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OUTLINE

e Historic Introduction to the SM of Massless Neutrinos

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

e Status of 3~ global description

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

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

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

(A, 2) = (A, Z+1)+e = B.=M(AZ+1)— M(A,Z)
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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 @

Earth’s radioactivity Accelerators zwsumo_
®, ~ 6 x 10%/cm?s E, ~0.3-30 GeV KEK

Concha Gonzalez-Garcia
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‘Neutrino Detection |

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

oVP ~ 10738 cm? —(fel{/
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o’P ~ 107 38cm? —Gb;’i/

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

o’P ~ 107 38cm? —Gb;’i/

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

v human human
Nint:q)uxapXN ><Cz—wlife

prot (M x T = Exposure)
human
Nglflor{l(?r?s =M o X Ng = 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. SUNYAR

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

COMBINED analysis of circular polarization and

resonant scattering of + rays following orbital
electron capture measures the helicity of the neutrino.
We have carried out such a measurement with Eu!%?m,
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., o, -p,=—1
(negative helicity).



WARNING: Helicity versus Chirality f Gonzlez-Garcia

: - _ 1+
e We define the chiral projections Pg j = 9 = 1 =150 Pp = 1E0y)
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e We define the chiral projections Pr j = ! jé% = ¢ =158 =155

e The Lagrangian of a massive free fermion v is £ = () (iy - 8 — m)(x)

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

—

—

S oY . .
e Since [H, 5] # 0 and [p, J] # 0 [J =L+ 3 = =71

= Neither Chirality nor .J; can simultaneously with E, p characterize the fermion

e But [H, J.j| = [, J.p]=0 = we can chose u1(p) = u, (p) and us(p) = u_ (p) (same for
v1 2) to be eigenstates of the helicity projector

1 - 1 = P .

e For massless fermions the Dirac equation can be written
S5¢ = "3 5¢% = —1°v°1°E¢ = "By = Form =0 P+ = Pr

Only for massless fermions Helicity and chirality states are the same.
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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, QL Er U}é Dj%
1 ui 1 2
© i €R Ur dR
e I di I

vy, C i i
,LL . S% . IU’R CR SR
iy, t* i i
" ; TR lR br
T Jr b* ).

e Spin-0 particle ¢: (1, 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,—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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‘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

V ./1/ —
Jz = E VozL/V'uVaL
a

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:

\Y

ZW<U

e For m,, < my /2 one can use the total Z-width I to extract IV,

35

Hadrons

30

I 1 7 1990
Ny = = —(I,—-1; —3I . 0 1891

r, — 0z -3 2 .

T 127 R T

I, o,my, |

I';,,,= the invisible width
I';,= the total hadronic width
[';= width to charged lepton

T mwn/’ Tt

.ILL _ —
Jz = § Voszy'uVozL
«

ALEPH

o o ar
1 o L
L ]

i an al i 53 HEd a5

Energy (GeV)

Leads N, = 2.9840 + 0.0082
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‘ SM Fermion Lagrangian I

3 3
i : Aa,ij (Ya Ta a 1
Z ZQL,kWM (Zﬁﬂ_gs 5 Gl = 9505 W — 9'50; B ) L,k

k=11,j=1

i - Xa,ij Fa '
>N U (10— 95252 G — 9'305B, ) U,

k= 12,3 1

Z Z +D5p " ( — 9524 52 G+ g’l%Bu) D?%,k

k=11,7=1

Z—i‘LL,k'YM (Zau — VVZ + g’ 1B ) LL,k—l-ER,k’Y'U’ (7,5’“ + g’BM) ER,k
k=1

3

-2 (A%k’@L,k(i@)(b*UR,k’ + Mo QL p DR+ N LL kOB R e + h-c-)
kok/=1
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‘ SM Fermion Lagrangian I

3 3
) ; Na,ij (Ya Ta a
Z ZQL,kWM (Zﬁﬂ_gs 5 Gl = 9505 W — /15 B) L,k

k=11,j=1
7 ; )\a,ij a ]
D> AUk (04 — 9,252 Gy — 9'36,,B,) U,
k= 12,3 1
Z Z+DR s ( — 9. 251Gl +g/15ijBM) Di
k=11,7=1
Z‘i‘LL,k'YM (Zau — VVZ + g’ 1B ) LL,k—l-ER,k’}/'u’ (7,6’“ + 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 . L — et/3Lp Erp — e “t/3ER
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‘ SM Fermion Lagrangian I

3 3
7 Y >\a,i' a Ta a
Z ZQLJﬂM (ZGM_QS 5 u_975iqu /15 ib ) L.k

k=114,j=1

i - Xa,ij a '
>N U (10— 95252 G — 9'305B, ) U,

k= 12,3 1

ZZ—I—DR,ﬂ ( — s “”Ga—l—g’lé B )D“]j%’,\C

k=11,7=1

Z—i‘LL,k'YM (Zau — VVZ + g’ 1B ) LL,k—l-ER,k’}/'u’ (7,6’“ + g’BM) ER,k

k= 1

- Z ( b Qri(im2) " Ur e + My Qp k@ DR+ Ay L k0 ER g + hec. )

k,k'=1

e Invariant under global rotations

Qri — €83Qr i Ugry — € “8/3Up Dry — €28/3Dp Lr;— /3L
= Accidental (= not imposed) global symmetry: B x L. X L, X L,
= Each lepton flavour, L;, 1s conserved
= Total lepton number L = L. + L, + L 1s conserved

ERJ{; — 6iO‘Lk/3ER,k
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= 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 4\
b "= i = L. = —Er M Er+ h.c. with M* = —\/5)\ v
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 ~, 70 ...

— 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_”’x + bl (P)vs (ﬁ)eipx}

$,p

= And the charged conjugate neutrino field = the antineutrino field

VO = e =3 (b (Bus(@e " + al (B, (e | = —C 7T
v (C=17%79)

which contain two sets of creation—annihilation operators

= These two fields can rewritten in terms of 4 chiral fields
vy, , VR, (VL)C : (VR)C with v = vy + vp 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/,

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

==Y [bs (P us(F)e P + al (F)vs (ﬁ)eim} —v=Y [as(ﬁ)us@e‘m + bl (P)vs (ﬁ)e”’x}

S$,P $,P

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

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
Cont = L PLia) W= + (Gurr Pl WA + —9 (50, PLva) Z
V2 : H : H V2 cos Oy : :

Only involves two chiral fields Prpv =v; and 7V Pr = (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

:  — 1
L Maj) _ —§VEMK4VL +h.c. = 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 )

= 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 = LQQ’;‘Q not generated at any loop level in the SM

e in SM B — L is non anomalous = LQ&‘;@ not generated non-perturbatively in SM
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‘u Mass = Lepton Mixing I

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

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

_ - 01 0t kj
Uppp = 3 X N matrix LEP — ZP-iVL V44 ij’-’j

e P. D 3 phases absorbed in /;
e [’/ 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’s : 3 Mixing angles + 1 Dirac Phase

1 0 0 Cc13 0 8136“s c21 sio O
Uep =10 C23 S23 0 1 0 —s12 c12 O
0 —so3 Cc23 —Slge_i(S 0 C13 0 0 1

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

1 0 0 C13 0 813€i5 o1 si2 O 1 0 0
ULep = | 0 C23 5923 0 1 0 —S12 c12 O 0 e'92 0

0 —s23 c23/\—s13e7%% 0 c13 0 0 1 0 0 et®3
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‘ The New Minimal Standard Model |

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

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

* NOT 1mpose L conservation = Majorana v = v°
L=Lsy— sM,rv§$ + hec.

e The charged current interactions of leptons are not diagonal (same as quarks)

\%W;Z(U{gpﬁwmﬂ' + US o UA* LDY) + hec.

e In general for V = 3 + s massive neutrinos Uy gp 1s 3 X N matrix

ULEPUEEP = I343 but in general UEEPULEP # INxN

e Urrp: 3+ 3s angles + 2s + 1 Dirac phases + s + 2 Majorana phases
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Dirac or Majorana? v-less Double-3 Decay

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

e Amplitude involves the product of two leptonic currents: [ey*Lv||ey*Lv]

— If v Dirac = v annihilates a neutrino and creates an antineutrino

= no same state = Amplitude =0

— If » Majorana = v = v° annihilates and creates a neutrino=antineutrino
= same state = Amplitude o v ( )1 £0

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

= Amplitude of v-less-/30 decay is proportional to (mpg) Z
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‘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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‘Effects of » Mass: Flavour Transitions |

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

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

¢ In general interaction eigenstates # propagation eigenstates

Flavour not conserved 1n propagation

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

Source Detector

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

— Misalignment between interaction and propagation states (= U)
— Difference between propagation eigenvalues
— Propagation distance
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‘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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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
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‘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 aplc'lHC 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)

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

2
m:
Ei:\/z 2 oy, 4 U
P m ik o
(3) Lowest order inmass p; ~p; =p ~ F
A, m? —m? L/E
23:1.27 1 _L/

eV2Z  Km/GeV
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‘Flavour Oscillations in Vacuum |

e The oscillation probability:

Pog = 80p — 4ZRe[UmU5,L-UajUBj]sm2 ( 23) + 2ZIm[Um~U5anjU3j]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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‘Flavour Oscillations in Vacuum |

e The oscillation probability:

Pog =00 —4 ) Re[U,;ULU*.Ug;|sin®
B B B jY B3

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

1<J 1<J
_ (Bi—E)L _ (mi—m3) L/E
5 > = 2T Km/GeV
. WY EAY _ .
— The first term 0,3 —4ZRe UMUBZU Upg,lsin > equal forv (U — U™)
1<J

— conserves CP

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

. — violates CP

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

at~ aj

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

e The oscillation probability:

Pap = 6ap —4) Re[U3;UpiUa;Us;lsin® (%) +2) Im[Uz;UpiUq;Up,lsin (Aij)

j<i j<i
Ay _ (BB)L _ 4 27(m§—m?) L/E
2 2 - eV?  Km/GeV
- * * Terton2 Aij — *
— The first term 0,3 —4ZRe[UMU5anjU6j]sm > equal forv (U — U™)
j<i

— conserves CP

— The last piece 2 ZIm[U;iUganj Uj,]sin (A;;) opposite sign for v

<i .
= — 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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‘Flavour Oscillations in Vacuum |

e The oscillation probability:

Pap = 6ap —4) Re[U3;UpiUa;Us;lsin® (%) +2) Im[Uz;UpiUq;Up,lsin (Aij)

j<i j<i
Ay _ (BB)L _ 4 27(m?—m?) L/E
2 2 - eV?  Km/GeV
- * * Terton2 Aij — *
— The first term 0,3 _4ZRC[UaiUBanjUBj]SIH > equal forv (U — U™)
j<i

— conserves CP

— The last piece 2 ZIm[U;iUganj Uj,]sin (A;;) opposite sign for v

<i .
= — 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 |

0 in 0
e When oscillations between 2-v dominate: U = ( o8 S )

—sinf cos0

. 2
Posc — Sln2(29) Sin2 (Am L) Appear e)\rn E/(1.27 Am )%

4F
sin22 /

L (distance)

e = L= P Disappear |
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‘ 2-v Oscillations |

. . cos 6 sin 0
e When oscillations between 2- dominate: U =
—sinf cosé

. 2
Posc — Sln2(29) Sin2 (Am L) Appear e)\:n E/(1.27 Am )%

4F
sin22 /

L (distance)

P.o.o=1— P, Disappear 5

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 :
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‘u Oscillations: Experimental Probes I

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

Disappearance Experiment

VO(SOUI’CG

Vv d
a

etector

v detector
ST

<—LI—> q)al

-

Compares @, and @

L

)

all

to look for loss
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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 \)adtl—:-'ltector v, source v.. detector
_ 1. _ _ b Searches for
" ” g g Bdiffa
L= % Pa B L B
- |_ -

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

e To detect oscillations we can study the neutrino flavour
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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 \)adtl—:-'ltector v, source v.. detector
_ 1. _ _ b Searches for
" ” g g Bdiffa
L= % Pa B L B
- |_ -

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

e To detect oscillations we can study the neutrino flavour

as function of the Distance to the source

PSUI’V

4 1w E/Am? ~

AV,

L(distancia)

Posc
. sin?2®
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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_detector detector
Vgsource VOt Va©F v, Sour ce Vg detector
_ 1. _ _ Searches for
— " gdiffa
—L= % Py B - -
- LII -
Compares ©_,, and @, tolook for loss
e To detect 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_(ﬂ
4  E/Am? ~ o
iV \/ ] :

' ' ™NE=2 x Am? x L/
L(distancia) T E(energy)
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e To detect 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 detect 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

LPee” <Pyn?>

sin®29

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

EV)PQB(EV>

N _—

N T—0

E (energy)
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e To detect 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¢

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

e In real experiments = (P,3)= [ dE, dqu) occ(Ey)Pas(E))

VAN

2
D-‘I’

1—(sin®28) /2 Vv M\//—

VAN

g
o
vV

(sin*28)/2

{Pue? <Pun?

L (distance) E (energy)

e Maximal sensitivity for Am? ~ E/L

~-Am? < E/L = (sin® (Am’L/4E)) ~ 0 — (Pozp) ~ 0& (Paa) ~ 1
CAm? > EJ/L = (sin? (Am2L/AE)) ~ & — (Pog) ~ 2290 <1 g (p ) >
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‘ Matter Effects |

e If v cross matter regions (Sun, Earth...) it interacts coherently with the matter fermions

— But Different flavours
have different interactions :

Ve, Vy, Vr Ol’lly Ve

7

= Effective potential in v evolution : V. # V, , = AVY = —AVY = V2G g N,

_Z,Q(ye):[[_(% VX—ALL’];7 cos 20 A&” sm28)] (z/e)
or \ vx Aﬁ sin 26 Aﬁ% cos 26 Vx
= Modification of mixing angle and oscillation wavelength (MSW)
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‘ Matter Effects |

e If v cross matter regions (Sun, Earth...) it interacts coherently with the matter fermions

— But Different flavours
have different interactions :

Ve, Vy, Vr Ol’lly Ve

7

= Effective potential in v evolution : V. # V, , = AVY = —AVY = V2G g N,

_Z,Q(ye):[[_(% VX—Aﬂi cos 20 A&” sm2(9>] (Ve)
or \ vx AZL”E“ sin 26 Aﬁ% cos 26 Vx
= Modification of mixing angle and oscillation wavelength (MSW)

= For solar v's in adiabatic regime
Pee = % [1 + cos(20,,) cos(20)]
Dependence on # octant

Am2 = +/(Am2cos20 — 2EAV)? 4+ (Am2 sin 20 . .
Mmat \/( e cos )7+ (A= sin 20) = In LBL terrestrial experiments

Am? sin(26)
Aannat

e Mass difference and mixing in matter:

Sin(20mat) = Dependence on sign of Am?

and 6 octant
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‘ Solar Neutrinos |

e Sun shines by nuclear fusion of protons into He

. protfon . (/Y 1 2¢+ +2v, + 25MeV  And only 1. are produced

. . 4He
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‘ Solar Neutrinos |

e Sun shines by nuclear fusion of protons into He

. protoa —— (& ) +2¢++2v,+25MeV  And only 1. are produced
. “He

e Two main chains of nuclear reactions

pp Chain : CNO cycle:

[(Dp+p—D+et+u] [)p+e +p—=D+uyl
(99.75%) | | (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
| |
Lip o ko [(4)°B — "Be + et + v <E ,>=0.997MeV

(pp I1 : 14%) \
| \
SBe* — 20 /

(p-p I 0.015%)
v <E ,>=0.999MeV



Flux (cm= s-!)
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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 -7 _tr A 3
:af” ’,” pepl_)ia%\ ]
- 150—)//’ 1 \

107g--" I 1 .
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
3B)

8B 8 Be* + et 4+ 1, < 15
CNO CHAIN E (MeV)
13N

BN 513 o et 4+ ve < 1.199
150,

150 515 N 4 et +0e < 1.732
A7p)

17p 317 0 4 et + 0 < 1.74




‘SOlar Neutrinos: Results I Concha Gonzalez-Garcia

Electron-Neutrino Detectors All Flavors

Chlorine Eallitinm Water Heavy Water Heavy Water

v+e —sv+e Votd—ptp+e || vid—p4n+y

’Be

H Sak Gallex/GNO (Super-)
AL 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



‘SOlar Neutrinos: Results I Concha Gonzalez-Garcia

Electron-Neutrino Detectors

All Flavors

Water
vie Sv+ie

Heavy Water
Votd—p+p+e”

Gallium

Chlorine

’Be

Heavy Water
v+d—p+n+v

Home

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

Am7107° eVY)

e Gallex/GNO (Super-)

Best explained by MSW v, — v, ,

14

12

10

8

6

4

2

Qliil

0)
0.

N

Am? ~5x107°eV?, 0 ~

0.25

0.3 0.35
sin“0

4
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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

24.6 GW

' Kashiwazaki

T

e

o Kamioka ™™ —

”m
;N
; i

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

Crane

A -k
.
=

Rock lining

i | S A
: =

. :-"'I-;-'r.' e ll] _:.-_,__‘_ | P A

¢

b

o |
'ﬁ. %4 Outer water tank
i'd

\!

Wik
J .‘-‘.;‘L =
jr .r. £

_Aluminum sheets

e

Inner tank

Lig.-scinti.
Container

Phototubes

Survival Probability

0.8

0.6

04

0.2

Results of KamLLAND
compared with P, for

0 =35°y Am? = 7.5 x 107° (eV/c?)?

o Data-BG-GeoV,
— EXxpectation based on osci. parameters

L + determined by KamLAND

= + + 4

I_I I 11 1 1 I 11 1 1 I 11 1 1 I 11 11 I 11 11 I 11 11 I 11 11 I 11 11 I 11 1
20 30 40 50 60 70 80 90 100

LJE, (km/MeV)
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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

erobabity
Present limit on CNO:

L Q LENO < 2% (30)

i Q Test of Lum Constraint:
2N O\ Ll ‘Li;lfe”ed) — 1.04 £0.07
RO D
SN AN A

OO ODD

fpp f7Be fpep f13N f150 f”F fSB fhep
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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,

N\,él- 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

30,000 ton Water Cherenkov Derector

11,200 20" PMTs

aglectronics hut

4

FAT supporl .
AVET

coOnerele

yock—""



AtmOSpheric Neutrinos o Results oncha Gonzalez-Garcia

o SKI+II+III+IV data:
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Atmospheric Neutrinos:Results

o SKI+II+III+IV data:

Ve in agreement with SM
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0
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o SKI+II+III+IV data:

500 _I TTT I TTTT I TTTT I TTT I_ 500 _I TTT I LENLILIL I LENLILIL I TTT I_ 500 _I TTT LI LI TTT I_ Y
. P00 2 : Best explained by v, — v
400 ;hﬁﬁ# 400 - 400 E
3003_ _33005 i%fsoof_ _f 5:III|IIII ||||||II|
F : C ] F E - CL
200 - — 200 | 4 200 | = 4
100 E 3 100 3 100 P 3 — F
n | Sulb—Gey ()1 C | Sulb—Gey (W) 3 C I\/Ilulti—GIeV P(l) (W) 3 = 3
WIS NS N N 0_||||||||||||||||_ 0_||||||||||||||||_ ® -
0-1 -05 0 0.5 1 -1 05 0 0.5 1 1 -05 0 05 1 © L o
500 _I TTT I TTTT I TTTT I TTT I_ 750 _I TTT I LENLILIL I LENLILIL I TTTT _I TTT I LI I LI I TTT I_ (\]l_. — 90
C ] - 250 F . e 2 —_
400 |- 3 600 |- : 3 < L .
. ] - 4 200 — = N ]
u B 1 u ] 1= ]
300 :— ; 450 N 1150 B = - .
- . S . - . - .
200 - __300__ 71 100 F 3 0_||||||||||||||||||_
C ] i ] s . 03 05 1 2 3
100 - 150 - 1 50F E tan® @
C | Mid—Ge}/ ()1 i | Mid—Ge}/ (T " Stopping (W) 1
_I 111 L1 11 L1 11 111 I_ 0 | - | | | | | L1 11 0 _I 111 L1 11 L1 11 111 I_
402- 1 -05 0 0.5 1 1 -05 0 0.5 1 -1 -0.75 -05 -025 O . s .
:I TTT I LI I TTTT I TTT I: 300 __I TTT I TTrTT I TTrTT I TTT I_ 800 __I TTT I TTrTT I TTrTT I TTT I_ Am N 2.4 >< 10— eV
L ] = -+- L ]
300 + 3 f 1 I i 2
. 1 200 ] 600 . tan“ 0 ~ 1 = 0"\/%
200 |- ER 1 400 |- -
C 3] 100 - B ]
100 = . i 1 200 -
| Mullti—GeIV (e)] r I\{Iulti—C;IeV F|C (W) - | Tlhrouglh (W)
L1 11 L1 11 L1 11 L1 11 0 | - | | | | | L1 11 0 L1 11 L1 11 L1 11 L1 11
0-1 -05 0 0.5 1 -1 05 0 0.5 1 -1 -0.75 -05 -025 O



Caoncha Gonzalez-Garcia

\Alternative Oscillation Mechanisms I

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 |

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 Principle (VEP): Gasperini 88, Halprin,Leung 01 A\ = E|q§‘5
Non universal coupling of neutrinos y; # 72 to gravitational potential ¢ 7
Violation of Lorentz Invariance (VLI): Coleman, Glashow 97 \ = 2
2
Non universal asymptotic velocity of neutrinos ¢, # 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 ’yuug = F, = ?—; + b; \ — iz_ﬂ

Ab
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‘Alternative Mechanisms vs ATM 1’s |

o Strongly constramed W1th ATM data (MCG-G, M. Maltoni PRD 04,07)

[|l— O illatio
[|--- VL CPT
- = TORSION

109"
1 08F
107
106}
7 05E

SK multi-GeV ()]

0.4

0.4t

06"

. 14
1 1.2}
11t

1 08f

-08 -06 -04 -02 0

cos 6

-1 -08 -06 -04 -02 O
cos 6

At 90% CL.:

|Ac]
C
¢ Ay| < 5.9 x 1072°

QAk| < 4.8 x 1072 GeV
Ab| < 3.0 x 107%% GeV

<12x 10




Concha Gonzalez-Garcia

‘ v,, Disappearance in Accelerator v Fluxes I

T2K: MINOS, NOrvA
v, produced in Tokai (Japan) v, produced en Fermilab (Illinois)
detected in SK at ~ 250 Km detected in Minnesota at ~ 800 Km

L T T
) t e I
¥ o .I
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1ok 1 |
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K2K/T2K 2004~ NOvA: 2015-
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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 I

e Observation of v, — v, transitions with E/L ~ 107? eV?

TYK NOvA

Vi — Ve Vi — Ve vbeam NOVA Preliminary Tbeam NOVA Preliminary
== n £ F = : PFTT T e T —_——————
: . 5 o -mode e-rin . C ! ]
= e-ring + e T s 3 ¢ LowPD  HighPiD - “C LowPD | HighPID
2 4 pion decay % 16 events T ira | ) A ?.
(0] C ! T ] ' . -
2 > | —2020bestt N g f fFDdata 1 I Wrong sign bkg g
w 14 events|| 0 al ."/fsys“fa”gi | g % i 3 BT —o0bestit [ Totabeambig @ & ]
rong sign bkg ! : ) 0
- 80 - .Tolalbeambkgi 0 % [ 1-csystrange§ [T cosmictkg ¢ g
B g | [ Cosmichkg o 8 10- 3 : l o
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; g > N E ] 9T
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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,, — U.) = Leptonic CP violation



‘Medium Baseline Reactor Experiments IIG

e Searches for 7, — 7/, disapperance at L ~ Km (E/L ~ 107 eV?)
e Relative measurement: near and far detectors

Daya-Bay Reno

Far Detector

<
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= 1 E e T T T T s —: C .
5 oosE = 0.96 — =
3 0.96 = = C ]
Dok 3 0.94— =
— 0.94 — ,} 3 - i
_._gj_.-‘ 0.92 f— Far Hall "¢ = 0.92 - E
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‘Medium Baseline Reactor Experiments IIG

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

Daya-Bay Reno

Far Detector
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‘Medium Baseline Reactor Experiments IIG

e Searches for i/, — 1/, disapperance at L ~ Km (F/L ~ 107? eV?)

e Relative measurement: near and far detectors

Daya-Bay Reno

Far Detector
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- Eo L —
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— 100 o 4000 — —
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= 80— E —
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Described with Am? ~ 2.5 x 10~%eV? (as v,, ATM and LBL acc but for v,) and 6 ~ 9°
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We have observed with high (or good) precision:

* Atmospheric v, & v,, disappear most likely to v, (SK,MINOS, ICECUBE am? _ 510-3
eV2

1
1
1
1

0
0
0
0

Data/Prediction (null oscillation)

Ratio to No 0sci||a§13

* Accel. v, & v, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA) g ~ 45°
* Some accelerator v,, appear as v, at L ~ 300 /800 Km ( T2K, MINOS,NOvA) 0 ~ 8°
* Solar v, convert to v, /v (Cl, Ga, SK, SNO, Borexino) %\7722 ~ 10-5, 6 ~ 30°

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

* Reactor 7, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno) iTm; ~21077%,0 ~ 8°

Confirmeds ot : :
Vacuum oscillation L/FE pattern with 2 frequencies
.8 n T T T T 4 . .
of : - DaaBo-Ges, MSW conversion in Sun
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‘ 3y FlaVOur Parameters I Concha Gonzalez-Garcia

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

1 0O O C13 0 8136i50p co1 S12 0
ULep = [0 c23 s23 0 1 0 —s12 c12 0
0 —s23 c23 —8136_7:(SCp 0 C13 0O 01

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

me o1 IC;;T“ Am3, > 0 by convention
N ) AmZ,; > 0 for NO
= Amg, =

R . Am3, < 0 for IO
EI m; \4 ms

Experiment Dominant Dependence Important Dependence

Solar Experiments 012 Am%l , 013

Reactor LBL (KamLAND) Am3, 015 , 013

Reactor MBL (Daya Bay, Reno, D-Chooz) 613 Ams3,

Atmospheric Experiments (SK,IC) 053, Am%e, 013 ,0cp

Acc LBL v, Disapp (Minos, T2K,NOvA)  Am3, 0a3
Acc LBL v, App (Minos, T2K,NOvA) Ocp 013, 023
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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]

NO, IO (w/o SK-atm)

______ . NUFIT 5.1 (2021) |
—————— NO, 10 (with SK-atm) — 2
15 _I LI | l‘ TT | T I" T T 1T | I_ _I T T N T T | LI | ,ll T I_ n I_ SK-atm p— X table from
- \ i I 1 - -
- \ 1t . 1 SK1-4 for 372 kton-years
ol 0 ] ]
I [ 1 i i
s 0 ] ]
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0.2 0.25 0.3 0.35 0.4 0.018 0.02 0.022 0.024 0026 04 045 05 055 06 0.65
.2 .2 .2
sin 912 sin 913 sin 623
T T I|||III|IIIIIII”IIIIII 'IIII|I\IIII|\IIII TTTTT
o 1\ 1 j Voo "
n U \ \ /
- 1r ! \ \ ']
- 1r ! \ , ']
- 1 r n - \
10 — — ii -
“e L 1L n i
T [ 1L ! .
5L dL '
[ 1F ii .
0 I|IIII|II IIII|IIII II|IIII|IIII|II”II|IIII IIIII|IIIII l .lJ’TlIIIII
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2 -5 2 2 -3 2 2
Am;, [107 eV7] Amz, [107eV] Amg, Ocp
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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,|

LAUFIT 54/(2021)

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

rr 11 _I_I—l_l_
15— 0+0.78 -+ -
ob Jr B
I [ 1C ]
s 1 B
_IIII|IIII 111 _III ||||\4/(|| |II\ HIlIIH dlll;

0
0.2 0.25 0.3 0.35 0.4 0.018 0.02 0.022 0.024/ 0.026 4 045 05 055 0.6 0.65
sin2 912 sin2 913 sin2 923

w IIHHI“IHIHH TTTTTTTTT T HIIIl“IHIVlIIIIIIIIL
— — ) — \
[ (742502 x 1075 eV? [ | ' - Zb \ ‘ /
10 — -1 —
o [ 1t j
< L 4L i
5__ — —
B e
0_I|IIII |II 111 I|IIII IIhIIdIIH [T T T 74 IIIII|IIIII 444qlllll_
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‘Summary: Global 3 v Flavour Parameters I

Evolution of global 3 flavour fit

Gonzalez-Garcia, Maltoni, TS [arXiv:2111.03086]

2012 2014 2016 2018 2021
NuFIT 1.0 NuFIT 2.0 NuFIT 3.0 NuFIT4.0 NuFIT 5.1
01> 15% 14% 14% 14% 14% 1.07
013 30% 15% 11% 8.9% 9.0% 3.3
623 43% 32% 32% 27% 27% 1.6
Am%l 14% 14% 14% 16% 16% 0.88
|Am3, 17% 11% 9% 7.8% 6.7% [6.5%] 2.5
OCp 100% 100% 100% 100% [92%] 100% [83%] 1 [1.2]
AX3oNO +0.5 —0.97 +0.83  +4.7[4+9.3] +2.6 [+7.0]
w/o [w] SK atm data /
relat. precision at 3¢ : Z(X+ _ x_) .
(xt 4+ x7) improvement factor from 2012 to 2021
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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,|
oo No 9 (wio SK-atm) NUFIT 5.1 (2021) | 5
NG, 10 (with SK-atm) Ams3, Solar vs KLAND

T T 1T | T 7T | T T 1717 T T 1T | T
15 |- \ ! -+ — —
- \ 4 - _/ .
[ \ 1F ] 4~ Tension Resolved
ok 1c - -
C\l>< B 7 B 7 7
I 1t g g
5 — R B — —
0 L 111 | L 111 111 Z1 | | |IIII\ III|IIII I|IIII
0.2 0.25 0.3 0.35 0.4 0.018 0.02 0.022 0.024 O. 04 045 05 055 06 0.65
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\ n
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Am;, [107 eV7] Amz, [107eV] Amg, Ocp
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e Last decade: after including 63 ~ 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 10 agreement
—10F 1 L 7 But ~ 20 tension on Am?,
> : E -

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

4 -] - ]

2 f— —f 2 -

0 :I 1 1 | | I I | | | I | | 1 1 I: 0 B 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 Last decade: after including 63 ~ 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 /|

ot 8 N S 1 012 better than 1o agreement
—10F 1 L 7 But ~ 20 tension on Am?,
> L . - .
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,, Am2, [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) ° :’:r(:xino (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 Last decade: after including 63 ~ 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 /|

ot 8 N S 1 012 better than 1o agreement
—10F 1 L 7 But ~ 20 tension on Am?,
> L . - .
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,, Am2, [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) ° :Sr(:xino (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)Eéigation: 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

g ' ' ' T SIK—iV = AD/N,SK4—2O55 S [—31 + 1.6(stat.) + 1.4(SyS.)]%
2 o5 = — [
s - Ap /N ska—2070 = [—2.1 £ 1.1]%
c§’o.45; -
= - —]
< o.a— ]
: SK-IV (2970 days), 3.49-19.49 MeV __
0_35; e Super-K (2020> _ Energy-8B spec. Sys. _:
— e Supor-K (2019 :] Enorgy-resol. Sys. _|
— Innor box: Enorgy uncorr. unc. || Enorgy-scale. Sys. 1
o3 T vy e M,
aq 6 8 10 12 14 16 18
‘ o o VR‘evt?oi‘lvelectronv kirvle‘t‘ic‘e‘r"le‘r‘gy [MeY]
e In NuFIT 5.1
NUFIT 5.1 (2021) |
74_||||||||||||||||||_ 12—|”|||III|III|III/I—
 sine,, = 0.0222 . b~ GS98 (NUFIT 4.1
12 - 3 10
C ] B \
S F . S
® gE 8 ] S
's _ A Néf 61— ll‘
Zof ERN
- — L \
5 . 1 4F
1= N . .
of 1 ef
L - - \
0 oo b by by 0T 0 Co o
0.2 0.25 0.3 0.35 0.4 2 4

.2 2 5 (/2
sin'6,, Am,, [10 " eV']

= Agreement of Am?2, between solar and KamLAND at 1 o
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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,|
oo No 9 (wio SK-atm) NUFIT 5.1 (2021) | 5
NG, 10 (with SK-atm) Ams3, Solar vs KLAND

|II|IIII"

15 - \ -+ — —
I \ 1t : 1 Tension Resolved
) 10 H4F - - o 053 Least known angle
>< L 4 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
NO, 10 (SK-atm 372 kton-yr
=====z= NO, 10 (SK-atm 328 kton-yr
VT | T 1T | T TT | T 1T | T
\ I —
NO, IO (w/o SK-atm) " 7
=====: NO, |0 (with SK-atm) .
15 _I T 1T | l‘ T T | T T I" T T 1T | I_ _I T T " |
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u 1r I
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B B |||||||||\|\||/||||||
- | - | % 045 0.5 055 0.6
02 025 03 035 040018 002 0.022 0. sin” 0,4
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101 JE ]
“e L 1[ ]
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5L JE ]
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0.65

I-known parameters:
3, Am3y, [Am3, |
Solar vs KLAND
on Resolved

Least known angle
mal? Octant?
obust wrt ATM
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‘Flavour Parameters: Mixing Matrix I

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

0.801 — 0.844 0.513 — 0.579 0.143 — 0.156
|Ul|se = [ 0.233 — 0.507 0.461 — 0.694 0.639 — 0.778
0.261 — 0.526 0.471 — 0.701 0.611 — 0.761
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‘Flavour Parameters: Mixing Matrix I

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

0.801 — 0.844 0.513 — 0.579 0.143 — 0.156
U |35 = (O.233 — 0.507 0.461 — 0.694 0.639 — 0.778)
0.261 — 0.526 0.471 — 0.701 0.611 — 0.761

e Good progress but still precision very far from:

0.97427 +0.00015  0.22534 + 0.0065  (3.51 £ 0.15) x 107>
Viekm = | 0.225240.00065 0.97344 +0.00016  (41.2F11) x 1073
(8.671037) x 1073 (40.4133) x 1073 0.99914619-000021
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‘Flavour Parameters: Mixing Matrix I

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

0.801 — 0.844 0.513 — 0.579 0.143 — 0.156
U |35 = (0.233 — 0.507 0.461 — 0.694 0.639 — 0.778)
0.261 — 0.526 0.471 — 0.701 0.611 — 0.761

e Good progress but still precision very far from:

0.97427 +0.00015  0.22534 + 0.0065  (3.51 £ 0.15) x 107>
Viekm = | 0.225240.00065 0.97344 +0.00016  (41.2F11) x 1073
(8.671037) x 1073 (40.4133) x 1073 0.99914619-000021

e Also very different flavour mixing of leptons vs quarks
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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
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Leptonic CPV in 3v Mixing: Jarlskog Invariant

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

Py — Poynpy < J with  J =1Im(Un1U;,Ug2Uj ) = JIED cp sindcp

max

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

e Maximum Allowed Leptonic CPV:

NO, 1O | NuFIT 5.0 (2020)

T o = (3.29£0.07) x 1072
to compare with

1 5 T T | T T T | T T T | T

Joxm,cp = (3.04 +0.21) x 107°

~
Q
[TTTTTTITT]

=
5F = Leptonic CPV may be largest CPV
: in New Minimal SM
805 o0 o0si  0.0%6 o
UM _ o o o s 2o if sin dcp not too small

CcP 12 712 723 723 T13 713
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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,|
oo No 9 (wio SK-atm) NUFIT 5.1 (2021) | 5
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‘ CPV and Ordering in LBL: ., appearace IIG

ve and U, apperance events

T2K ~ NOvA
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P (O, sinfy € [0.44,0.58]

= Each T2K and NOvA favour NO
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‘ CPV and Ordering in LBL: ., appearace IIG

ve and U, apperance events

T2K ~_ NOvA

dcp dep

------------- Observed 1o
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= 1O best fit in LBL combination
e Parameter goodness-of-fit (PG) test:

normal ordering inverted ordering
Xbq/n  p-value #o | xig/n  p-value  #o
T2K vs NOvVA (65 free) 6.7/4 0.15 140 | 3.6/4 0.46 0.70
T2K vs NOVA (63 fix) 6.5/3 0.088 1.70 | 2.8/3 042  0.80

No significant incompatibility



Concha Gonzalez-Garcia

‘Am?)l in LBL & Reactors I

e At LBL determined in v, and v, disapperance spectrum
c%2Am§1 NO 4
S%QAmgl 10 o

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

2 2
s Am NO )
Amge ~ Am%l—l—C%j Am%i o Nunokawa,Parke,Zukanovich (2005)

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

2 2
Amuu ~ Am3l -+
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e At LBL determined in v, and v, disapperance spectrum
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‘Amgl in LBL & Reactors I

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

cl2A7n21 NO 4
Am21 10 o

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

2 2 812Am21 NO
Amee — Am3l+ A IO

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

Amuu ~ Am3l —I—

Nunokawa,Parke,Zukanovich (2005)
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Am2, [10° eV Am2, 107 eV
e T2K and NOvA more compatible in IO =10 best fit in LBLL combination
e LBL/Reactor complementarity in Am3, = NO best fit in LBL+Reactors

e in NO: b.f ocp = 195° = CPC allowed at 0.6 o
e in [IO: b.f 0cp ~ 270° = CPC disfavoured at 3 ¢

CcP
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‘Near Future for CP and Ordering: Strategies I

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

2
~ 2. sin? Az 02 (Az £V L
Pe ~ s555in” 2013 (A iv) sin ( 5 )

+8 Jop ™ A‘}Q Agﬁ?’iv sin (VQL) sin (—A?’l;tVL) COS (A?’l + 5Cp)

2
JEp™ = €13513€23523C12512

— Challenge: Parameter degeneracies, Normalization uncertainty, F/,, reconstruction
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e /v comparison with or without Earth matter effects in v, — v, & v, — ¥, at LBL:
DUNE (wide band beam, L=1300 km), HK (narrow band beam, L=300 km)

2
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Pe ~ s555in” 2013 (A iv) sin ( 5 )

+8UE 4 580 sin () sin (24£VL) cos (24L& 3cp)

2
JEp™ = €13513€23523C12512

— Challenge: Parameter degeneracies, Normalization uncertainty, F/,, reconstruction

e Reactor experiment at [, ~ 60 km (vacuum) able to observe
the difference between oscillations with Am3, and Am3,: JUNO, RENO-50

A 2 L A 2 L A 2 L
P, v. = 1—cizsin® 2015 sin” ( 21 )—sin2 2613 [C%z sin’ ( 31 ) + 53 sin” ( "3 )]

1K 41K 1K

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

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

2
~ 2. sin? Az 02 (Az £V L
Pe ~ s555in” 2013 (A iv) sin ( 5 )

+8UE 4 580 sin () sin (24£VL) cos (24L& 3cp)

2
JEp™ = €13513€23523C12512

— Challenge: Parameter degeneracies, Normalization uncertainty, F/,, reconstruction

e Reactor experiment at [, ~ 60 km (vacuum) able to observe
the difference between oscillations with Am3, and Am3,: JUNO, RENO-50

. . Am2 L . . AmQ L ) AmQ L
P,,v. = 1—ci3sin® 2015 sin” ( 42,1 )—sm2 2013 [C%z sin” ( 4;1 ) + s1 sin” ( 4;2 )]

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



‘Beyond 3v’s: Light Sterile Neutrinos IaGOﬂZ&lez'Gafcia

e Several Observations which can be Interpreted as Oscillations with Am? ~ eV?

LSND &MiniBoone Gallium Anomaly Reactor Anomaly (2011)
. Acero, Giunti, Laveder, 0711.4222 Huber, 1106.0687
LSND 2001: Giunti, Laveder,1006.3244 Mention etal ,1101.2755
Signal v,, — ve (3.8 0) Radioactive Sources (°!Cr, 37 Ar) New reactor flux calculation
MiniBooNE 2020: in calibration of Ga Solar Exp; = Deficit in data at L < 100 m
_ _ Ve + '1Ga— "1Ge + e~ |
Uy = Ve & vy — Ve . I Tam T T e
Give a rate lower than expected O e N o SR
(639 £+ 132.8 events) .
1.3 — = = = 3 % . L
§ il I g _
£ 0sF I i ° Ruyi=09%'7 55
ZZ 3 _§ : 10 162 1e*

L

Explained as v, disappearance Explained as . disappearance
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e Several Observations which can be Interpreted as Oscillations with Am? ~ eV?

LSND &MiniBoone Gallium Anomaly Reactor Anomaly (2011)
. Acero, Giunti, Laveder, 0711.4222 Huber, 1106.0687
LSND 2001: Giunti, Laveder, 1006.3244 Mention etal ,1101.2755
calculation

Signal vy — # Ogcillation Interpretation Requires new (sterile) ©’s
MiniBooNE 20!
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‘Beyond 3v’s: Light Sterile Neutrinos I““"’“”‘IE’Z'G@‘rcia

e Several Observations which can be Interpreted as Oscillations with Am? ~ eV?
LSND &MiniBoone
LSND 2001:

Signal v,, — v, (3.8 0)
MiniBooNE 2020:

Uy — Ve & V) — Ve

(639 £+ 132.8 events)

MicroBooNE 2021/2022:
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‘Beyond 3v’s: Light Sterile Neutrinos IaGOﬂZ&lez'Gafcia

L.SND &MiniBoone
Vy — Ve & V) — Ve
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sin® 26,
Dentler etal, 1803.10661
Purely sterile oscillation
robustly disfavoured
additional SM or NP effects?



‘Beyond 3v’s: Light Sterile Neutrinos IaGOﬂZ&lez'Gafcia

LSND &MiniBoone Gallium Anomaly

DM — pe & V,JJ — Ve Acero etal, 0711.4222;Giunti, Laveder,1006.3244

. . . 71 71 —
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Strong tension with Rate lower than expected

non-obervation of v,, dissap Explained as v, disappearance

Confirming results from BEST
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additional SM or NP effects?
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‘Beyond 3v’s: Light Sterile Neutrinos IaGOﬂZ&lez'Gafcia

L.SND &MiniBoone
Vy — Ve & V) — Ve
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Gallium Anomaly

Acero etal, 0711.4222;Giunti, Laveder,1006.3244

Ve + "1Ga — "1Ge + e~
Rate lower than expected
Explained as v, disappearance
Confirming results from BEST
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Berryman etal 2111.12530

Reactor Anomaly
Huber, 1106.068,Mention etal ,1101.2755

2011 reactor flux calculation =

Deficitin R = —92t2_ 4t I, < 100 m
predict ~

Explained as 7. disappearance

2022 with updated inputs (23°U)

Berryman Huber, 2005.01756
Kipeikin etal, 2103.01486
Giunti etal, 2110.06820
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Recent relative spectral measurments
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(or DayaBay) near detector
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24

Th. Schwetz - PIC 2021

Karlsruher Institut for Technologie

Spectral ratios at different baselines = Independent of flux normalizations.

But low statistical significance (Wilk’s theorem fails) Berryman, etal 2111.12530

MC estimation of prob distribution = no significant indication of v oscillations



Concha Gonzalez-Garcia

‘Non Standard » Interactions (NSI) I

At dimension-6 new 4-fermion interactions involving v’s.

Some can afffect CC process in production and detection

(DayuPrls) ([ Pf)

and can be strongly constrained with charged lepton processes

Some affect only NC v interactions

(DayuPrLvg) (A" Pf)

and are more poorely constrained



‘N C-Non Standard » Interactions in -OSC IZG

Including non-standard neutrino NC interactions with fermion f

Lxst = —2V2Grpel | (Do Lvg)(f1uPf), P=L,R



‘N C-Non Standard » Interactions in -OSC IZG

Including non-standard neutrino NC interactions with fermion f

Lxst = —2V2Grpel | (Do Lvg)(f1uPf), P=L,R

Eee Eep Eer
+V2G N, (r) €ep  Eup  Epr
*k *k

Ecr Epr  Err

Hpot = V2G N (1)

o O =
o O O
o O O

Ne(r) ¢y
cap(r) = Y NJ;ET? el

= 3v evolution depends on 6 (vac) + 8 per f (mat)
f=ued
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Including non-standard neutrino NC interactions with fermion f

Lxst = —2V2Grpel | (Do Lvg)(f1uPf), P=L,R

Eee Eep Eer

+ V2G pNe(r) €ep  Eup  Epr

* *

Eer  Epr  Err

Hpot = V2G N (1)

o O =
o O O
o O O

N
Eap(r) = Z s(r) 'V = 3 evolution depends on 6 (vac) + 8 per [ (mat)

f=ued Ne (T) OéB

= Parameters degeneracies

In particular H — —H™ = same Probabilities = invariance under simultaneously:
012 < % — 019 , (866 o EMM) — _(666 T EMM) _ 27
Am3; — —Am3s, (rr —eup) = —(&rr —€pn)

§ > m—34, Eap — —€ap  (a#B),

= Degeneracies in 65 octant and mass ordering
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‘ NSI: Bounds/Degeneracies from/in Oscillation datal

Esteban etal JHEP’ 18[1805.04530] Coloma, Esteban, MCGG, Maltoni, JHEP’19[1911.09109] (updated 2020)
e Standard Solution = LMA = Bounds 01% — 10%)

Q

1%

2
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\II\||\|I|\I\I
\II\|I\II|\I\I

LMA

g% — g | [-0.072, +0.321]
g% — e, | [-0.001, +0.018]

Y, —0.050, +0.020]
—0.077, +0.098]
—0.006, +0.007]
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‘ NSI: Bounds/Degeneracies from/in Oscillation datal

Esteban etal JHEP’ 18[1805.04530] Coloma, Esteban, MCGG, Maltoni, JHEP’19[1911.09109] (updated 2020)
e Standard Solution = LMA = Bounds 01% — 10%)

9 I L L LA L L L |
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‘ NSI: Bounds/Degeneracies from/in Oscillation datal

Esteban etal JHEP’ 18[1805.04530] Coloma, Esteban, MCGG, Maltoni, JHEP’19[1911.09109] (updated 2020)
e Standard Solution = LMA = Bounds 01% — 10%)
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sz

= Maximum effect at LBL experiments:

® _ _e D) ~u D) d
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= To be considered in effects/sensitivity studies
at DUNE, HK. .. (tables available)

e Degenerate solution =LMA-D

Miranda, Tortola, Valle, hep-ph/0406280

= 012 5 — 012 & (Cee —Epp) = —(€ce —€pp) — 2
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‘ NSI: Bounds/Degeneracies from/in Oscillation datal

Esteban etal JHEP’ 18[1805.04530] Coloma, Esteban, MCGG, Maltoni, JHEP’19[1911.09109] (updated 2020)
e Standard Solution = LMA = Bounds 01% — 10%)
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= Maximum effect at LBL experiments:
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?012<—>g—612

= Requires NSI ~ G (light mediators?)
Farzan 1505.06906, and Shoemaker 1512.09147

& (Cee —€up) = —(Eee — Epp) — 2
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‘ Oscillation bounds on Z’/Dark Photons |

Coloma, MCGG, Maltoni, JHEP’21 [2009.14220]

Interpreting
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Z'/Dark-photon: Bounds from »~ Oscillations
Coloma, MCGG, Maltoni, JHEP’21 [2009.14220]

Very light (M’ < O(eV)) mediator = Long Range Force to Contact Interaction in H ¢

[ 5th force
1 B Eq. princ.

OSC
| B (This work)

1 1F arXiv : 1505.06906 | | |
Le_i(L}L“‘Lr), By+L#+LT— L LE+2L#+2LT,

0F 100 102 07 _10° 1007 0% 100 02 00 _10° 07 10 1005 02 10°_10° 107
Mz (eV) Mz (eV) Mz (eV)




Concha Caon 7Q]QZ—GarCia
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‘ Confirmed Low Energy Picture and MY List of Q&A I

e At least two neutrinos are massive = There i1s NP
e Oscillations DO NOT determine the lightest mass

Only model independent probe of m, (5 decay: > m7|U.;|” < (0.8 eV)? Katrin 2021
e Dirac or Majorana?: Anxiously waiting for v-less 33 decay Lecture by S. Bettini
e Three mixing angles are non-zero (and relatively large) = very different from CKM
e Leptonic CP and Ordering: “Hints” but not confirmation

Definite answer may require new oscillation experiments
e Only three light states? Some old anomalies supporting light sterile neutrinos
vanishing, and tensions with new experiments

e Other NP at play in oscillations Interesting effects of NP with light mediators
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e Dirac or Majorana?: Anxiously waiting for v-less 33 decay Lecture by S. Bettini
e Three mixing angles are non-zero (and relatively large) = very different from CKM
e Leptonic CP and Ordering: “Hints” but not confirmation

Definite answer may require new oscillation experiments
e Only three light states? Some old anomalies supporting light sterile neutrinos
vanishing, and tensions with new experiments
e Other NP at play in oscillations Interesting effects of NP with light mediators
e What about a UV complete model?: It will need a positive signal in colliders
e Neutrinos in Cosmology? Lectures by L. Verde
e Astrophysics/Astronomy with Neutrinos? Lecture by F.Halzen
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‘Neutrinos always “‘Left-Handed” = Massless I

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

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

YOU So if always left=-

V

Strictly massless
And in another

VR?'%

®
YOU



Concha Gonzalez-Garcia

‘The Other Flavours |

v coming out of a nuclear reactor 1s 7. because it 1s emitted together with an e™

Question: Is it different from the muon type neutrino v, that could be associated to
the muon? Or is this difference a theoretical arbitrary convention?
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v coming out of a nuclear reactor 1s 7. because it 1s 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 ije 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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‘ v Mass from Non-Renormalizable Operator I

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

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

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

Implications:

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

— See-saw with heavy vy integrated out 1s a particular example of this
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‘Neutrino Mass Scale: Other Channels |

Muon neutrino mass Tau neutrino mass

e From the two body decay at rest e The 7 is much heavier m., = 1.776 GeV
T —u +vy, = Large phase space = difficult precision

e Energy momentum conservation: for m,,

My = \/ pﬁ + mz + \/ pi + m2 e The best precision is obtained from

m2 — m72T 4 mi —2+4m, \/pg +m2 hadronic final states

v

e Measurement of p, plus the precise T —=nm+v; withn > 3

knowledge of m~ and m,, = m, e Lep I experiments obtain:
e The present experimental result bound:

eff — 2|77 .12
miif — \/Zm?’quP < 190 KeV m, = \/ij]UTj] < 18.2 MeV

\(
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Muon neutrino mass Tau neutrino mass

e From the two body decay at rest e The 7 is much heavier m., = 1.776 GeV
T — U +ry, = Large phase space = difficult precision

e Energy momentum conservation: for m,,

My = \/ pﬁ + mz + \/ pi + m? e The best precision is obtained from

m2 — m72T 4 mi —2+4m, \/pg +m2 hadronic final states

v

e Measurement of p, plus the precise T —=nm+v; withn > 3

knowledge of m~ and m,, = m, e Lep I experiments obtain:
e The present experimental result bound:

eff — 2|77 .12
miif — \/Zm?’quP < 190 KeV m, = \/ij]UTj] < 18.2 MeV

\(

= If mixing angles U, ; are not negligible

Best kinematic limit on Neutrino Mass Scale comes from Tritium Beta Decay
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To allow observation of neutrino oscillations:

— Nature has to be good: 6 << 0

L )) for Am?

— Need the right set up (=right <E

=102
. 2 2
10§ IS Source  E (GeV) L (Km) Am= (eV?)
=10
- Solar v Solar 103 107 1010
c L Supernova burst (1987A)
S08 b
! Reactorantiv Atmos  0.1-102 10-103 10~-1-10—4
1 Background from old supernova
10 Reactor 1073 SBL: 0.1-1 1072-10"3
108 } Terrestrial anti-v
10,.;: VERy LOW Atmospheric v LBL 10—102 10_4—10_5
N Energy Neutrinos
. Non-relativistico  vfromAcN Accel 10 SBL: 0.1 > 0.01
A — Low Energy ™~
o Am\ )Amal Neutrinos GZKv LBL: 102-10% 10 2-10—%
10—28-

10-¢ 103 1 103 108 10° 102 10'® 108
pueV.  meV eV keV MeV GeV TeV PeV EeV
Neutrino energy
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e | and 2 o (2dof) allowed regions ( for s3; = 0.0224, marg over |Am3,|)
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= Better agreement in 1O but NO 1o regions “touch”
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e | and 2 o (2dof) allowed regions ( for 53, = 0.0224, marg over |Am2,|)

(.65

0.55 ‘
0.50 '
045 '
E I NOvA

(.40

sin® By

FEl T2k
035F—== NOwvA + T2K -
o o ey e e g TR T T NI TR N NN TR NS SR
0 90 180 270 360 0 a0 180 270 360

6(_![1 6(' P

= Better agreement in 1O but NO 1o regions “touch”

e Parameter goodness-of-fit (PG) test:

normal ordering inverted ordering

Xog/n  p-value #o | xBg/n  p-value  #o
T2K vs NOVA (0,3 free) | 6.7/4 015 1l4do | 3.6/4 046 0.70 No significant
T2K vs NOVA (A13 fix) | 6.5/3 0088 1.70 | 2.83 042 080 incompatibility
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7' Models: Viable models for LMA-D

Coloma, MCGG, Maltoni,JHEP’21 [2009.14220]

| = 5th force
‘| B Eq. princ.

arXiv : 1505.06906
—94
e By+ Ly+Le | Le+2L,+ 2L, ] viable LMA-D

VT 00 10° 100 107 02107 102 100 10° 100 107 1072 (This work)
My (eV) Mz (eV)

1073

White Dwarves
E141
KEK-PF-000
BaBar (vis.)
TEXONO
GEMMA

NA64

LHCb (prompt)
COHERENT
NA62

10~

arXiv : 1505.06906

B, + Tl Lot 8Ly + 8L

1072 107! 10" 100 1072 107! 10" 10!

Mz (GeV) Mz (GeV)

10°°




