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Partial list of neutrino topics

History of neutrino
General Properties of Neutrinos.

The neutrino as the finger print of the week interaction &
violation of many sacred conservation laws.

Neutrino mass and neutrino mixing.
Neutrino Oscillations.

The elusive neutrino mass scale and experiments searching
for it (astrophysics, decay experiments double beta decay)

Neutrinos as a means for exploring the sky.
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la: Some important stages in the life of neutrino

* |tis elusive, but it does not really escape :
Indirect observation in neutron decay: n -> p+e-+(?) (Pauli 1930,1932, Fermi 1934).
* Bethe (1939) finds for it a role in our world. Without it our sun and the “stars cannot shine”. :
Proton fusion (Symbolically) : 4p ->He+2v +2e++light
* Its direct discovery (Reiness & Cowan (1953)
. anti-v, +p—>n+et
The neutrino is different from its antineutrino (Davis, 1955):
v+ 37Cl->37Ar+e- (yes!),
. anti-v.+ 37Cl->37Ar+e- (No!)
Neutrino violates sacred laws: The fall of parity (Lie &Yang, Wu et al 1956)
Neutrino is prejudiced (always left handed!) (Goldhaber et al 1958)
A new neutrino is born in 1947 (v, since it always accompanies W )

Thie new neutrino is different from the old: v, #v. ( Brookhaven experiments 1962)

* One more neutrino, v,, is born. it appears always together with the lepton t- (SPEAR, SLAC,
1976). It was shown that v #v,, v #v, (Fermilab 1997)

These discoveries played a role in the formulation of the standard model (GSW, 1967-1971)
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Ib: Modern history-neutrino mediated phenomena
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Ib: Modern history-neutrino mediated phenomena

* The idea of neutrino oscillations (Pontecorvo 1958)
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Ib: Modern history-neutrino mediated phenomena

* The idea of neutrino oscillations (Pontecorvo 1958)
* The first hints for the deficit of solar neutrinos (Davis 1960-1970)

* Core collapse supernova neutrinos detected in SN1987 indepedently
by Superkamiokande and Irvine-Michigan- BNL and Baksan.

Nobel prize (2002) , % to Davis and Koshiba for cosmic neutrino
detection, %2 to Giacconi for contributions to Cosmic ray studies. A
launching of neutrino astronomy!

* Oscillations of atmospheric neutrinos (Super K, 1998).

* The observations of “solar neutrino oscillations” (CHOOZE 1999,
Sudbury Neutrino Observatory (SNO) 2001)
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Ib: Modern history-neutrino mediated phenomena

* The idea of neutrino oscillations (Pontecorvo 1958)
* The first hints for the deficit of solar neutrinos (Davis 1960-1970)

* Core collapse supernova neutrinos detected in SN1987 indepedently by Superkamiokande
and Irvine-Michigan- BNL and Baksan.

Nobel prize (2002) , % to Davis and Koshiba for cosmic neutrino detection, ¥ to Giacconi for
contributions to Cosmic ray studies. A launching of neutrino astronomy!

* Oscillations of atmospheric neutrinos (Super K, 1998).

* The observations of “solar neutrino oscillations” (CHOOZE 1999, Sudbury Neutrino
Observatory (SNO) 2001)

* The further settlement of neutrino oscillations issues with reactor neutrinos (KamLAND ,
2003). More precise measurement of the oscillation parameters.

* Measurement of 0,5:T2K 2011 (upper and lower limits); definite result, Daya Bay, march
2012

* Nobel prize (2015) for establishing neutrino oscillation, McDonald and Kajita.

Detection (2013) of very energetic neutrinos 1015 eV= 104 GeV by IceCube neutino observatory
originating from AGN galaxies, i.e. containing AGN (active galactic nuclei). Signal of new physics?



Neutrino Oscillations: Pontecorvo 1958
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Neutrino Oscillations: Pontecorvo 1958

* The neutrinos produced in weak interactions are not stationary
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Neutrino Oscillations: Pontecorvo 1958

* The neutrinos produced in weak interactions are not stationary

* V,=CosOv,-sinbv, ,vg;=sinbv,+cosbv,
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Neutrino Oscillations: Pontecorvo 1958

* The neutrinos produced in weak interactions are not stationary
* V,=CosOv,-sinbv, ,vg;=sinbv,+cosbv,

* They evolve according to quantum mechanics
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Neutrino Oscillations: Pontecorvo 1958

* The neutrinos produced in weak interactions are not stationary
* V,=CosOv,-sinbv, ,vg;=sinbv,+cosbv,

* They evolve according to quantum mechanics

Va(ll) = costhyy —sinta, va(t) = smbe Rt L cos Prae —4Eal

The conversion probahility is
Plvo(0) = va(t)) = [{wa(0)|va(t)}]? = sin® #cos? @le "Bt — e B2t _ gin? 20 sin® A qf

2 2
My — Mg
4k,

-

1
Ay = 5(Ey - E) =

. N 3 . 'I-FF:p
Plra(D) — v Ll)) =sin” 20sm” 71—, 13 =
] sl L)) =s e T

= oscillation length

¥ 3 b 4 =
.lnrh =Ty — Ty, L = ot = source detector distance

The survival probability of species i, is

2 , L
Plog(0) = p, (L)) =1 —sm” 280s8in” 7 —
12
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Neutrino Oscillations-

Appearance (solid curves)- (dot, dash)
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Neutrino Oscillations-

Appearance (solid curves)- (dot, dash)

* O=m/4 (thick, dashed): S-K
* O=m/5 (fine, dotted): solar.
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Neutrino Oscillations-
Appearance (solid curves)- (dot, dash)

* O=m/4 (thick, dashed): S-K
* O=m/5 (fine, dotted): solar. 0k,
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Neutrino Oscillations-

Appearance (solid curves)-

O=mn/4 (thick, dashed): S-K
O=71/5 (fine, dotted): solar. 0k,

The vertical line indicates the
expected events at

(i

we see a fraction above the 06
the value at L=0 (no oscillation) .
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Neutrino Oscillations-

Appearance (solid curves)-

O=mn/4 (thick, dashed): S-K
O=71/5 (fine, dotted): solar. 0k,

The vertical line indicates the
expected events at L “ 'ﬂ
= ilLgq

we see a fraction above the 06
the value at L=0 (no oscillation) .

(i
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Neutrino Oscillations-

Appearance (solid curves)-

O=mn/4 (thick, dashed): S-K
O=71/5 (fine, dotted): solar. 0k,

The vertical line indicates the
expected events at L “ 'ﬂ
= ilLgq

(i

we see a fraction above the 04
the value at L=0 (no oscillation) .
Can we see the full wave? Not so =
easy! It will not fit the detector! 02

For Am?=10°eV? E =1 MeV ->
The detector size ought to be
d=2.5km!

02
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Aspects of neutrino mass:| Dirac mass

In the discussion of the SM we have seen that the neutrinos cannot acquire a mass
like all the other hirmions because the right handed nentrmo does not exist. If the right
handed nentrino exists then the nenfrino can aquire a mass through the Ykakawa coupling,
similarly to the up quarks:

)
Lp= .TJIH{HL*.EL)( Z_ ) vp + HC = ypiwp™ - evgg™ + HC (123)
In the unitary gauge we get

. LI
Lp= .Tﬂﬂ#ﬁffn «./E HO = Mprg 4 E”LMUL’H {12.'1]'

LI

where .

Mp = EL’M (12.5)
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Aspects of neutrino mass Il: Majorana mass

o connecting a left handed neutrino with a right handed antmentrino
in the presence of lepton number violating interactions:

M, = mmgﬂﬂuﬂﬂ My, Symmetric not necessarily real

o connecting a right handed neutrino with a left handed antinentrino

My= ,'lfﬂt,gﬂﬂw?, M, g symmetric not necessarily real
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Weinberg’s extension of the SM: two I1=1/2Higgs ->
Violates lepton number by two units-> Majorana Mass
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Weinberg’s extension of the SM: two I1=1/2Higgs ->
Violates lepton number by two units-> Majorana Mass

basic dim-5 operator | e

M unknovwn scale and flavour structure
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Weinberg’s extension of the SM: two I1=1/2Higgs ->
Violates lepton number by two units-> Majorana Mass

basic dim-5 operator | e

M unknovwn scale and flavour structure

Realization:
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Weinberg’s extension of the SM: two I1=1/2Higgs ->
Violates lepton number by two units-> Majorana Mass

basic dim-5 operator | e

M unknovwn scale and flavour structure

Realization: -
Elpi ':l. l!-:II_I_::r-r ffl'r"!: :!I;I_f_-'-lllrffll + ]:._{__ {1&

where 1 = (v L)Y in the SI '(2)r gange space, A,3 =
Aje are effective Yukawa couplings with Havour mdic
cx, 3 e, ji, T and C is the charge conjugation matrix.
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Weinberg’s extension of the SM: two I1=1/2Higgs ->
Violates lepton number by two units-> Majorana Mass

basic dim-5 operator | e

M unknovwn scale and flavour structure

Realization: A
¥ o

Cw %r:i.-'-r HACES =" H' + he, (1)

(m.) . =(<H >2 [2\)A _ -

viab 0 o where 1 = (v L)Y in the SI '(2)r gange space, A,3 =
Aje are effective Yukawa couplings with Havour mdic

cx, 3 e, ji, T and C is the charge conjugation matrix.
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Majorana mass: I=1 Higgs trplet->
Majorana mass (violates lepton number)

The Lagranigan takes the form (each entry is 3x3 matrix):

1 - I
L, = U YR L HE 12.6
My f'ﬁ‘i"p {L"Le 'ff..} L_T_ T—-— E‘;f - { . }

w2

Now if the isotriplet acquires a vacuum expectation value vy we get the majorana mass
matrix:

Lo, =M, v+ HC. M, = fo.vr (12.7)

The above expression is the celebrated light neuntrino Majorana mass matrix. Agiain as in
the case of the other fermion masses, the models cannot predict the numerical values of
the entries of this matrix. One can arrange them to fit the data, if the vacunm expectation
value is sufliciently small. This is all fine, except that neither the isotriplet has been found
nor other effects attributed to it have vet been observed.
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The standard see-saw mechanism
Isosinglet Majorana mass (with right handed v)
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The standard see-saw mechanism
Isosinglet Majorana mass (with right handed v)

Omnee the right handed nentrinos have have been introduced, one can easily construct a
Majorana mass term for them since they do not carry any SM guantum numbers (they
are isosinglets). This will be of the form:

< ¥
.E'ﬁi'_ﬂ.l' = !'-"j_.."H'i-?i-_r.'r g1 HE—_.-._ M'i'?i-_r..r — -lr'i""i'.'-.l' g

Combining this with the Dirac Mass we obtain the 6 = 6 matrix:

- [ | s .
Lo = (g ) ( ML M b ) ( y:: ) (12.8)
T B

The elusive neutrino, Corfu, Sep. 15, 2019



The standard see-saw mechanism
Isosinglet Majorana mass (with right handed v)

Omnee the right handed nentrinos have have been introduced, one can easily construct a
Majorana mass term for them since they do not carry any SM guantum numbers (they
are isosinglets). This will be of the form:

< ¥
.E'ﬁi'_ﬂ.l' = !'-"j_.."H'i-?i-_r.'r g1 HE—_.-._ M'i'?i-_r..r — -lr'i""i'.'-.l' g

Combining this with the Dirac Mass we obtain the 6 = 6 matrix:

- [ | s .
Lo = (g ) ( ML M b ) ( y:: ) (12.8)
T B

Assuming now that the Majorana mass has eigenvalues which are all nomch larger than
the entries of the Dirac mass we obtain an effective light Majorana mass of the form

(M )ops = MM Mp {(12.9)

similar in form with that obtained in the case of the isotriplet. In fact one can see that
even if the Dirac mass entries are ol the order of 100 MeV, the resulting neutrinos can bhe
quite Light, if the sosinglet neutrinos are extremely heavy., E.g.:
my,  (100MeV)?
My — 10YMeV

= 107 "MeV = 1eV,
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The leptonic mixing matrix: Upnms

(Pontecorvo-Maki-Nakagawa-Sakata)
Including the mjorana phases, which do not contribute to v- oscilations
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The leptonic mixing matrix: Upnms

(Pontecorvo-Maki-Nakagawa-Sakata)
Including the mjorana phases, which do not contribute to v- oscilations
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The leptonic mixing matrix: Upnms

(Pontecorvo-Maki-Nakagawa-Sakata)
Including the mjorana phases, which do not contribute to v- oscilations

(] () Bk (] 511 E_ﬁ “12
o3 823 (0 1 ( S12
Soq Cog 819 e ) Cy3 ()

5

iy =sinf;, c

ij

e i . i
Cpaty (1381 £
oyt = €% epodygdag crata = £ amyabny  Cramag
S8y = ‘uif'ijf'z::-"lft -6 cyga08y - Ciaday Ciacn
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Three generation v-osillations

P, va) = | = va(O)|valt) — |, = wa{0)|ealt) —= E f_.-r;,‘jf_.-r,.-,rjt?_iﬁff._ (12.20)
J
=2 E re T r re SN g 0 Ej Fy
P{!’-—"-_‘.J_ !'-".Iﬂ} = | - I",ﬂ{n}li'}ﬂ.-{""} -— | = {J.ﬂj{"l'ﬂ'j{"l.ﬂk "l-r.lrkﬁ ke 1 '&'jﬁ? = T" L = t.
d.ke
O
F v, tra) = Y e A AR e E s O, O g, 7Y sin® o = }
] — i, = o g = e L -
F=k . - Lojie
M L o] T T T = M L
2 I E U5, U, Us UL, sin E:TL_ -
gk e

with £;; conveniently written as:

E,/1GeV E, /1MeV E, /1keV
£, = 2.476km v/1Ge = 2.476m v/ 1Me = 2.476m “u/LkeV .
| &ams, |/ 1eV |Am3, |/ 1eV |Am3, | /10— 3eV
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Neutrino Oscillation Experiments

Atmospheric Neutrinos, originating from cosmic rays (of
moderately high energies).

Reactor neutrinos, following nuclear decay. Low energy of
the order of a few MeV* (only disappearance of electron
antineutrinos. The energy is below threshold for muon
production)

Accelerator neutrinos. Produced in accelerators. In the mult
GeV range (both appearance and disappearance).

*These experiments confirmed the solar neutrino deficit.
Solar neutrino deficit originated the idea of oscillations.
Such oscillations, however, could not be seen explicitly as
such.



The Daya Bay reactor experiment

The elusive neutrino, Corfu, Sep. 15, 2019



The Daya Bay reactor experiment

* Recall:
* |v.(0)>=cosB5(cosO,,|v,> +sinB,, |V,>)+ SinO 5| Vs>
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The Daya Bay reactor experiment

* Recall:
* |v.(0)>=cosB5(cosO,,|v,> +sinB,, |V,>)+ SinO 5| Vs>

In the special case of £ == {30 and 3 << 1, we find

L . ; L
7 } 4+ sin® 263 sin® (7 - ﬂ ._

"1 .3

Plve =) = 1 [f:e.inﬂ 26,5 sin” {7
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The Daya Bay reactor experiment

* Recall:
* |v.(0)>=cosB5(cosO,,|v,> +sinB,, |V,>)+ SinO 5| Vs>

In the special case of £ == {30 and 3 << 1, we find

. . L . . L
Plv. =) = 1 [f:e.ina 26,5 sin” {FF ) 4 sin- 204 sin” {7 ﬂ )

"1 .3

* KamLAND looked at the large oscillation length and
measured 6,

The elusive neutrino, Corfu, Sep. 15, 2019



The Daya Bay reactor experiment

* Recall:
* |v.(0)>=cosB5(cosO,,|v,> +sinB,, |V,>)+ SinO 5| Vs>

In the special case of £ == {30 and 3 << 1, we find

. . L . . L
Plv. =) = 1 [f:e.ina 26,5 sin” {FF ) 4 sin- 204 sin” {7 ﬂ )

"1 .3

* KamLAND looked at the large oscillation length and
measured 6.,

* Daya Bay looked at the small and measured the
small angle 0,
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The Daya Bay reactor experiment

* Recall:
* |v.(0)>=cosB5(cosO,,|v,> +sinB,, |V,>)+ SinO 5| Vs>

In the special case of £ == {30 and 3 << 1, we find

. . L . . L
Plv. =) = 1 [f:e.ina 26,5 sin” {FF ) 4 sin- 204 sin” {7 ﬂ )

"1 .3

* KamLAND looked at the large oscillation length and
measured 6.,

* Daya Bay looked at the small and measured the
small angle 6,; snt2f, = 0,000 £ 0.016 (stat) £ 0.005 (syst)
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Information extracted from the standard
neutrino oscillation experiments

The three mixing angles: 6,,,0.,, 0.,

The absolute value of the mass squared differences, e.g.

J
—m7 , Am

Am

QW OV
QW OV
QW O

— m

Ll

zzm

L Ld

1 — M

One sign, e.g. the first, can arbitrarily be chosen positive.

The other™ can only be determined from the difference
between neutrinos and antineutrinos. Not yet achieved

So two scenarios emerged: Normal Hierarchy (NI) and
Inverted Hierarchy (IH)

* The third difference is not independent:
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Lepton mixing matrix is established.
It is accurately known. Aproximately:

Quark mixing matrix Lepton mixing matrix PNMS

The CKM matrix

/0.975 0.221 0.003 0'82 0'55 0-15
0.221 0.975 0.040 '0-49 0-52 0-70

\0.009 0.039 0.999 / 0.30 '0.65 0.70

The elusive neutrino, Corfu, Sep. 15, 2019



One of the needed signs of Am2 is not known
->Two scenarios: Normal Hierarchy (NH)
and Inverted (IH)

"Normal" hierarchy "Inverted" hierarchy

L )
o

LY

-



E1:The main needed experiments for v’s
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E1:The main needed experiments for v’s

--Neutrino ocillations in matter
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E1:The main needed experiments for v’s

--Neutrino ocillations in matter
--CP volation in the leptonic sector (hints (2017) in T2K Exp):

Neutrino oscillationasymmetry between neutrinos and antineutrinos
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E1:The main needed experiments for v’s

* To determine the mass hierarchy:

--Neutrino ocillations in matter
--CP volation in the leptonic sector (hints (2017) in T2K Exp):

Neutrino oscillationasymmetry between neutrinos and antineutrinos

P(ve = v,) — P(¥, = i) =x
—2sin(6) sin (fy2) sin (@y3) sin (fa3) (2008 (02) cos® (Oy2) sin(A(1,3))
+2cos (fa3) cos (#12) sin{ A(1, 2)) + cos (2612) cos (2053 )sin{ A2, 3)) + sin(A(2, 3)))
P(ve = ve) — PV, = i) =x
—2sin(8) sin (8y2) sin (fy3) sin (fag)
(cos (Bag) cos® (612) sin(A(1,2)) + cos? (fa3) cos (B2)sin{ A(2,3)) + cos(fag) cos (fy2) sin(A(1,3)))
Plv, = v;) — P, = i3) =
—4sin(d) sin (fy2) sin (8y3) sin (fa3)

08 {EII]('IH{GE;!] I[l‘(lﬁ {ﬂu} o0s {H‘L‘{}"“i{ﬂ.{l 2” + COS {Ezljﬁitiiﬂ“, n] + th{ﬂl{l 41}”
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E1:The main needed experiments for v’s

* To determine the mass hierarchy:
--Neutrino ocillations in matter
--CP volation in the leptonic sector (hints (2017) in T2K Exp):

Neutrino oscillationasymmetry between neutrinos and antineutrinos

;- mi)L.

iE,

Afij)=

P(ve = v,) — P = ) =
—2sin(6) sin (fy2) sin (@y3) sin (fa3) (2008 (02) cos® (Oy2) sin(A(1,3))
+2cos (fa3) cos (#12) sin{ A(1, 2)) + cos (2612) cos (2053 )sin{ A2, 3)) + sin(A(2, 3)))
P(v, = vp) — P(5, = i) =x
—2sin(4) sin (fy2) sin (0y3) sin (fag)
(cos (fa3) cos” (812) sin(A(1,2)) + cos® (Bz3) cos (82) sin( A2, 3)) + cos (fag) cos (8y2) sin(A(1,3)))
P(v, = v) — P(§, = i) =ox
—4sin(d) sin (fy2) sin (8y3) sin (fa3)

o8 (013 ) cos (s (cos (012) cos (Pag ) sinl A1, 2) ) + cos (@2 ) sin{ A1, 3)) + sin(A(2,3)))
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E1:The main needed experiments for v’s

* To determine the mass hierarchy:
--Neutrino ocillations in matter
--CP volation in the leptonic sector (hints (2017) in T2K Exp):
Neutrino oscillationasymmetry between neutrinos and antineutrinos
A13 =A12+A23

;- mi)L.

iE,

Afij)=

P(ve = v,) — P = ) =
—2sin(6) sin (fy2) sin (@y3) sin (fa3) (2008 (02) cos® (Oy2) sin(A(1,3))
+2cos (fa3) cos (#12) sin{ A(1, 2)) + cos (2612) cos (2053 )sin{ A2, 3)) + sin(A(2, 3)))
P(v, = vp) — P(5, = i) =x
—2sin(4) sin (fy2) sin (0y3) sin (fag)
(cos (fa3) cos” (812) sin(A(1,2)) + cos® (Bz3) cos (82) sin( A2, 3)) + cos (fag) cos (8y2) sin(A(1,3)))
P(v, = v) — P(§, = i) =ox
—4sin(d) sin (fy2) sin (8y3) sin (fa3)

o8 (013 ) cos (s (cos (012) cos (Pag ) sinl A1, 2) ) + cos (@2 ) sin{ A1, 3)) + sin(A(2,3)))
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E2: The main needed experiments for v’s
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E2: The main needed experiments for v’s
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E2: The main needed experiments for v’s

--Decay experiments: Sensitivity 0.2 eV (KATRIN)
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E2: The main needed experiments for v’s

--Decay experiments: Sensitivity 0.2 eV (KATRIN)

--Astrophysical and cosmological observations: Sensitivity sub
eV
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E2: The main needed experiments for v’s

--Decay experiments: Sensitivity 0.2 eV (KATRIN)

--Astrophysical and cosmological observations: Sensitivity sub
eV

--Neutrinoless (0Ov) BB- decay : Sensitivity meV
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E2: The main needed experiments for v’s

--Decay experiments: Sensitivity 0.2 eV (KATRIN)

--Astrophysical and cosmological observations: Sensitivity sub
eV

--Neutrinoless (0Ov) BB- decay : Sensitivity meV
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E2: The main needed experiments for v’s

* To determine the absolute mass scale:
--Decay experiments: Sensitivity 0.2 eV (KATRIN)

--Astrophysical and cosmological observations: Sensitivity sub
eV

--Neutrinoless (0Ov) BB- decay : Sensitivity meV
* To determine the CP violating phase :

- Neutrino oscillations involving both neutrinos and
antineutrinos. Limts on O exist, but they depend on the

hierarchy. &/mt about 1.45 at 10.
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E2: The main needed experiments for v’s

* To determine the absolute mass scale:
--Decay experiments: Sensitivity 0.2 eV (KATRIN)

--Astrophysical and cosmological observations: Sensitivity sub
eV

--Neutrinoless (0Ov) BB- decay : Sensitivity meV
* To determine the CP violating phase :

- Neutrino oscillations involving both neutrinos and
antineutrinos. Limts on & exist, but they depend on the

hierarchy. &/mt about 1.45 at 10.

* To settle the controversy of Dirac vs Majorana :
Neutrinoless double beta decay
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. PART IV

* THE ELUSIVE SCALE OF
NEUTRINO MASS
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|: Cosmological bound (CMB, etc):m,< 0.71
Photometric red shift survey: m,<0.28 eV
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Photometric red shift survey: m,<0.28 eV

Mass in the two scenarios
N-H (N-S, upper) &
I-H (N-S), lower)
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|: Cosmological bound (CMB, etc):m,< 0.71
Photometric red shift survey: m,<0.28 eV

Mass in the two scenarios
N-H (N-S, upper) & Extracted mass as a function of m,

I-H (N-S), lower)

m,=m + ‘/ﬂnu;-i’”, fmi+ \/ Ak +mi

m, =Myt ‘/ At i+ \/ At - And 4
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|: Cosmological bound (CMB, etc):m,< 0.71
Photometric red shift survey: m,<0.28 eV

Mass in the two scenarios

N-H (N-S, upper) &
I-H (N-S), lower)

Extracted mass as a function of m,

1 g

m,=m + ‘/mu},’l,\, Fm 4

m, =1y + ‘/ At i+ \/ A

\/ Am+m) L

disfavored by mosmology

I P )
AT lmm:ﬁ'l'mﬁl
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The elusive neutrino, Corfu, Sep. 15, 2019

{1La) a1

m, [eV]



ll: Triton beta decay: <m ><2.3eV
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ll: Triton beta decay: <m ><2.3eV

N-H (N-S, upper) &
I-H (I-S) lower)
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ll: Triton beta decay: <m ><2.3eV

Mass in the two scenarios
N-H (N-S, upper) &
I-H (I-S) lower)

3
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ll: Triton beta decay: <m ><2.3eV

Mass in the two scenarios Measured mass as a function of
N-H (N-S, upper) & m

I-H (I-S) lower)
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ll: Triton beta decay: <m ><2.3eV

Mass in the two scenarios Measured mass as a function of
N-H (N-S, upper) & m

I-H (I-S) lower)
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I1l: Neutrino mass in Ov-double beta decay:
fempto (10-15 m) laboratory!
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Ill: Neutrino mass in Ov-double beta decay:
fempto (1015 m) laboratory!
Ordinary Beta Decay of A(N,Z) is Forbidden
2v Double Beta Decay of A(N,Z) is allowed and seen.
N(A,Z)->N(A,Z+2)+e-+e- (Ov Bp-decay) A=Q
Not oberved ; violates lepton number
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Ill: Neutrino mass in Ov-double beta decay:

fempto (1015 m) laboratory!
Ordinary Beta Decay of A(N,Z) is Forbidden

N(A,Z)->N(A,Z+2)+e-+e- (Ov BB-decay) A=Q
Not oberved ; violates lepton number
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Diagrammatic Representation of Ov-33
decay (at g-level)
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Diagrammatic Representation of Ov-33
decay (at g-level)
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Diagrammatic Representation of Ov-3f decay (at g-level)
It proceeds only if the neutrino is a Majorana fermion:
For light neutrino the amplitude is proportional to: ¥, (Ue)2 m,

Y
-
L 4

My —=% U

W
W
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lower neutrino mass bound from Ov Bp-decay: |<m >|
(JDV, Ejiri,Simkovic, IJMPE; arXiv:1205.0649)
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http://xxx.lanl.gov/abs/1205.0649

lower neutrino mass bound from Ov Bp-decay: |<m >|
(JDV, Ejiri,Simkovic, IJMPE; arXiv:1205.0649)

Mass in the two scenarios

N-H (N-S, upper) &

I-H (I-S) lower)

The elusive neutrino, Corfu, Sep. 15, 2019


http://xxx.lanl.gov/abs/1205.0649

lower neutrino mass bound from Ov Bp-decay: |<m >|
(JDV, Ejiri,Simkovic, IJMPE; arXiv:1205.0649)
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lower neutrino mass bound from Ov Bp-decay: |<m >|
(JDV, Ejiri,Simkovic, IJMPE; arXiv:1205.0649)

Mass in the two scenarios

N-H (N-S, upper) &

I-H (I-S) lower)
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lower neutrino mass bound from Ov Bp-decay: |<m >|
(JDV, Ejiri,Simkovic, IJMPE; arXiv:1205.0649)

Mass in the two scenarios
N-H (N-S, upper) & Extracted mass as a function of m,

I-H (I-S) lower)
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lower neutrino mass bound from Ov Bp-decay: |<m >|

(JDV, Ejiri,Simkovic, IJMPE; arXiv:1205.0649)
Mass in the two scenarios
N-H (N-S, upper) &

Extracted mass as a function of m,
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(after 70 years)

* To measure the absolute scale of their mass and settle the
hierarchy problem.
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To measure he CP violation in the leptonic sector. Limts on &
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Outstanding issues for elusive neutrinos
(after 70 years)

-Experiments are under way:

* To measure the absolute scale of their mass and settle the
hierarchy problem.

To measure he CP violation in the leptonic sector. Limts on &
exist, but they depend on the hierarchy. 6/m about 1.45 at 10.

* To determine the nature of the mass eigenstates, i.e.
whether they are of Majorana type (particle=antiparticle )
or Dirac type (particle # antiparticle)

* Whether sterile neutrinos can be the source of dark matter
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Speculation: Neutrino mass in the era
of gravitational waves?
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Speculation: Neutrino mass in the era

of gravitational waves?
Gravitational waves travel with the speed of light

Massive neutrinos will be a bit slower.

Suppose that they both originate at a distance L and their
arrival times at the corresponding detectors differ by At.
Then one finds:
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Speculation: Neutrino mass in the era

of gravitational waves?
Gravitational waves travel with the speed of light

Massive neutrinos will be a bit slower.

Suppose that they both originate at a distance L and their
arrival times at the corresponding detectors differ by At.
Then one finds:

E, \/(cAt) +2Lclt
¢ L+l
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Speculation: Neutrino mass in the era

of gravitational waves?
Gravitational waves travel with the speed of light

Massive neutrinos will be a bit slower.

Suppose that they both originate at a distance L and their
arrival times at the corresponding detectors differ by At.

Then one finds: |
.--"".-.-.-.

“ Togal I ._F_,.-"'..
-H- ). ..l....

E, \/(cAt) +2Lclt
¢ L+l

m;,




*THE END



In all these cases we have neutrino mixing

Then we can distinguish between two types of
neutrino states

* The weak eigenstates produced in
weak interactions
* And the eigenstates . the Hamiltonian,

which are stationary states.

=U vz
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Issues involving neutrinos (@fter 70 years)

* The absolute scale of their mass
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Issues involving neutrinos (fter 70 years)

* The absolute scale of their mass
* The value of the CP violating phase.
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Issues involving neutrinos (fter 70 years)

--We do not know:
* The absolute scale of their mass
* The value of the CP violating phase.

* The nature of the mass eigenstates, i.e. whether
they are of Majorana type (particle=antiparticle ) or
Dirac type (particle # antiparticle)
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Ov Double Beta decay lifetime
For light neutrino, nuclear and particle physics separate!
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Ov Double Beta decay lifetime
For light neutrino, nuclear and particle physics separate!
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Ov Double Beta decay lifetime

For light neutrino, nuclear and particle physics sep{?rﬂ’ge! S
Oy \—1 0v@EE2). |2 v
(Tlfg) = Go1(A, €o) M m|” e = -
=

G,, kinematical function fairly well known.
MOB¢ nuclear matrix element. Not very well determined since:

The elusive neutrino, Corfu, Sep. 15, 2019



Ov Double Beta decay lifetime

For light neutrino, nuclear and particle physics sep{?rﬁ’ge! S
D _1 |:|..'J,' i E v
(T1)5)™" = Gou(A eo) M7 |,y = -
=

G,, kinematical function fairly well known.

MOB¢ nuclear matrix element. Not very well determined since:
1) The nuclei involved have complicated structure
2) There exist cancellations in its evaluation
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Ov Double Beta decay lifetime

For light neutrino, nuclear and particle physics separate!

Ny 4419 . H.i'j, -
(T{]‘;fz)—l — Gnl(ﬂ, Eﬂ)‘_‘lur.l. | _mw 2 o=

m,

G,, kinematical function fairly well known.

MOB¢ nuclear matrix element. Not very well determined since:
1) The nuclei involved have complicated structure
2) There exist cancellations in its evaluation

n, the elementary particle parameter, <m >=Zj (Uej)2 m
to be extracted from the data.
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Ov Double Beta decay lifetime

For light neutrino, nuclear and particle physics separate!

Yoy — 0w 332 .My, =
(TP/Z) = Gﬂl(ﬂa Eﬂ)‘-ﬂ-f ‘_mw - TS

m,

G,, kinematical function fairly well known.

MOB¢ nuclear matrix element. Not very well determined since:
1) The nuclei involved have complicated structure
2) There exist cancellations in its evaluation

n, the elementary particle parameter, <m >=Zj (Uej)2 m
to be extracted from the data.

Experimental detection very difficult:
1) Terrible unavoidable backgrounds 2) Very low counting rates.
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Ov Double Beta decay lifetime
For light neutrino, nuclear and particle physics separate!

Ny 4419 . H.i'j, -
(T{]‘;fz)—l — Gnl(ﬂ, Eﬂ)‘_‘lur.l. | _mw 2 o=

m,

G,, kinematical function fairly well known.

MOB¢ nuclear matrix element. Not very well determined since:
1) The nuclei involved have complicated structure

2) There exist cancellations in its evaluation

n, the elementary particle parameter, <m >=Zj (Uej)2 m

to be extracted from the data.

Experimental detection very difficult:
1) Terrible unavoidable backgrounds 2) Very low counting rates.
Still an elusive process 80 years after it has been proposed!
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Ov Double Beta decay lifetime

For light neutrino, nuclear and particle physics sepgrﬂge!

0 —1 Op 399 2 . T
(Tl‘:‘fg) — G[ll(A; Eg)‘lf ‘T}'H , My = -
=

G,, kinematical function fairly well known.

MOB¢ nuclear matrix element. Not very well determined since:
1) The nuclei involved have complicated structure
2) There exist cancellations in its evaluation
n, the elementary particle parameter, <m >=Zj (Uej)2 m
to be extracted from the data.

Experimental detection very difficult:
1) Terrible unavoidable backgrounds 2) Very low counting rates.

Still an elusive process 80 years after it has been proposed!
We are now going to discuss bounds on <m_>

V]

The elusive neutrino, Corfu, Sep. 15, 2019



The best fit values of all neutrino oscillation data, solar,
atmospheric and reactor
From Forero,Tortola & Valle (2014).

st fit £ 1o

rararweter

2o range
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| Ay | [10*eV =] (IH) 2 3&+0. 08 226248 2.20-2. 54
sin® @2 /1071 3.23+£0.16 202357 2. 78-3.75
B12/" 34610 127367 FLE-4T .8
sin® Bz /1071 (NH) 567775 ° 4.14-6.23 3.03-6.43
Bag /" 480714 40.0-52.1 FEE-03.3
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Bhaf® 86705 £2-9.1 TO-0.3
sin® #1410 % (IH) 2.20+(.12 2.05-2.52 1.93-2.65
/" BT+ 0.2 £.2-0.1 8.0-9.4
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a;/" 25415 0360 0360

a/fm (TH) 1484031 0.00-0.09 & 0.86-2.0 0.0-2.0
4,/ 26656 0-16 & 155360 0360

“There is a local minimum in the first octant, at sin® §aq
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ATE with SAy? = 0,36 with respect to the global minimmm



Normal Ordering (best fit) Inverted Ordering (Ay" =4.7)
bip =1 Fr range bip =1 3o range
= | sin® 82 0.310%003 0.275 — 0.350 03105001 0.275 — 0.350
=
= | 2 33.g2t0 18 31.61 — 36.27 33.824 070 SLG1 — 36.27
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2 | sin® 6 002241550008 0.02045 — 0.02439 | 0.02264F 309058 002068 — 0.02463
g | s/ BE1YE 1S 822 — 800 8655013 B.2T — 9.03
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T oy | T25252000 +2.427 — +2.625 —2.512*008  _2§11 — —2.412
Normal Ordering (hest fit) Inverted Ordering {&12 =0.3)
bifp =1 3 range bip =1 3o range
sin® f12 0.310% 003 0.275 — 0L350 031075013 0.275 — (L350
; B2/ 33824014 3161 — 36.27 23825018 3162 — 36.27
&
3 |snton 0.562% 5018 0.428 — 0.624 058270015 g 433 4 0.623
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Table 1. Three-flavour oscillation parameters from our fit to global data. The mumbers in the 1st
(Znd) column are obtained assuming NO (10), i.e., relative to the respective local minimum. Note
that Am3, = Am3; > 0 for NO and Am2, = Am3; < 0 for I0. The results shown in the upper
{lower) table are without {with) adding the tabulated SK-atm Ay®.
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The leptonic mixing matrix: UPNMs (Pontecorvo-
Maki-Nakagawa-Sakata)

1 () () 13 () .‘i13|f?_i£ i I i () 1 () ()
= () o7 S99 1 (] s12 ¢ ) EMJ‘“ ()
T sipe () Cy3 0010 0 0 o2
(12.10)
with
.‘J‘.!'j' = &in ﬂi-j._ E‘ij = 05 ﬂi-j., (kg = (kg = (ky, (kg = Oy — {12.11}
or
i 10 ()
ClaC1a C13512 £ 519
T —id —id i 19
U= Cogd1e — € Crp8138e3 Cralyg — € 0 512513523 Cra893 = ul (]
—id —idh i 19
12823 — € CpaCaySyy € " Oy3812813 — Crafyy  CpaCay 00 e
(12.12)

The Majorana phases do not appear in neutrino oscillations or in other lepton favor
changing processes. They appear only in lepton number violating processes, nentrinoless
double beta decay ete.
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The best fit to the mixing matrix, 30. The best fit for 5, is 215°
— sin(d )=-0.574

CP

viw/0 SK-atm
Uly, "

] with Sk-atm _
/g =

[0.797 = 0 842
(0.233 = (.49

l\ﬂ,zﬂT -4 (1,532

(0.797 - 0.842
.235 - 0.484
|0.304 = 0.531

0.518 = (.580
(.448 = 0.67Y
(.486 = 0.706

0.518 = 0.585
0.458 = 0.671
0.497 = 0.699
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0.143 = 0.156
0,639 = (.783
0,604 = (.74

0.143 = 0.156
0.647 = ().781
0.607 = 0.747



Summary: Facts about neutrinos (ter 70 years)
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Summary: Facts about neutrinos @fter 70 years)

* There exist three distinct families of left handed
neutrinos: (v°), =(v,,v,,v,),
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Summary: Facts about neutrinos @fter 70 years)
--We know for some time that:

* There exist three distinct families of left handed
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Summary: Facts about neutrinos @fter 70 years)
--We know for some time that:

* There exist three distinct families of left handed

neutrinos: (v°), =(v,,v,,v,),

* These neutrinos are distinct from the associated
antineutrinos

* How these neutrinos interact

-- We have learned from neutrino oscillations that:

* the neutrinos are massive. We know mass squared
differences, except for a sign.

* The neutrinos are admixed. We know all three mixing
angles.
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E1:The main needed experiments for v’s

* To determine the mass hierarchy:
--CP volation in the leptonic sector:

Neutrino oscillations invoving asymmetry between neutrinos and
antineutrinos

--Neutrino ocillations in matter
P(v. = v,) — P(0. = ) =
—2sin(d) sin (0y2) sin (0,3 ) sin (0ag) (2eos (B ) cos® (0,2) sin(A(1,3))
+2 cos (#a3) cos (B2 ) sin{ A(1, 2)) + cos (260,2) cos (202 ) sin{ A(2. 3)) + sin{A(2, 3)))
P(v, = v;) = P, = i) =
—2sin(4) sin (@ 2) sin (#y5) sin (Bag)
(cos (023) cos™ (812) sin(A(1,2)) + cos” (B23) cos (#2) sin{ A(2. 3)) + cos (3) cos (62) sin(A(1.3)))
Plv, = v.) = P(io, = i) =
—4sin{d) sin {#y2) sin (#13) s (Bas)
cos (B2 ) cos (fas) (cos (012) cos (023) sin{A(1,2)) + cos (B ) sin{ A1, 3)) + sin(A(2,3)))
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Il: After many attempts (V-A theory etc.) there came
The Standard Model: Symmetry and particle content
3.6 The particle content of the SM

According to the symmetry of the SM:
SUN2) @ Uy (1) ® SUL3)
we need the following set of gange felds:
o Three fields A}, i = 1,2, 3 translorming as an I = 1 under SU;(2) (isotriplet).
» one field B, associated with Uy (1), which is scalar under SUp(2) and SU(3).

i 1 , 3 = m [ 'y 1 i 'y 3 3 [ n 'y Wy [ 1 J |r g T 1 T [ 1
o 8 gauge fields ) translorming as the regular representation ol 51 (3), which are
scalars under SU;(2).

The rest of the fields are not dictated by the symmetry and were put in by hand. The
fermion fields were put in chiral multiplets:

1 1
fL = E{l wf, fa= E{1 ts) f such that y5fL = —fr, v/ = fr

The left handed are put in sodoublets (I = 1/2) and the right handed in isosinglets

(I =0).
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The fermions of the Standard model

1. leptons.

LY =1,

|:-._,-||—-

f;.=(pi) ..(pf) ._(PI) with I = -
€ i H i T 1

fp = leg. pp 75 ) with 1 =0, = -2,

The absence of the right handed nentrino is conspicuons. We know now that there
are three penerations. The mumber of generations was not important at the time.

2. (marks. Also in three generations, each appearing in three colors r, g, b

(3. (5),(3), 0

Y =4/3, kg =(dy, s5, 05), Y =-2/3;1=0, a=r g, b

LY

1
—.x =7 . b.
3 y 4

I:--...-Il—I

gy = {”H e U 1'

3. Scalars.
An isodoublet of complex scalars (Higgs) and its adjoint:

. (et 1
— . I — }"" — ]_ .d — ) — , ,I = —. F == ]..
(0 ( o ) and ¢ = iTag ( fﬁm ) _ 5

I:--...-Il—I
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