5 < Asq (no matter)

| x\)o* | 2 | Right: V&L ~ 0.2 (NOvA)

© Ocp=0 ® d¢p= /2 -0 8gp=0  ® dgp= w2 G
Fo 6CP= 1 'l 6CP= 3n/2 | -0 60P= T = 6CP= 3n/2
% 2 4 & s 00"'é"'4"‘g
P(vy = ve) (%) P(vy > vo) (%)

Plots taken from J. Wolcott 52nd FNAL users meeting talk



Massive Ne“‘| Ordering and CPV in LBL: v, appearace IIG

e Dominant information from v, appearance in LBL

Asp 2 B L\ - A5 A Ve, L B L Asq L
Pye ~ 333 sin? 2013 <l> sin? ( s )—I—J —2l 281 sin (i> sin (i> COS ( 31
Am?2. .
Aji == By =As +Vg J=-ci3 sin?20;3sin? 2023 sin? 2015

Number of events

Number of events

L 1 L
0 s 2
dep

f=s——=——= Observed £lo
P NO, sin? oy € 0.4, 0.58]

P (O, sinfy; € [0.44,0.58]

= Each T2K and NOv A favour NO
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e Dominant information from v, appearance in LBL

Az 2 B+ L\ - Ay A Va L B=L Az L
Puezsggsin22013 (B_31> sin2< ; >—|—Jiisin (%) sin (%) cos( 321 :|:50p>

N DF Vo Bz
Am2, . . . .
Aij = 4E” By =A31+ Vg J=ci3 sin? 26013 sin? 2053 sin? 26017
NOuA But tension in favoured values of ¢ p in NO
v
30 '
10 | NO NUFIT 5.2 (2022)
_{; 15IIIIIIII IIIIIIIIII_ IIII|IIIII|IIII.I|IIII
z - - — Minos
= — NOvVA
= = — T2K
7] — LBL-comb

= 100F

S

Number of event

D

?

dep

0 90 180 270 360
CP

------------- Observed +1o
P NO, sin®fy; € [0.44,0.58]

P (O, sin’fy; € [0.44,0.58)]

| = JO best fit in LBL combination
= Each T2K and NOv A favour NO




Massive Neutrinos 2024 Concha Gonzalez-Garcia

‘Am%l in LBL & Reactors I

e At LBL determined in v, and v, disappearance spectrum

2 2
2 2 cioAm5; NO
Amy,, ~ Amg, —I—S%QA > 10 + ..

e At MBL Reactors (Daya-Bay, Reno, D-Chooz) determined in 7, disapp spectrum

2 2
sToAm NO .
Amge ~ Am%ﬁ—éi Am%i o Nunokawa,Parke,Zukanovich (2005)

= Contribution to NO/IO from combination of LBL with reactor data
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Am3; in LBL & Reactors

e At LBL determined in v, and v, disappearance spectrum
C%QAmgl NO
s%QAmgl (@) T
e At MBL Reactors (Daya-Bay, Reno, D-Chooz) determined in 7, disapp spectrum
2 2
2 2  s{oAm5; NO
Amee o Am3l+c%2Am31 10

= Contribution to NO/IO from combination of LBL with reactor data

2 2
Amy,, ~ Am3z; +

Nunokawa,Parke,Zukanovich (2005)

| NUFIT 5.1 (2021)

3.2

2.8
2.6
24
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Lo oo bona b b Ly o 1
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‘Am%l in LBL & Reactors I

e At LBL determined in v, and v, disappearance spectrum

2 2
2 2 cioAm5; NO
Amy,, ~ Amg, —I—S%QA > 10 + ..

e At MBL Reactors (Daya-Bay, Reno, D-Chooz) determined in v, disapp spectrum

2 2
2 2 s1oAms5, NO
Amg, ~ Am3Z—|—C%2Am31 o

= Contribution to NO/IO from combination of LBL with reactor data

| NUFIT 5.2 (2022) |
| III(I) T N|(I)I T

Nunokawa,Parke,Zukanovich (2005)

T T T 1T
15—

— iReactors
— LBL-comb

O_Illlll|I|III|IIiiII|III|II III|II_

) 1
-3 -2.8 -2.6 24 2.2 22 24 2.6 28
2 -2 2 2 -3
Am,,[10 ~eV’] Am,[10 " eV]

e T2K and NOvA more compatible in IO =10 best fit in LBL. combination
e LBL/Reactor complementarity in Am3, = NO best fit in LBL+Reactors
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‘Am%l in LBL & Reactors I

e At LBL determined in v, and v, disappearance spectrum
C%QAmgl NO 4
s%QAmgl 10 o

e At MBL Reactors (Daya-Bay, Reno, D-Chooz) determined in v, disapp spectrum

2 2
2 2 s1oAms5, NO
Amg, ~ Am3l+c§2Am§1 o

= Contribution to NO/IO from combination of LBL with reactor data

| NUFIT 5.2 (2022) |
| III(I) T N|(I)I T

2 2
Amy,, ~ Am3z; +

Nunokawa,Parke,Zukanovich (2005)

| NUFIT 5.2 (2022) |

1T 1T
15 —
L — LBL-comb

— = REAC+LBL-comb-

— iReactors
— LBL-comb

O_Illlll|I|III|IIiiII|III|II III|II_

) 1
-3 -2.8 -2.6 24 2.2 22 24 2.6 28
2 -2 2 2 -3
Am,,[10 ~eV’] Am,[10 " eV]

e T2K and NOvA more compatible in IO =10 best fit in LBL. combination
e LBL/Reactor complementarity in Am3, = NO best fit in LBL+Reactors

e in NO: b.f dcp ~ 195° = CPC allowed at 0.6 ¢
e in IO: b.f ocp ~ 270° = CPC disfavoured at 3 o

1111
270
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‘Ordering and CPYV including SK-ATM I

ATM results added to global fit using SK x* tables

- NUFIT 5.0: included SK I-IV 328 kton-years table

- NUFIT 5.1 and 5.2: include SK I-IV 372.8 kton-years table
- NUFIT 5.3: include SK I-V 484 kton-years table

______ NO, 10 (w/o SK-am) INuFIT 5.0 (SK-328 kton-yr) .
Sornsr NO IO With Seam) — Add SK-atm table = favouring of NO:

15] | ||||| \l ‘\\ | ||||| I I'_
_ Ve N : 2 —_—
, i AXNO—Io,w/o SK—atm — 2-3

2 _
AXNO—IO,With SK—atm32s = 0.4
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‘Ordering and CPYV including SK-ATM I

ATM results added to global fit using SK x* tables

- NUFIT 5.0: included SK I-IV 328 kton-years table

- NUFIT 5.1 and 5.2: include SK I-IV 372.8 kton-years table
- NUFIT 5.3: include SK I-V 484 kton-years table

______ NO, 10 (w/o SK-atm) [ NyFIT 5.1(SK-373 kton-yr) .
SIS RO Dk SR Add SK-atm table = favouring of NO:

I N T T T T | 9 I i
o __:ll \ \ \ /] 2
i _ _
i AXNO—Io,w/o SK—atm — 2-3

2 _
AXNO—IO,With SK—atm32s = 0.4

2 _
AXNO—IO,With SK—atm373 = 0.4




Massive Neutrinos 2024 Concha Gonzalez-Garcia

‘Ordering and CPYV including SK-ATM I

ATM results added to global fit using SK x* tables

- NUFIT 5.0: included SK I-IV 328 kton-years table

- NUFIT 5.1 and 5.2: include SK I-IV 372.8 kton-years table
- NUFIT 5.3: include SK I-V 484 kton-years table

NO, 10 (w/o SK-atm) - -
Tooo-. NO' 10 (with SKatm) INUFIT 5.3 (SK-484 kton-yr)|

Add any SK-atm table=- favouring of NO:

AXIQ\IO—IO,W/O SK—atm — 23

AX12\I()—Io,with SK—atm32s = 0-4
AXI%IO—IO,With SK—atm373 = 0-4
AX12\I()—Io,with SK—atmasa = 9-U

) Add 373 (484) table = slight increase of signif of CPV in NO:

0 90 180 270 36

- w/o SK-Atm b.f dcp = 197° CPC at 0.60
with SK-Atm: b.f cp = 232° CPC at ~ 2 (1.5)0
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Near Future for CP and Ordering: Strategies

Lecture by N. McCauley

e v /U comparison with or without Earth matter effects in vy, — Ve & U, — Ve at LBL:
DUNE (wide band beam, L=1300 km), HK (narrow band beam, L=300 km)

2
~U 2 -2 A31 « 2 A31:|:VL
Pe >~ s555in” 2013 (A iv) sin (—2 )

+8 Jop™ A‘}Q Aflgiv sin (52) sin (%) CcOS (A?’l +dcp)

Jept = c2,513C23523C12512

— Challenge: Parameter degeneracies, Normalization uncertainty, v, reconstruction
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Near Future for CP and Ordering: Strategies

Lecture by N. McCauley

e v /U comparison with or without Earth matter effects in vy, — Ve & U, — Ve at LBL:
DUNE (wide band beam, L=1300 km), HK (narrow band beam, L=300 km)

2
~U 2 -2 A31 « 2 A31:|:VL
Pe >~ s555in” 2013 (A iv) sin (—2 )

+8 Jop™ A‘}Q Aflgiv sin (52) sin (%) CcOS (A?’l +dcp)

Jept = c2,513C23523C12512

— Challenge: Parameter degeneracies, Normalization uncertainty, v, reconstruction

e Reactor experiment at I, ~ 50 km (vacuum) able to observe
the difference between oscillations with Am3,; and Am3,: JUNO, RENO-50

, , Am3, L , , Am3, L , Am3, L
P v, = 1—04113 sin” 2012 sin” ( 4;}1 )—Sm2 2013 [C%Q sin” ( 421 ) + 832 sin? ( 4;2 )]

— Challenge: Energy resolution
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‘Near Future for CP and Ordering: Strategies I

Lecture by N. McCauley

e v /U comparison with or without Earth matter effects in vy, — Ve & U, — Ve at LBL:
DUNE (wide band beam, L=1300 km), HK (narrow band beam, L=300 km)

2
~U 2 -2 A31 « 2 A31:|:VL
Pe >~ s555in” 2013 (A iv) sin (—2 )

+8 Jop™ A‘}Q Aflgiv sin (52) sin (%) CcOS (A?’l +dcp)

Jept = c2,513C23523C12512

— Challenge: Parameter degeneracies, Normalization uncertainty, v, reconstruction

e Reactor experiment at I, ~ 50 km (vacuum) able to observe
the difference between oscillations with Am3,; and Am3,: JUNO, RENO-50

, , Am3, L , , Am3, L , Am3, L
P v, = 1—04113 sin” 2012 sin” ( 4;}1 )—Sm2 2013 [C%Q sin” ( 421 ) + 832 sin? ( 4;2 )]

— Challenge: Energy resolution
e Earth matter effects in large statistics ATM v,, disapp : HK,INO,ORCA ...
— Challenge: ATM flux contains both v, and v, ATM flux uncertainties
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‘ Confirmed Low Energy Picture I

e At least two neutrinos are massive = There is BSM Physics
e Oscillations DO NOT determine the lightest mass

Model independent probe of m,, 8 decay: > m?|U.;|* < (0.8 eV)? (Katrin 21)
e Dirac or Majorana?: Best probe v-less 33 decay Lecture by C. Patrick

e 3v scenario: Robust determination of 612, 613, Am3,, |Am3,|
Urgp very different from Uckm
Mass ordering, #»3 Octant, CPV depend on subdominant 3v-effects
= interplay of LBL/reactor/ATM results. But not statistically significant yet
Definite answer will require new osc experiments Lecture by N. McCauley
e Neutrinos in Cosmology: Lecture by E Di Valentino
e Only three light states? Other NP at play in oscillations? Lecture by M. Maltoni
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‘ Confirmed Low Energy Picture I

e At least two neutrinos are massive = There is BSM Physics
e Oscillations DO NOT determine the lightest mass

Model independent probe of m,, 8 decay: > m?|U.;|* < (0.8 eV)? (Katrin 21)
e Dirac or Majorana?: Best probe v-less 33 decay Lecture by C. Patrick

e 3v scenario: Robust determination of 612, 613, Am3,, |Am3,|
Urgp very different from Uckm
Mass ordering, #»3 Octant, CPV depend on subdominant 3v-effects
= interplay of LBL/reactor/ATM results. But not statistically significant yet
Definite answer will require new osc experiments Lecture by N. McCauley
e Neutrinos in Cosmology: Lecture by E Di Valentino
e Only three light states? Other NP at play in oscillations? Lecture by M. Maltoni
e What about a UV complete model?
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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 i (——\ (T +C
' Ls= (LL,z'Cb) (¢ 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 " ANP
First NP effect = dim=5 operator i (——\ (T +C
. L5 = (LL,iqb) (Cb Ly j)
There is only one! Anp ’
which after symmetry breaking Y v v
induces a ¥ Majorana mass (M )ij = Zi; Anp

Implications:

— It 1s natural that ~ mass is the first evidence of NP

— Naturally m, < other fermions masses ~ Moif Anp >> 0
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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 i (——\ (T +C
. L5 = (LL,iqb) (Cb Ly j)
There is only one! Anp ’
which after symmetry breaking Y v v
induces a ¥ Majorana mass (M )ij = Zi; Anp

Implications:

— It 1s natural that ~ mass is the first evidence of NP

— Naturally m, < other fermions masses ~ Moif Anp >> 0

~ 0.05 eV for Z¥ ~1 = Anp ~ 10°GeV = Anp ~ GUT scale
= Leptogenesis possible (Tutorial by J. Turner
If Z¥ ~ (Y.)? (or more complex NP sector) = Anp ~ TeV scale = Collider signals

—my > A{'Tl’g,tm
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‘ Confirmed Low Energy Picture |

e At least two neutrinos are massive = There is BSM Physiccg ¢

e Oscillations DO NOT determine the lightest mass Q&\eﬂ @0\\%0
Model independent probe of m,, 3 decay: > m%’gc&\\o \o & ;- (Katrin 21)

e Dirac or Majorana?: Best probe v-less 33 d¢ & «‘ﬁ\ &g\@ . Patrick
e 31 scenario: Robust determination of ¢ qo@& @Q .m3,|

/

U different from U N
Lep very different from Uckm 9 %6\

Mass ordering, 23 Octant, (', s O \%ﬁC .odominant 3v-effects

= interplay of LBL/re~» %é{‘ @}‘ 6@\ But not statistically significant yet

Definite answer w- \0@\ 0\\5 ‘b@ . experiments Lecture by N. McCauley

C
e Neutrinos in (“Q)g Qq %@ .e by E D1 Valentino

e Only thre fb@ & 6\) éeﬂﬁer NP at play in oscillations? Lecture by M. Maltoni
e Wh- @‘b%% & lplete model?
&@@
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Back up Slhides
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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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‘The Other Flavours |

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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‘The Other Flavours |

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—




Massive Neutrinos 2024

‘The Other Flavours |

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— = 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
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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
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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

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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m
1741 (37) )

. . : Va
e In terms of the instantaneous mass eigenstates in matter: ( ) = Ul0m(x)] ( m ()
v Vo T
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: : : Ve v (x)

e In terms of the instantaneous mass eigenstates in matter: =U|Om(z)] | . ()
v Vo T

Vi (z)

e For varying potential: (ZZ ) = Ulfm (z)] (Vgn(@) + U0 (2)] (Z;Zgi)
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e In terms of the instantaneous mass eigenstates in matter: (VO‘ ) = Ulfm ()] (V jngx i )
v Vo T
: _— Vo \ v () v ()
e For varying potentlal. <DB ) = U[0m ()] (u?(:;;)) + U0 ()] (z'é”(a;))

= the evolution equation in flavour basis (removing diagonal part)

S Ta\ 1 A — AmZ2cos 20 Am?sin 26 Vo
! vg ] AE Am?sin 20 — A + AmZcos 20 Vg



Massive Neutrinos 2024

: : : Vo
e In terms of the instantaneous mass eigenstates in matter: ( ) = U|0m(z)] (
174

e For varying potential: (VO‘ ) = U0 (z)] (;4“(:1:)) + Ulfm ()] (

Vg vy ()

= the evolution equation in flavour basis (removing diagonal part)

(Concha (GGon7zale7-(zarcia

1 (2)

vy (z)

S Ta\ 1 A — AmZ2cos 20 Am?sin 26 Vo
! vg ] AE Am?sin 20 — A + AmZcos 20 Vg

= the evolution equation in instantaneous mass basis

Nz B 1 ' A — Am?cos 26 Am?sin 20
! <y§”> o 4EU (Qm) ( Am?sin 260 — A+ AmZcos 260 U(Qm)

)

V1: () )

vy (x)
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e In terms of the instantaneous mass eigenstates in matter: (VO‘ ) = Ulfm ()] (
14
e For varying potential: (Vo‘> — [0 (2)] (’/in(w)> U ()] (’%T(@)
Vg v () o3 ()

= the evolution equation in flavour basis (removing diagonal part)
(v 1 A — Am?cos 26 Am?sin 26 Va
! vg ] AE Am?sin 20 — A + AmZcos 20 Vg

= the evolution equation in instantaneous mass basis

%4 1 ; A — Am?cos 260 Am?sin 26 1z —
! <u§”> o 4EU (Om) ( Am?sin 20 —A 4+ Am?®cos 26 UOm) e LU (Om)

() (20 TS ()

i

28

()
()

)
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e Lets consider . in a medium with e, p, and n. The low-energy Hamiltonian density:

Hyy — ng %@ (@) + TN ()T ()
ccmt J57 (@) = ve(r)va(l - 95)e(@) IS (@) = e(@)va(l — 5)ve()
Nee I8V (@) = Te(@)va(l = s)ve(r) — (@) [ra(l = 75) — s37ale(@)
n)

+5(2) e (1 — ¢Pys) — 4%m]p<w>—ﬁ<x>m<1—g; 7s) — 4%y valn(z)
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e Lets consider . in a medium with e, p, and n. The low-energy Hamiltonian density:

Hyy — ng %@ (@) + TN ()T ()
ccmt J57 (@) = ve(r)va(l - 95)e(@) IS (@) = e(@)va(l — 5)ve()
Nee I8V (@) = Te(@)va(l = s)ve(r) — (@) [ra(l = 75) — s37ale(@)
()

15(2) [ (1 — 9%05) — 453 7alp(@) — (@) [Yall — g4775) — 453 yaln(@)

e Example: The effect of CC with the e medium. The effective CC Hamiltonian density:

Hie = SE [dpef(E) <<e<s,pe>w<1 — Y5) VeV Ya(l - vs)e!e(s,pe)>>
feiZIr'rZange — ?/Eye’Ya(l o 75)”6 fd?)pef(Ee) <<€(Sape)’@7a(1 o 75)6’6(87pe)>>

f(FE.) statistical energy distribution of e in homogeneous and isotropic medium.
[ d&pef(E.) =1

<> = summing over all e of momentum p..

coherence = s, p. same for initial and final e
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e Expanding the electron fields e in plane waves (quantized in a volume V)

1

(e(s, pe)|eva(l—75)ele(s, pe)) = 2E.V (e(s, Pe) ]u_s(pe)a,l (Pe)Va(1=75)as(pe)us(pe)|e(s; pe))
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e Expanding the electron fields e in plane waves (quantized in a volume V)

1
2E.V

(e(s, pe)|eva(l—75)ele(s, pe)) = (e(s, Pe) ]u_s(pe)a,l (Pe)Va(1=75)as(pe)us(pe)|e(s; pe))

e Since al(p.)as(pe) = N (pe) (number operator) and assuming that there are the
same number of electrons with spin 1/2 and -1/2

]1}<< (5, pe)|al(pe)as(pe)le(s, pe)) > ZN pe) = )%Z

S

where N, (p.) number density of electrons with momentum p. summed over helicities
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e Expanding the electron fields e in plane waves (quantized in a volume V)

1

2Ee VY <€(3,p6) ’U_s(pe)al (pe)’)/a(]-_’}%)a,s (pe)us (pe) |€(S, pe)>

(e(s, pe)leva(1—7s)ele(s, pe)) =

e Since al(p.)as(pe) = N (pe) (number operator) and assuming that there are the
same number of electrons with spin 1/2 and -1/2

]1}<< (5, pe)|al(pe)as(pe)le(s, pe)) > ZN pe) = )%Z

S

where N, (p.) number density of electrons with momentum p. summed over helicities

(fets, po)Erat —s)ele(s p) ) = o) SNyt — 3y
= NS T (L= a5)us )| = ML ST s )T 090 (1= 29)

= NS s p ) 090 (1 = 39| = MHELTr e+ )31 = 25)| = e (o) B
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e Expanding the electron fields e in plane waves (quantized in a volume V)

(e(s, pe)|eva(l—75)ele(s, pe)) = QEleV<€(3>pe)IU_S(pe)al(pe>7a(1_75)as(pe)u8(pe)|€(Sape)>

e Since al(p.)as(pe) = N (pe) (number operator) and assuming that there are the
same number of electrons with spin 1/2 and -1/2

1

L (el poled roastpole(s.p0))) = SN = Nelp)3 3

S

where N, (p.) number density of electrons with momentum p. summed over helicities

(fets, po)Erat —s)ele(s p) ) = o) SNyt — 3y
= NS T (L= a5)us )| = ML ST s )T 090 (1= 29)

= NS s p ) 090 (1 = 39| = MHELTr e+ )31 = 25)| = e (o) B

e For isotropic medium = [ d*p.p; f(E.) Ne(pe) = 0
e By definition [ d*p.f(FE.) Ne(p.) = N, electron number density
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e The effective charged current Hamiltonian density due to electrons in matter is then:

ey  GprpNe__
HEy = =L 7)1l = 18)ve ()
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e The effective charged current Hamiltonian density due to electrons in matter is then:
GF N, e

(e) _
HCC T \/5

e(x)v0(1 = 75)ve ()
e Thus the effective potential than v, “feels” due to €’s

Voo = V€|/d3 Héc‘ye

Ve d xl/e 70 1_’75)Ve( )|Ve>

(v )70l

- 2 " w, =+vV2GrN.,
75 3B v T = V20r

Voo = V2GEN,
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e The effective charged current Hamiltonian density due to electrons in matter is then:
GF N, e

(e) _
HCC T \/5

e(x)v0(1 = 75)ve ()
e Thus the effective potential than v, “feels” due to €’s

Voo = V€|/d3 Héc‘ye

Ve d xl/e Yo 1_'75)V€( )|V€>

f | 7)o (

= 2 " w, =+v2GrN,
75 3B v T = V20r

Voo = V2GEN,

e for 7, the sign of V¢ is reversed
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e Other potentials for v. (7. ) due to different particles in medium

Concha Gonzalez-Garcia

medium Voo Ve
et ande”  HV2GF(Ne — No)TFEE (N — Ne)(1 — 4sin® Ow)
pand p 0 FZE(N, — Np)(1 — 4sin® Oy)
n and 7 0 F2E(No — Np)
Neutral (N. = N,)| +v2GrN, FZEN,

For v, and v,: Viy¢ are the same as for v, BUT Vo = 0 for any of these media
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Concha Gonzalez-Garcia

e Other potentials for v. (7. ) due to different particles in medium

medium Voo Ve
etande”  HEV2Gp(Ne — No)FSE (Ne — Ne)(1 — 4sin® Ow)
pand p 0 FEE(N, — Np)(1 — 4sin® Ow)
n and n 0 FSE - E(N,, — Nz)
Neutral (N. = N,)|  +v2GrN. FZEN,

For v, and v,: Viy¢ are the same as for v, BUT Vo = 0 for any of these media

e Estimating typical values:

Voo = V2GFpNe = 7.6Ye gzl eV
Ye=% Ji‘fN = relative number density

© = matter density
— At the solar core p ~ 100 g/cm® = V ~ 10~ 2 eV

— At supernova p ~ 10 g/cm® = V ~ eV
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e [ast decade: after including 613 ~ 9° the comparison of KamLAND vs Solar

| NUFIT 2.1 (2016) |

14 _| T 17T LI LI T 17T |_ 12 [ T T | T T T | T T T | T T T /|
-0, =85° . L | — solar(Gs §

p o1 =8" N S e v 1 64 better than 1o agreement
—10F 1 L 3 But ~ 20 tension on Am?,
> : E -

e 8¢ ~_ F -
2 1 560 7]
R 6 — ] B T
E C ] 4= ]

4 -] - ]

ok 4 2F -

0 :I 1 1 | | I I | | | I | | 1 1 I: 0 : 1 1 1 | 1 | 1 1 | 1 1 1 :

0.2 0.25 0.3 0.35 0.4 2 4 6 8 10

.2 2 5 2
sin"6,, Am,, [10 " eV7]
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e [ast decade: after including 613 ~ 9° the comparison of KamLAND vs Solar

| NUFIT 2.1 (2016) |

14 _I T T T LI LI T T T I_ 12 [ T T | LI | T T | LI /|

ML N S s 1 64 better than 1o agreement
—10F 1 L 3 But ~ 20 tension on Am?,
Z ] - .
e 8¢ ~_ F -
2 1 560 7]
NN 6 - ] B T
E C ] 4= ]

4 -] - ]

2 f— —f 2 —

0 :I 11 | | 111 | | 111 1 | 11 | I: 0 : 11 1 | | | 11 | 11 1 :

0.2 0.25 0.3 0.35 0.4 2 4 6 8 10

sin°e,, Am3, [107° eV?]
e Tension arising from:
Smaller-than-expected MSW low-E turn-up “too large” of Day/Night at SK
in SK/SNO spectrum at global b.f. Ap /N .sKka-2055 = [—3.1 £ 1.6(stat.) + 1.4(sys.)|%

-7 ;_ Super-K 7: D_gg

0.6 E— pp Borexino (7Be) Borexino (pep) ° Ezlrzxino (BB) i
"y 051 i
s q%

0.3 [— Bestfit (SOLAR only) .

C Best fit (SOLAR + KamLAND)
028, vl bty h (e
02 0304 06 1 14 2 3 4 6 10 14 4E/Am* (eV™")
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e [ast decade: after including 613 ~ 9° the comparison of KamLAND vs Solar

| NUFIT 2.1 (2016) |

14 _I T T T LI LI T T T I_ 12 [ T T | LI | T T | LI /|

ML N S s 1 64 better than 1o agreement
—10F 1 L 3 But ~ 20 tension on Am?,
Z ] - .
e 8¢ ~_ F -
2 1 560 7]
NN 6 - ] B T
E C ] 4= ]

4 -] - ]

2 f— —f 2 —

0 :I 11 | | 111 | | 111 1 | 11 | I: 0 : 11 1 | | | 11 | 11 1 :

0.2 0.25 0.3 0.35 0.4 2 4 6 8 10

sin°e,, Am3, [107° eV?]
e Tension arising from:
Smaller-than-expected MSW low-E turn-up “too large” of Day/Night at SK
in SK/SNO spectrum at global b.f. Ap /N .sKka-2055 = [—3.1 £ 1.6(stat.) + 1.4(sys.)|%

-7 ;_ Super-K 7: D_gg

0.6 E— pp Borexino (7Be) Borexino (pep) ° Ezlrzxino (BB) i
"y 051 i
s q%

0.3 [— Bestfit (SOLAR only) .

C Best fit (SOLAR + KamLAND)
028, vl bty h (e
02 0304 06 1 14 2 3 4 6 10 14 4E/Am? (eV™")

= “hint” of NP in proII)Eé(gation: NSI?
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e AFTER NU2020: With SK4 2970 days data

Slightly more pronounced low-E turn-up Smaller of Day/Night at

=055 . . . . A s A _ = [—3.1 4+ 1.6(stat.) £ 1.4(sys.)|%
g - SK-_IV - D/N,SK4—2055 [ ( ) (Y )] 0
- s E Ap /N, ska—2070 = [—2.1 £ 1.1]%
So.a5 -
= - =
= o =
0.35F |t somarm comor " G eeeroy-om epec. sve. E
— e Supor-K (2019 [ ] Encrgy-resocl. sys. _
- Innor box: Energy uncorr. unc. [ | Encrgy: -scale. Sys. ]
033 8 He iz 14 16 18
N ... Recoil electron kinetic energy [MeV]
e In NuFIT 5.2

NUFIT 5.2 (2022) |
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o ] e
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sin 912

GS98|(NUFIT 4.1)
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Ami1 [107° eV?]

= Agreement of Am3, between solar and KamLAND at 1 o
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Leptonic CPV in 3v Mixing: Jarlskog Invariant

e Leptonic(P = P, ., # Py, 5,
e In 3v always

P, vy — Py, p, < J with J= Im(UalUSQUmUEl) = JLEp.cp Sindcp

max

1 .2 .2 . 2
LEP,CP = 5C13 Sin 2013 sin” 26053 sin” 2601
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Leptonic CPV in 3v Mixing: Jarlskog Invariant

e Leptonic(P = P, ., # Py, 5,
e In 3v always

Pyosvy — Pogspy o< J with  J =Im(UnU;,Up2Ugz ) = Jigp cp sindcp

max

1 .2 .2 . 2
LEP,CP = 5C13 Sin 2013 sin” 26053 sin” 2601

e Maximum Allowed Leptonic CPV:

NO, 10 | NuFIT 5.2 (2022)
I B L T JIIJnE?].):)(,CP — (329 j: 007) X 10_2

15 — —

] . to compare with
_10p - Joxa.cp = (3.044£0.21) x 1077
I r ’

5 — = Leptonic CPV may be largest CPV
: . in New Minimal SM
865 o052 0054 0030 o
I _ 6 s o s 2 s if sin dgp not too small

CP — Y12 ¥12 ¥23 Y23 Y13 Y13



e Ne“] Probes of Mass Scale in 3v-mixing IIG

Single 5 decay : Pure kinematics, Dirac or Majorana v’s, only model independent

2 m2|U _’2 _ NO : mj + Am3,ci3s1y + Am3,si,
— E U, —
e J J 10 : m? + Am3,ci;s35 — Am3 ciy

K (T)

Present bound: m,_ < 0.8 eV (90% CL KATRIN 2021)
'Katrin (20XX) Sensitivity to m,_ ~ 0.2eV

v-less Double-3 decay: < Majorana v/’'s
Oovr __ me

If m,, only source of AL T} o = .
n % Gov Mnucl mZ,
< Mee — \ZUgjmj\
= f(my, order, maj phases)

Present Bounds: m.. < 0.04—0.2 eV

. . . 2 2 2 2 2
COSMO for Dirac or Majorana § m;= NO: v/mi + v/ Am3, +mi + /Amg, +m;
m,, affect growth of structures 10 /m2 + /—AmZ, — AmZ, —m2 + /—AmZ, —m?



M| Neutrino Mass Scale: The Cosmo-Lab Connection I

Global oscillation analysis= Correlations m,,_, m.. and > _ m,( Fogli et al (04))

| NuFIT 5.2 (2022) |
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M| Neutrino Mass Scale: The Cosmo-Lab Connection I

Global oscillation analysis= Correlations m,,_, m.. and > _ m,( Fogli et al (04))

10

m [eV]

I1[I

1O

| NuFIT 5.2 (2022)

IIIIIII]

Width due to range in oscillation parameters very narrow
Lower bound on ) _ m,; depends on ordering
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Wide band due to unknown Majorana phases =
Possible Det of Maj phases?




