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p-decay

In 1914, Lise Meitner, Otto Hahn, and James Chadwick showed that the energy distribution of the electrons in
the beta decays follows a continuous spectrum
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Offener Brief an die Qrunpe der Radiocaktiven bei der
Gauvereins-Tagung zu Tubingen.

Abschrift
P!mihlisohac Institut

der Eidg. Technischen Hochschule Zirich, L. Des. 1930
Zirich Cloriastrasse

Iiebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich uldvollst
ansuhtren bitte, Ihnen des n&heren auseinandersetsen wird, bin ich

angesichts der "falschen" Statistik der Ne und Li.6 Kerne, sowie
des kontimuierlichen beta-Spektrums suf oinen versweifelten Ausweg
verfallen um den "Wechselgats® (1) der Statistik und den Energiesats
su retten. MNhmlich die Moglichkeit, es kinnten elektrisch neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
welghe a.::1 Spin 1/%:° haben und das An.::humun&‘prt:smfgzn ;::d y
von (o] n wuss un a ') 8 u u ] [] "
o e e i o, e S b, Pauli, in a letter addressed to the “Dear Radioactive Ladies and
Spekctrum wiro. chx: .hragi'&ich m::J.wmg:ifﬁm 1) " I
ve un ’
e e T T Gentlemen”, resolved the issue of energy conservation by
d, m, dass die Summe der Energien von Neutron und klektron
s madalt o steh wettar darun, welone Kefte mt e proposing that the electron is accompanied by a light-neutral
:“r mnu:out:c: Ch{x;ﬁi(nlh Hoddiﬂrd:gmm = I h - f h
sus we en oeres weliss
dieser Zeilen) dieses su sein, dass das ruhende Neutron ein
e el Cleow et e g Tt St ln particle that carries away part or the energy
verlincen wohl, dass die ionisierende Wirkung eines solchen Neutrons
nicht grosser uin kann, sls die einu pﬂn-smhh und darf dsnn
A wohl nicht grosser sein als o (20°*° om).
Ich traue mich vorliufig aber nicht, etwas iber diese Ides
su publisieren und wende mich erst nrtmmvoll an Euch, liebe
Rndioaktive, mit der tho wvie es um den experimentellen Nachweis
eines solchen Neutrons stande, wenn dieses ein ebensolches oder etwa
0mel grosseres Durchdringungsvermogen besitsen wirde, wis ein
gumn-Strahl. ! A
Ioh gedbe su, dass mein Ausweg vielleicht von vornherein X é X —I— —I—
waig wahrscheinlich erscheinen wird, weil man die Neutronen, wemn Z Z 1 e y
she existieren, wohl schon Ifngst gesehen hatte. Aber nur wer wagt, : +
und der Erngt der Situation beim kontimierliche
durch einen Aussprech mcoines verehrten V in Jmte,
Herrn Debye, beleuchtet, der mir Mivslieh in gesagt hats
"0, daran soll man am besten gar nicht denken, sowie an die neuen
Steuern.” Darum soll man jeden Weg sur Rettung ernstlich diskutieren.-
Also, liebe Radiocaktive, priifet, und richtet.- Leider kann ich nicht
personlich in Tibingen erscheinen, da sch infolge eines in der Nacht

vom 6. sum 7 Des. in Zirich stattfindenden Balles mm&-ma
bin.- Mit vielen Orilssen an Euch, sowie an Herm Baek, Buer
untertanigster Diener :

ges. W, Pauld




Neutrinos

Pauli suggested that the new particles should have:

 Mass comparable to the electron
* The spin should be 1/2
* Weakly interacting

Pauli’s knew that it was hard to detect:
“I have done a terrible thing, | have postulated a particle that cannot be detected”




Project Poltergeist

Neutrinos were detected for the first time by Reines and Cowan in 1953

The first idea was to use a nuclear bomb!

They finally used the nuclear reactor at the Savannah River Plant
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Homestake Experiment

Following the discovery of neutrinos, several experiments were developed to detect neutrinos from various sources

In the 1970, Ray Davis and John Bahcall
dr measured neutrinos emitted by the Sun
using a chlorine-based detector

v, +37Cl =37 Art + e

Only about a third of the expected neutrinos were detected, leading to what became known as the solar neutrino
problem
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SN 1987A

In 1987, three experiments, Kamiokande |l, IMB, and Baksan, detected neutrinos from a Type |l supernova
iIn the Large Magellanic Cloud, marking the beginning of neutrino astronomy
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These experiments used |IBD to detect
neutrinos, registering around 25 events

U,+p—>n+e’

09/1994

e Distance ~ 50kpc
e Progenitor mass of ~ 20M




Neutrinos In the Standard Model



L In the Standard Model

The SM is a gauge theory based on the symmetry group  SU(3)-X SU(2); X U(1)y

There are 3 generations of fermions
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The SM contains accidental global symmetriess

* Each individual lepton number is conserved

* The total lepton number is conserved
(L=L6+Lﬂ+LT)

* The baryon number is also conserved




L In the Standard Model

All fermions can be arranged into irreducible representations of the SM gauge group (qSU(3)a dsu(2); qU(l))

(1,2 1) (3,2 1) (1,1,— 1) | (3,1 _2) (3.1 _1)
9 9 2 9 Vi 6 9 9 ) ° 3 9 9 3
v, U
<6>L <d)L R "R dR
Uﬂ C
(/“‘)L <S>L iR K o
(), (
tL <b>L & L r

* Neutrinos are singlets of the strong force

* The electric charge is given by the hypercharge
(u(1y) and the isospin (1)

O = I3+ qua)

* Neutrinos do not have electric charge




L In the Standard Model

All fermions have a well-defined chirality. They are left (right)-handed fields, if the eigenvalue of y5 is +1 (-1)

1 1 -2 —1
(1,2,=2) | B2, =2) (1,1, = 1) 3.1,—=-) (3.1.==) | A'spinor can be splitted into its left/right-handed
components using the projection matrices

1 £ s
2

Wri = Priry Py =

C
(s) MR ‘R SR
L

<t> They are two-component spinors (Weyl fermions)
L




L In the Standard Model

The Hamiltonian for a massive fermion is given H=wy(—1 Z yjaj + m)y

J

The equations of motions are given by (r*p, £mu =0




L In the Standard Model

The Hamiltonian for a massive fermion is given H = w(—i Z yj(‘)j + m)y
J
The equations of motions are given by (7" p,x mu =0
» The Hamiltonian does not commute with chirality [H,y5] #0

—

« The momentum does not commute with the total angular momentum (J = s + L)

—

[P, J1#0

The total angular momentum neither the chirality can be used to charactirize a massive particle together
with its energy and momentum




L In the Standard Model

The helicity is defined as the projection of the spin into the direction of motion /& = s - ﬁ

[H,5-p] =0 [p.s-p1=0




L In the Standard Model

The helicity is defined as the projection of the spin into the direction of motion h = 5 - p
In the case of massive particles, helicity depends on the reference frame
s-plm,s>=1/2|m,s > right-handed

s-plm,s>=-=1/2|m,s > left-handed

For massless fermions the chiral projectors are equivalent to the helicity projectors

1 £y | o
P =— 2 = —(1£5-p) +o(m/E)




L In the Standard Model

Helicity of Neutrinos™

M. GOLDHABER, L. GropzinNs, AND A. W. SuNYAR

Brookhaven N ational Laboratory, Upton, New YVork

* Neutrino helicity was inferred from photon helicity (Received December 11, 1957)

measurements in nuclear decays involving electron

capture. 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'5?™
| which decays by orbital electron capture. If we assume
* It was found that neutrinos are left-handed. 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).




L In the Standard Model

In the SM, neutrinos interact via the weak force

Charge Current

The three active neutrinos interact with the charged lepton through charged
currents




L In the Standard Model

In the SM, neutrinos interact via the weak force

Charge Current

The three active neutrinos interact with the charged lepton through charged ]
currents

L=V 1y P LWt

CC = Vol Lt VY y
2 = %%
Neutrinos also carry neutral current interactions Neutral Current
Vv V
Z NC — > Z V_ay,uP v aZ,t;l_
2cosf,




L In the Standard Model

The number of active neutrinos was measured by studying the decay width of the Z-boson into invisible particles

The total decay width of the Z-boson

I'y=1,+1,+1 +1,,+N1,

The number of neutrinos is given by

N = 1—‘inv _
T

Iz =31y =g
I

1% 1%




L In the Standard Model

The number of active neutrinos was measured by studying the decay width of the Z-boson into invisible particles

2V

S

The total decay width of the Z-boson =
=

-

30 ALEPH
1—‘Z — Fee T F,u,u T FTT T 1ﬂhaxd +N yrw E?LPHI
OPAL

O

¢ average measurements,

error bars increased
by factor 10

The number of neutrinos is given by

Iz =31y =g 107
I

N = 1—‘inv _
T

1% 1%

The measurements showed

N = 2.984 £ 0.0082 B s 0 9
v < — Y E. [GeV]

S. Mele (CERN)



https://cds.cern.ch/record/2103251/files/9789814644150_0004.pdf?subformat=pdfa&version=1

L In the Standard Model

The mass term for fermions arises from the coupling between the left-handed and right-handed fields

Z m — mfllel//R




L In the Standard Model

The mass term for fermions arises from the coupling between the left-handed and right-handed fields

Z m — mfllel//R

In the SM, the mass term originates from the spontaneous symmetry-breaking (SSB)

_ dF

¢O




L In the Standard Model

The mass term for fermions arises from the coupling between the left-handed and right-handed fields

Z m — mfllel//R

In the SM, the mass term originates from the spontaneous symmetry-breaking (SSB)

_ h*
gY — Yl]LlLER]¢ + h.c. ¢ — (¢O
After the SSB
O g — YV E E + h C 1 - m
d=|V+n m \/5 LER -L- —’ Neutrinos are massless in the SM!!!

V2




BSM in the 1 Sector
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BSM in the 1 Sector
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https://arxiv.org/abs/1303.4667

L are Massive Particles

To explain why flavor oscillations depend on L/E, we need to consider that neutrinos are massive particles




L are Massive Particles

To explain why flavor oscillations depend on L/E, we need to consider that neutrinos are massive particles

Dirac particles:

« The SM is extended by adding right-handed neutrinos (v/p)

L, . D Umpl = U vphpy + N.C.




L are Massive Particles

To explain why flavor oscillations depend on L/E, we need to consider that neutrinos are massive particles

Dirac particles:

« The SM is extended by adding right-handed neutrinos (v/p)

L, . D Umpl = U vphpy + N.C.

 In general mp, is a matrix, and to determine the neutrino masses, we need to diagonalize it.

Vv

1

LmDVJR = diag(m,)




L are Massive Particles

To explain why flavor oscillations depend on L/E, we need to consider that neutrinos are massive particles

Dirac particles:

« The SM is extended by adding right-handed neutrinos (v/p)

L, . D Umpl = U vphpy + N.C.
 In general mp, is a matrix, and to determine the neutrino masses, we need to diagonalize it.

* The relation between the interaction (“flavor”) basis and the mass basis is given by a unitary transformation

_ v T
= VVLI/L + VURI/R

I/mas \)




L are Massive Particles

To explain why flavor oscillations depend on L/E, we need to consider that neutrinos are massive particles

Dirac particles:

« The SM is extended by adding right-handed neutrinos (v/p)

<L D Umpl = Uivpmp + N.C.
 In general myp, is a matrix, and to determine the neutrino masses, we need to diagonalize it.
VULmDVjR = diag(m,)

* The relation between the interaction (“flavor”) basis and the mass basis is given by a unitary transformation

_ i
Vinass = VULI/ L VURV R

» Neutrinos differ from anti-neutrinos. To describe neutrinos fully, we require four chiral fields v, vp, Uy, Up.




L are Massive Particles

To explain why flavor oscillations depend on L/E, we need to consider that neutrinos are massive particles

Dirac particles:

« The SM is extended by adding right-handed neutrinos (v/p)

L, . D Umpl = U vphpy + N.C.
 Under a U(1) transformation, the fields transform as follow

v — e'%y U — e Yy

The total lepton number is conserved in the presence of a Dirac mass term for the neutrinos




L are Massive Particles

Neutrinos are charless fermions; they can be their own antiparticle (v = I/C). Neutrinos can be Majorana fermions




L are Massive Particles

Neutrinos are charless fermions; they can be their own antiparticle (v = I/C). Neutrinos can be Majorana fermions

¢ = Cv; is a right-handed field

* We can build a mass term for the neutrinos using only left-handed fields

1 — 1
A

mdass

D EvaMI/ = EV_LCTULmM + h.c.




L are Massive Particles

Neutrinos are charless fermions; they can be their own antiparticle (v = I/C). Neutrinos can be Majorana fermions

¢ = Cv; is a right-handed field

* We can build a mass term for the neutrinos using only left-handed fields.

1 — 1
D EvaMI/ = EU_LCTULmM + h.c.

<

mdass

- For multiple v;, the mass eigenstates can be found by diagonalizing m,,; as V' m,V = diag(m,)

VUTmDVU — dlag(ml) U — VJI/L + (VJUL)C

mass




L are Massive Particles

Neutrinos are charless fermions; they can be their own antiparticle (v = I/C). Neutrinos can be Majorana fermions

¢ = Cv; is a right-handed field

* We can build a mass term for the neutrinos using only left-handed fields.

1 — 1
D EvaMI/ = EU_LCTULmM + h.c.

<

mdass

 For multiple v, the mass eigenstates can be found by diagonalizing m,, as VUT mpV , = diag(m,)

VUTmDVU — dlag(ml) U — VJI/L + (VJUL)C

mass

C

* A Majorana fermion is described by two chiral fields, v, v




L are Massive Particles

Neutrinos are charless fermions; they can be their own antiparticle (v = I/C). Neutrinos can be Majorana fermions

¢ = Cv; is a right-handed field

* We can build a mass term for the neutrinos using only left-handed fields

1 — 1
D EvaMI/ = EU_LCTULmM + h.c.

<

mdass

 Under a U(1) transformation, the fields transform

1 —> elay I/C—> e—layC C o, C

The Majorana mass term violates the U(1) symmetry Z ass = e mass




L are Massive Particles

The Majorana mass term can be generated via a dimensional 5 operator

<

) 8
D XLqu*CTWLL + h.c. where ¢ = ic,p*

mass




L are Massive Particles

The Majorana mass term can be generated via a dimensional 5 operator

Y_ 7 7 ~
Lo D XLqu*CTﬁLL h.c. where ¢ = io,P*
After the spontanepus symmetry breaking, ) q§ _ Vv/\/2
we recover the Majorana mass term 0




L are Massive Particles

In the presence of v, and vy, we can have a Dirac and a Majorana mass term

1




L are Massive Particles

In the presence of v, and vy, we can have a Dirac and a Majorana mass term

1

U 1 —
Defining Ny = ( é) Loy = ENLC%NL

The mass matrix is given by - ( 0 mD)

» As Uy are singlets in the SM, a Majorana mass term can be added without breaking the lepton number




v Mixing

The CC term in the Lagrangian can be written in the mass basis

_ | — _

8
i

« M, and J, are the neutrino and charged lepton mass matrices




v Mixing

The CC term in the Lagrangian can be written in the mass basis

1 —

» M, and M, are the neutrino and charged lepton mass matrices

To switch to the mass basis, we can use a unitary matrix that diagonalizes the mass matrix

l l _ i
diag(m,, m,m) ="V, "V IR = VL/RZL/R Where V[{/R is a 3x3 unitary matrix
diag(m,, m,, ---,m ) = V"M V" N = VYN, Where V" is an nxn unitary matrix

e nis the number of massive neutrinos




v MixXing

Changing to the mass basis, we get

8
V2

Lec = NT(VV))r i WE + h.c.

Upmns = VleU Upysvs is @ 3xn mixing matrix




v Mixing

Changing to the mass basis, we get

g —
Lec = 7 NT(VV))r i WE + h.c.
Upmns = VleV Upysvs is @ 3xn mixing matrix

The number of degrees of freedom of Up,,n¢ depends on the number of fields required to describe the neutrino.

Dirac: 3(n-2) angles and 2n -5 phases Dirac and Majorana differs only in the
Majorana: 3(n-2) angles and 3(n-2) phases number of phases




v Mixing

A standard parametrization of Up,y¢ in the case of 3 massive neutrinos is given by

_50
10 0 ciz 0 spe || cHn s, O
O =53 c3)|=s513¢% 0 ¢ 0O O 1

In the case of Majorana neutrinos

1 O O
Uppyns = Upyns |0 €™ 0
0 0 e




Neutrino Oscillations




v Mixing

To explain neutrino flavor oscillations, we can describe the flavor states as a superposition of massive states.

— T .
|Va> — Z Uai | Vi> U; are the states that describe
the evolution in vacuum

Considering three massive states, the mixing matrix is parametrized as

_50
10 0 ciz 0 spe @) cHn s, O

U= O C23 S23 O 1 O _S12 612 ()
O =53 C3) | =s513¢% 0 ¢ 0O O 1




Flavor Oscillation

In the 3v scenario, neutrino evolution is described by the Schrodinger equation

id‘Vk>

_ The massive states are the
= [ v = By eigenstates of the Hamiltonian

dt




Flavor Oscillation

In the 3v scenario, neutrino evolution is described by the Schrodinger equation

id‘Vk>

The massive states are the
” =7/\Vk> %|Uk>=Ek|Uk>

eigenstates of the Hamiltonian

For ultrarelativistic neutrinos, the energy of each massive state can be approximated as

mi

E, ~ E 4 Where we are considering E = | |

2F




Flavor Oscillation

The neutrino evolution in the flavor basis would be obtained by solving the following equation

dx

d|v,) . M
z = E+ Uakf Ug | vg) We used the equivalence t ~ x




Flavor Oscillation

The neutrino evolution in the flavor basis would be obtained by solving the following equation

id‘l/o) _ E_l_UTm_]gU ‘y) W 4 th - t
A T il AN e used the equivalence t ~ x

\

Flavor dependent term

Global phase
Independent of the flavor




Flavor Oscillation

The neutrino evolution in the flavor basis would be obtained by solving the following equation

l o ko Pk Vg We used the equivalence 1 ~ x

Under the approximation that neutrinos propagate as a plane wave, its massive state propagates as

‘Vi(t» = eiEit‘Vi(t = 0))




Flavor Oscillation

The neutrino evolution in the flavor basis would be obtained by solving the following equation

AlVa) myi; .
i— E + Uaki Ug | vg) We used the equivalence t ~ x

Under the approximation that neutrinos propagate as a plane wave, its massive state propagates as

‘Vi(t» = eiEit‘Vi(t = 0))

Solving that equation, we find that the probability |v,) — \yﬁ) IS given by

Am3 L

2 2 Jk

Py =D Uy’ | Uyl> +2Re ) U U;kU;]Uﬂ]exp< — )
k k>j




Flavor Oscillation

The flavor oscillation probability depends on:

Am2L

_ 2 2 oyt : Jk

Paﬁ— Ek \Uak\ \Uﬁk\ + 2Re kE.UakUﬁkUaj ﬁjexp( l R )
>j

« Flavor oscillations depend on the mass difference: Amlg = ml.2 — m?

] J

 Depends on the ratio L/E (baseline/neutrino energy)

« U . mixing between flavor and massive states

* |Independent of the Majorana phases




Flavor Oscillation

The flavor oscillation probability depends on:

AmzL

_ z: 2 2 2: T orrt : Tk

Paﬂ_ k ‘Uak‘ ‘Uﬂk‘ +2Rek .UakUﬂkU(Xj ﬁ]exp( l o F )
>]

We can define the oscillation length as

2nE

L™ = Am? For Amj; ~ 107eV? — L% ~ 2000 X (E/GeV)km




Flavor Oscillation

The flavor oscillation probability depends on:

AmzL
2 2 : Tk
P = z‘ | U1 1 Ug |~ + 2Re z' UakngU;jUﬁjexp( i— )
k k>j

Antineutrinos are produced in CC involving charged antileptons

7 _ 8 TFmpPMNS _
gléC - _lzn£ Uij yﬂ]\fjnZWﬂ

The oscillation probability for antineutrinos is obtained by U — U’




Flavor Oscillation

The oscillation probability can be rewritten as

AmzL

2 2 : 'k

P,; = z' | Ui 171 Upg |7 + 2 Z:Re [UakU;kU;“j ﬁj] cos< i~ )
k k>j

Am2L
Pt : Tk
+2 ) Im U, UL UL U sm( — )
k>j




Flavor Oscillation

The oscillation probability can be rewritten as

Am3L

2 2 : 'k

Puy= Y Uy *| Uy +2) Re [UakU;kU;“j /3]] cos< — )
k k>j

AmzL
it - Uk
+2 ) Im U, UL UL U sm( — )
k>j

At very large distances or very low energies, the oscillation terms average out.

, , This corresponds to
P, = 2 | Upie 171 Uy | oscillations on
k astrophysical scales




Flavor Oscillation

The oscillation probability can be rewrittenas
Am;
2 2 LT |
Py =20 | Ui | Upi P +2 Y, Re [ Uy U UL U | cos | —i—— |

AmzL
ot : : 'k
+2 ) Im [UakUﬁkUaj ﬂ]] sm( — )
k>j

e The first two terms are the same for v and T, conserving CP, but still depends on op through yPMNS




Flavor Oscillation

The oscillation probability can be rewritten as

Aka
aﬁ_Z‘ k\z\Uﬁk\2+22Re[ akUTUTUﬂJ]COS< ’ o F )

k>j

+22 Im [ UT U’ Uﬂj] sm( l 2}; ) :

k>j

» The first two terms are the same for v and T, conserving CP, but still depends on op through yrMnNS

 The second line has the opposite sign for v and v. Violates CP.

. CP violation happensfora # f.lfa = — Im U U UTUﬁ] = Im \Uak\z\U;j\z =0

K™ k™ aj




Flavor Oscillation

CP violation in neutrino oscillations can be probed by

: : AmzL
CP _ _ | + rrt : : 7k
Ay =Py, — Pr 4 E m _UakUﬁkUajUﬁj_ sin | —1i >

k>j




Flavor Oscillation

CP violation in neutrino oscillations can be probed by

i ] 2
cp B | - | AmgL
AG = Pusy = Pry =4 ) 1M | Uy U UL Uy | sin | i T
k>j

The CP asymmetry is parametrized by the Jarlskog invariant

N , Am; L
Jep = Im[Uain;jU;;kiUﬁj] =Jop SINOCp A(Sﬂp =4 Z Jlgp Sin §-p sin ( i 2; )

k>j




Flavor Oscillation

CP violation in neutrino oscillations can be probed by

- - Am3 L
CP _ _ | ¥ UT [/ : : mjk
A = Py, = Py 42 m _UakUﬁk o Upi| S| ! F
k>7

The CP asymmetry is parametrized by the Jarlskog invariant

. Am3 L
aj] P p) C af op CP ¥
k>j

« The quartic product of Uaj IS iInvariant under a global rephase Uaj — ei“Uaje_ij

-  CP violation only depends on the Dirac phase




Flavor Oscillation

CP violation in neutrino oscillations can be probed by

op - - | Am kL
AG = Pusy= Py =4 ), 1M |U, UﬁkUa]UﬁJ sin | —i—
k>j

The CP violation effects are observables if neutrinos oscillate:

 For small L or large E, the oscillation phase vanishes, cancelling the CP asymmetry

* For large phases, the oscillation is averaged out and AP cancels due to the unitarity relations

U UUTU.| =
2.'m U, UﬁkUa]Uﬁ] =0

k>j




Flavor Oscillation
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Wavepacket Description

* Neutrino oscillation happens while there is an interference between
the massive states t b

* Considering neutrinos as plane waves, the mixing happens at all the
points along the trajectory

V3

* Real particles are localized objects described by wavepackets.

* The oscillation stops for small wavepackets/long distances due to :
the wavepacket separation (incoherent superposition of states).

Giunti and Kim, “Fundamental Neutrino

* Incoherent neutrino flux: Sun, astrophysical sources... Physics and Astrophysics




Wavepacket Description

The flavor state is given by the sum over all the massive states weighted by the momentum distribution

‘Ua> — Z U;}J:”k‘”k)
k

Each massive state is described by the sum over all the momentum distribuctions

_(p-pp)?
dp e *» . | .
W, = o PX— Uyl * D;- average neutrino momentum
2\1/4 .
\/ 27 (2707) - 0,; momentum uncertainty

The spatial width of the wavepacket is obtained from the uncertainty principle




Wavepacket Description

The wavepacket separation manifest as a damping effect in the

e e U e o
oscillation L - Amj; = 80m-eV*, sin“ 2604 = 0.4

i

2
Am kL L
Py = Z | Uyl 1 Ugi | +2Re )’ UyUS Ul Ugexp [ =i h
> 2FE L,;.O

6608

The coherence length depends on the wave packet size (o,) 071 Plane Wave
o, = 300 fm
2 2 o, = 91 fm
E eV .
L coh _ 0.2pc O i bbb .U e
100TeV 100fm Am? 5 10 15

E[MeV]




Wavepacket Description

The wavepacket separation manifests as a damping effect in the
oscillation

2
Am:L L
- 2 2 i 7t R
Pap= 21 Uat " Upl* + 2Re 2, UL U Upyexp | =i (L> P
" J

k>j

For very long distances (L > > L"), the oscillation probability become
an incoherent sum of states

Py = D Uyl | Uy P
k

L - Am3, = 80m-eV?, sin®20y4 = 0.4

1.0
|
0.9

ee().8

0.7F

fii

|

\/

— Plane Wave
o, = 300 fm
| o =91 fm

E[MeV]
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Matter Effects

* As neutrinos propagate through matter, their interaction with it can moditfy their propagation.

* The inelastic scattering happens predominantely with nucleons.

6, ~ GtME

 For densities 5.5g/cm and energies above 100 TeV, the scattering length becomes comparable to the Earth's
size.

|
Lant ~ — ~ 4 % 10°km
Sct no

* At lower energies, the coherent forward elastic scattering of the neutrinos with the medium can modify the
effective neutrino mass, leading to a modification of the flavor oscillations




Matter Effects

Vey Vi, Vr Ve, Vp, Vr
Neutrinos interact via NC with electrons, protons and neutrons in matter
Vic = V26N z
1 | 1
g, = 2sin” 0, gl = — —2sin*6, g, = ——
2 2 2 e”,p,n e”,p,m




Matter Effects

Vey Vi, Vr Ve, Vy,Vr
Neutrinos interact via NC with electrons, protons and neutrons in matter
Vic = V26N z
1 | 1
g, = 2sin” 0, gl = — —2sin*6, g, = ——
2 2 2 e”,p,n e ,p,n

For neutral matter, only neutrons contribute to the NC potential

1

n

V2




Matter Effects

Vey Vi, Vr Ve, Vy,Vr
Neutrinos interact via NC with electrons, protons and neutrons in matter
Vic = V26N z
1 | 1
g = 2sin” 6, gl =——2sin"0, g, = ——
2 2 2 e ,p,n e ,p,n
For neutral matter, only neutrons contribute to the NC potential
1
VNC — GFNI/Z Ve e
\V/2
Electron neutrinos have a CC interaction with the electrons in the medium w

Vee = \/EGFNe
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Matter Effects

The effective matter potential for the neutrinos is given by

1
Ve = V2GHN 5, = 5N,

» The NC term is flavor independent, acting as a global phase, therefore it doesn’t affect the flavor oscillations

* For antineutrinos, the effective potential has the opposite sign




Matter Effects

The evolution of the neutrinos in matter is described by the Schrodinger equation

dv 1 .
"E" 25 (U'diag(0,Am3,, Am3)U £V, ) v V. = 24/2G.N,E diag(1,0,0)

* The mixing between flavor and massive states depends on the electron density

* The effective neutrino mass is also affected by the matter effects




Matter Effects

Let’s consider a two neutrino scenario, in this case, the neutrino evolution depends on 6 and Am?

ii Ya) _ L cos@ sinf\ (£ O cosf —sind n Vee 0 Va
dE \"p 2E \—sin@ cos@) \ 0 E,) \sinf cos@ 0 0 Vg




Matter Effects

Let’s consider a two neutrino scenario, in this case, the neutrino evolution depends on 6 and Am?
: d (Y _ 1 [ cos® sind £, 0 cosd —sind N Vee 0 Va
dE \"*p 2E \—sin® cos@) \ 0 E,) \sin@ cos@ 0 0 Vg

After removing the global phases, the hamiltonian discribing the evolution is given by

H2x2 -

4E Am? sin 26 Am?*cos 20 — 2EV

1 (—Am%osze +2EV, Am? sin 20 )




Matter Effects

Let’s consider a two neutrino scenario, in this case, the neutrino evolution depends on 6 and Am?
: d (Y _ 1 [ cos® sind £, 0 cosd —sin@ N Vee 0 Va
dE \"*p 2E \—sin® cos@) \ 0 E,) \sin@ cos@ 0 0 Vg

After removing the global phases, the hamiltonian discribing the evolution is given by

1 (—Amzcosze +2EV, Am? sin 20 )
AE

H,,=—
2 Am?sin 20 Am?cos 20 — 2EV

The mixing between the flavor and the massive states in matter are obtained diagonalizing the effective Hamiltonian

5 - 1
U'(0)H,.,U(0) = Ediag(—Anﬁz, A#1?) For constant matter




Matter Effects

The mixing between the flavor and the massive states in matter are obtained diagonalizing the effective Hamiltonian

N _ 1
Ul(O)H,,,U(0) = Ediag:;(—An'az, Arn?)

o Am? =2.5x107%V?  p=>5.5g9/cm?
The mixing can be enhanced due to the matter effects 1 .0F :

sin 20

sin 20 =

\/ (c0S 260 — 2EV o/ Am2)? + sin? 20

sin 20 = (.28




Matter Effects

The mixing between the flavor and the massive states in matter are obtained diagonalizing the effective Hamiltonian

N _ 1
Ul(O)H,,,U(0) = Ediag(—An“f’zz, Arn?)

Am? =25 x 107%eV?  p=>5.5g9/cm?

The mixing can be enhanced due to the matter effects

. sin 26
sin 260 =

\/ (c0S 260 — 2EV o/ Am2)? + sin? 20

sin 20 = (.28

For some values of E and density, there is a resonant flavor .
conversion - :
i

cos 20Am* = 2E .V}, == ) = 45° E(GeV)




Matter Effects

The mixing between the flavor and the massive states in matter are obtained diagonalizing the effective Hamiltonian

N _ 1
Ul(O)H,,,U(0) = Ediag:;(—An'az, Arn?)

sin20 = 0.28  p = 5.5¢g/cm?

0.11

The effective neutrino mass changes in matter

3 E, +E, = 0.101
E1,2 — 2 I VccE - ~
: — I

F A [ (c08 20 = 2EV o/ Am?) + sin? 20 | — £

OO9||||




Matter Effects

The mixing between the flavor and the massive states in matter are obtained diagonalizing the effective Hamiltonian

N _ 1
Ul(O)H,,,U(0) = Ediag:;(—An'az, Arn?)

sin20 = 0.28  p = 5.5g/cm?

The oscillation length also gets modified in matter

2nE
A2

LOSC —

Am?(eV?)

Arm* = Amz\/ (cos 20 — 2EV -/ Am*)* + sin* 26

10! 107 103




Matter Effects

The mixing between the flavor and the massive states in matter are obtained diagonalizing the effective Hamiltonian

N 3 1
Ul(O)H,,,U(0) = —diag(— Am?, Arir?)

4E
sin20 = 0.28  p = 5.5g/cm?
At the resonance, the oscillation length becomes .
larger than in vacuum .
_ 107t .
= :
— i
osSC R _2 _ .
Losc _ LVCZC § 10 : 9 3 2:
T Sin 29 Am =25 x 1072V




Matter Effects

In the case of constant matter, and for the two-neutrino approximation, the oscillation probability is given by

sin20 = 0.28  p=>5.5g/em?  Am?* =25 x 107%eV?

1.0

) AL |
const _ 1 _ «in2 - 2
P, =1 —sm”20sm ( AR ) 0]k
Sl
. E=5 GeV
O°6__ vacum
- —— maftter

Matter effects modify both the oscillation

length and amplitude 162 — "'1'03 — "'1"04
L(km)




Matter Effects: MSW

If matter varies along the neutrino trajectory, the same happens with the effective mass and the mixing




Matter Effects: MSW

If matter varies along the neutrino trajectory, the same happens with the effective mass and the mixing

In the mass basis, the Hamiltonian is non-diagonal
d (1/1> 1 —A*(x) 4EdO/dx <1/1>
| — = — .
dE \"2) AE \ —4EdOldx Am*(x) | \*2

 The off-diagonal term generates a transition between v; and v,




Matter Effects: MSW

If matter varies along the neutrino trajectory, the same happens with the effective mass and the mixing

In the mass basis, the Hamiltonian is non-diagonal
d <v1> 1 —A*(x) 4EdO/dx (1/1)
| — = — .
dE \"2) AE \ —4EdOldx Am*(x) | \*2

 The off-diagonal term generates a transition between v; and v,

* The transition between the massive states will not happen if the diagonal terms are larger than the off-
diagonal (adiabatic regime)

A
y > > ] « Adiabatic condiction

 4EdB/dx




Matter Effects: MSW

In the adiabatic limit, each massive state evolves independently

1 1 T A
Pfjﬁya = — 5 cos 26’ cos 26/ + ) sin 26 sin 26 cos ([dx ’ZE(X) )

» Oscillation probability depends only on mixing at the initial (g’i) and final (éf) points of the path




In the adiabatic limit, each massive state evolves independently

Padb _ 1 :

— |
Vo=V,

Matter Effects: MSW

1 g 1 A (x)
cos 26" cos 20' + 5 sin 26 sin 26’ cos dx

2F

» Oscillation probability depends only on mixing at the initial (g’i) and final (éf) points of the path

* The adiabatic regime describes the neutrino evolution inside the stars: the Sun, supernovas...

Ne/NA [Cm_3]

100} —

0.01F

Solar electron density

lllllllllllllllllllll

N, =232 N Exp[-1/r§]cm™ |

6\

1011

10°

10°

For the solar potential y > 1

/

—— E=10 MeV
i — E=1 MeV
— E=0.1 MeV
0.00 025 050 0.5 100




Matter Effects: MSW

In the case of the Sun, the long distance averages out the phase term

0.8
P“dbyﬁye — ; | ; cos 26’ cos 20 Q) 0. 6'_
S
0.4r
T i
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In the case of the Sun, the long distance averages out the phase term
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At the end of the path, the mixing
coincides with vacuum




Matter Effects: MSW

In the case of the Sun, the long distance averages out the phase term

0.5

1 1 -
Ny  — cos 26" cos 20

202 j
A,

0 =0 0.4F

adb
P ,

0.6:-

At the end of the path, the mixing
coincides with vacuum

At low energies, matter effects are small, and
neutrino evolution is effectively vacuum-like

~/ o

0 =20




Matter Effects: MSW

In the case of the Sun, the long distance averages out the phase term

0.5

1 1 -
Ny  — cos 26" cos 20

202 j
A,

0 =0 0.4F

adb
P,

e

0.6:-

At the end of the path, the mixing
coincides with vacuum

T

At low energies, matter effects are small, and .
E(MeV)

neutrino evolution is effectively vacuum-like

At higher energies, matter effects dominate

0 = 90° > U ~0, Ir? the denser
region of the Sun

€




Matter Effects: MSW

To understand flavor evolution, we study how the effective mixing angle changes inside the Sun
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Matter Effects: MSW

To understand flavor evolution, we study how the effective mixing angle changes inside the Sun
E=20 MeV

Let’s consider

|1,) ~sinf|v,) ~ + cos@|v,)

Good approximation if &, is small, = 6,, and
|v,) = cosbys|v,) —sinbyz|v,)

The Sun mainly produces v,
« In the denser part of the Sun |v,) ~ |v,)
» If the evolution is adiabatic, there would be no oscillation of |v,) — |v;)




Matter Effects: MSW

To understand flavor evolution, we study how the effective mixing angle changes inside the Sun

E=20 MeV
[
Let’s consider T '
80 - ) = |y) |
) ) - |
|v,) ~sinf|v,) ~ +cosf|v,) !
" [
[
' 00 |
i [
Good approximation if &, is small, = 6,, and : J— 45 |
[ v) = cosbhz|v,) —sinbhs| ;) oL I N
2 e X :
. . . T T . 1, . L
102 10~ 10V

T/R@
The Sun mainly produces v,

» In the denser part of the Sun |v,) ~ |1,)
- If the evolution is adiabatic, there would be no oscillation of |z,) — |v;)

At the resonance, the flavor of the flux is equally distributed between v, and v, (MSW resonance)




Matter Effects: MSW

To understand flavor evolution, we study how the effective mixing angle changes inside the Sun

E=20 MeV

Let’s consider QO 12 = 1)
|v,) ~sinf|v,) ~ +cosf|v,)
' 00
Good approximation if &, is small, = 6,, and -
= cos @ — sin 65, | v |

|vy) b3 | Vu> 23122 40_- 9 — 29 40 V) +0.83|1,)
02 10t 100

The Sun mainly produces v,
» In the denser part of the Sun |v,) ~ |1,)

- If the evolution is adiabatic, there would be no oscillation of |v,) — |v;)

At the resonance, the flavor of the flux is equally distributed between v, and v, (MSW resonance)
* As the flux exists the Sun, the flux is dominated by v/,




Matter Effects: MSW

To understand flavor evolution, we study how the effective mixing angle changes inside the Sun

E=20 MeV
Let’s consider S \
75 - |v,) = | 1)
|1,) ~sinf|v,) ~ + cos@|v,) l
< 50:‘
Good approximation if 0,5 is small, & = 6,, and 253_ 0 = ?340
|v,) = cos by |y,) —sinbys|v,) g B g
- — 4 |1y) =~ |vy)
Ok e %
102 10~ 10V
r/Re

Smaller vacuum mixing angles lead to a larger flavor conversion




Neutrino Sources



Solar Neutrinos

Solar neutrinos are produced by nuclear fusion reactions: pp chains and CNO cycles

“SuperK, SNO

Chlorine

“Gallium,Borexino
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Solar Neutrinos

Solar neutrinos are produced by nuclear fusion reactions: pp chains and CNO cycles

A flux of v, with MeV energies is produced

| 5 99,77 % 0,23 % _ 2 |
p+_|_p+ _).,H_|_e+_|_ve Jo l 9 p+_|_e _|_p+ _)_H_|_\ye

Chlorine . SuperK, SNO

“Gallium,Borexino

YYY

+0.5%

10° %
‘H+p*—3He+y [He+pt— *He +e++\'e|
| : ____ l 15,08 %
‘He+*He— Be+ v
———— Be l 99,9 % J 0,1 %
7Be+e‘—>7Li+\»' e 7Be—|—p+_)8B—|— v
84,92 % | l l
‘He+*He—*He+2p* Li+p*—*He+*He SB—>8Be*+et+v,

ppl

Il |
Be*—>+He+He

pplll

1.0 10.0
Neutrino Energy in MeV




Solar Neutrinos

The measurement of the solar neutrino g L2 L I a'll g | X §
- a® E X
| , flux (CC) shows a disappearance of v, =) 1 : : o
4x., = ’ +
o O : SNO NC T
Sos | i :
=038 | d
o - d
0. s \>( N
- 20.6 B { .
75 i q
7y K oy 4
9(),4 e Cl AR -
= © 2 $ EESNO CC
ol SNO Phase I (D,0) l g
&2-“ ["s SNO Phase II (D,0+NaCl) veonly
; S 3
0 - ; SNO Phase III (D2Q+l He) . ..
. : Energyl?MeV)

The all-flavor measurement of the solar neutrino flux

cer e Arthur MacDonald. Nobel lecture
(NC) showed oscillations among the flavor states.




Solar Neutrinos

20 T I | I
Survival probability for neutrinos from dense solar regions i SK
15 -
P3(Am3,, 6,,) = cos® 5 cos? 6’135(1 + cos 0, cos ;) St
Lo _
+sin” 0,5 sin” 5 = 10~
N -
& -
S
« Solar neutrinos are mainly sensitive to 0, N
O_Illllllllllllllllll
0.1 0.2 0.3 0.4 0.5

. 2
sin 0, ,
Maltoni and Smirnov, EPJA 52 (2016)

The constraint over 6,, are mainly driven by SK+SNO arXiv:1507.05287



https://arxiv.org/abs/1507.05287
https://arxiv.org/abs/1507.05287

Solar Neutrinos

Am221 modifies the transition from

{
i
|
I

20 0 b I I | [
Survival probability for neutrinos from dense solar regions i SK
15 —
3 2 _ 2 7 2 N [
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Matter effects brings sensitivity over Am221 5
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Solar Neutrinos

The matter effects on the Earth lead to an enhacement of the electron neutrino flux

-
0.3
E i
o
LYz
=
©
0.2
Introduces an asymmetry between neutrinos 2
detected during the day and at night 0
LI
0.1 -
O | | | | | | | | | | | | | | | | | | |
-1 -0.5 0 0.5 1

cosO,, .

K. Abe et al., PRD 94 (2016) arXiv:1606.07538



https://arxiv.org/abs/1606.07538

Solar Neutrinos

The day-night asymmetry can be used to measure the oscillation parameters

0.5 — —————
' Am2, =7.5x1075eV" :
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|
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Z

K. Abe et al., PRD 94 (2016) arXiv:1606.07538

cos6,
Day-night asymmetry shows a preference for a small value of Am221
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Nuclear Reactors

In reactor experiments, a flux of v, is created with energies around the ~ MeV

four different isotopes:

ecay
fission fragments G btad/de/
\ ”’dways The neutrino flux is created due to the fission of

uranium - 235 @ antineutrinos

thermal neutron a

prompt neutrons

25U( ~ 56%),P8U( ~ 8%), Pu( ~ 30%),2*' Pu( ~ 6%)




Nuclear Reactors

In reactor experiments, a flux of v, is created with energies around the ~ MeV

The neutrino flux is created due to the fission of
four different isotopes:

\ ayed”fays 235U( o 56%),238 U( ~ 8%),239 Pu( ~ 30%),241 Pu( ~ 6%)

@ antineutrinos

uranium - 235

The spectrum lies in the MeV range

prompt neutrons 2 O I T I T T T T T
o 1.5 " Ci
/ e * -

thermal neutron

/ l\\

ot y-rays

1.0+ - - -

0.5(- " _

x 10~ cm?/fission/MeV

0.0 e —
Zhongstan U. et al. (Daya Bay), PRL 134 (2025) 20 | | | | | | | |
1 2 3 4 5 6 7 8

Reconstructed energy [MeV]
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Nuclear Reactors o

_~ Photomultiplier Tubes

_—~ Buffer Oil

| | Fiducial Volume

KamLAND is an LS detector that collected all the /, emitted by power plants in Japan X% T (2w daners
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Solar Sector: ¢,, and Am221

NUFIT 6.0 (2024)
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Reactor neutrinos: 0,; and Am321

At shorter distances, neutrino evolution is dominated by Am321 and 0,;
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Reactor neutrinos: 0,; and Am321

At shorter distances, neutrino evolution is dominated by Am321 and 6’13
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Reactor neutrinos: 0,; and Am321

At shorter distances, neutrino evolution is dominated by Am321 and 6’13
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Reactor neutrinos: 0,; and Am321

At shorter distances, neutrino evolution is dominated by Am321 and 6’13
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Reactor neutrinos: 0,; and Am321

At shorter distances, neutrino evolution is dominated by Am321 and 6’13
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Long-Baseline Accelerators

Neutrinos are generated from pion/kaon decays caused by an accelerated proton beam hitting a target.
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Long-Baseline Accelerators

Neutrinos are generated from pion/kaon decays caused by an accelerated proton beam hitting a target.
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Long-Baseline Accelerators

Accelerator experiments are sensitive to Am321 and sin? 26’23, searching for yﬂ-disappearance
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Long-Baseline Accelerators

Accelerator experiments are sensitive to Am321 and sin? 26’23, searching for yﬂ-disappearance
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Long-Baseline Accelerators

Accelerator experiments are sensitive to Amg?1 and sin? 20,5, searching for v, ~disappearance

NUFIT 6.0 (2024)
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Long-Baseline Accelerators

Accelerator experiments can search for v ,-appearance

NUFIT 6.0 (2024)
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Long-Baseline Accelerators

Accelerator experiments can search for v ,-appearance

NUFIT 6.0 (2024)
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Long-Baseline Accelerators

Accelerator experiments can search for v ,-appearance

NUFIT 6.0 (2024)
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Long-Baseline Accelerators

Accelerator experiments can search for v ,-appearance
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LBL+Reactors

Full LBL-reactor combo eases T2K-NOVA tension NUFIT 6.0 (2024)
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LBL+Reactors

Full LBL-reactor combo eases T2K-NOVA tension

NUFIT 6.0 (2024)
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Atmospheric Neutrinos
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Atmospheric Neutrinos

The most recent atmospheric neutrino flux estimations are based on 3D-MC simulation

¢1/i — ¢p ®Rp ® Yp—wl- + Z ¢A ®RA ® YA—W,-
A

The main components in the flux calculations are:

- Cosmic ray flux (¢,)

 Geomagnetic effects (R)
 Hadronic interactions (Y)

Flux Ratio

The atmospheric flux composition
changes with the energy

>

Honda, Sajjad Athar, Kajita, Kasahara,
Midorikawa Phys.Rev.D 92 (2015)
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Atmospheric Neutrinos

Ve (&
Matter effects play a crucial role in the evolution of atmospheric neutrinos
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Atmospheric Neutrinos
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Atmospheric Neutrinos

Neutrino oscillation is modified by matter effects
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For atmospheric neutrinos, both fluxes are sensitive to 5CP

+ In the case of 5Cp =+ (), the CPT conservation implies
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« The impact of 5Cp depends mainly on the neutrino direction

- P, contribute to measuring the phase via c0s 0¢p
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Multi-GeV

At the GeV scale, trajectories crossing the mantle experience
an MSW resonance, making neutrinos sensitive to the mass
ordering:
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Multi-GeV

1.0
[ COS(Qzen,V> = —0.85 sin’ Oy3 = 0.25

: : . L . 9 0.8l sin® fg3 = 0.57

In the multi-GeV region, neutrino evolution is dominated by Am31 and ©F s Oy = 0.75

sin” 0,

- P, shows a linear dependence on the octant of 0,

| o[Matter effects

- P,, can determine whether 0,3 is -
Symmetric with

respect to 0,3
octant

maximal mixing.

* The matter effects can resolve the
degeneracy between the two octants.




Super-Kamiokande

Several experiments have measured the atmospheric neutrino flux, with SK starting from the sub-GeV scale.

Super-Kamiokande (SK) 16;' L
14F SK |-V expanded FV
» 22.5 kton water Cherenkov . — Data fit ] Inverted
« Small sample at multi-GeV due to the volume 126 ---MC expectation [l Normal
* The event sample is divided in FC, PC and Up-u 10F
C\|>.< :_
S 8t

“lulunnslsns
N

0
Abe et al. (Super-Kamiokande), PRD 97 (2018) CP

Wester et al. (Super-Kamiokande), arXiv: 2311.05105



https://arxiv.org/abs/1710.09126
https://arxiv.org/abs/2311.05105

lceCube

The neutrino telescopes measure the atmospheric neutrino flux from
the multi-GeV scale
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ORCA

ORCA measures the multi-GeV component of the atmospheric neutrino flux from ~2GeV

The total expected volume is 7 Mt, with events classified
into high-purity tracks, low-purity tracks, and showers
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Atmospheric Mass-Squared Splitting

NuFIT 6.0 (2024)
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 Combining IC24+Reactors, we get a
preference for NO of Ay ~ 4.5

 Super-Kamiokande alone shows a
preference for NO of Ay* ~ 5.7

« Combining IC+SK+global fit results
in a preference for NO of Ay ~ 6.1
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CP-violation

The Jarlskog invariant provides a convention-independent measurement of the violation of the CP symmetry
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37 mMiXing

Most parameters are known at the percent level, but several
open guestions remain:

e For 8,,, small preference for the lower octant (higher octant),
combining IC24+SK+global fit (global)

e For o

cp? almost the entire region is allowed, with CP-

conservation preferred for NO and maximal CP-violation for 10.

NO, 10 (IC19 w/o SK-atm)
NO, 10 (IC24 with SK-atm)
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Neutrino Mass



Neutrino Mass

* Neutrino oscillation experiments cannot probe the absolute neutrino mass scale




Neutrino Mass

* Neutrino oscillation experiments cannot probe the absolute neutrino mass scale

« The maximum energy accessible to e~ in [f-decays is modified if neutrinos are massive particles
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https://cerncourier.com/a/a-voyage-to-the-heart-of-the-neutrino/

Neutrino Mass

KATRIN explores the ¢  energy spectrum in tritium decays

T, > HeT+e +7, f-spectrum end point at 18.6 keV
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Neutrino Mass

KATRIN explores the ¢  energy spectrum in tritium decays

T, > HeT+e +7, f-spectrum end point at 18.6 keV

It is sensitive to the U,

Electrostatic high pass filter
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KATRIN explores the ¢  energy spectrum in tritium decays

Neutrino Mass

T, > HeT+e +7, f-spectrum end point at 18.6 keV

It is sensitive to the U,
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Neutrino Mass

The analysis of the spectral distribution showed no evidence for
the neutrino masses

m, < 0.45 eV +
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Neutrinoless Double-Beta Decay

A fundamental question remains: are neutrinos their own antiparticles?




Neutrinoless Double-Beta Decay

A fundamental question remains: are neutrinos their own antiparticles?

If neutrinos are Majorana particles the lepton number is 'u; > 'u,
not conser l l
ot conserved N.d: . |dlp

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

N / n! a\‘: » 'I g\‘. D

Lepton number

violated by 2 units ‘U’ > ‘U’




Neutrinoless Double-Beta Decay

Neutrinoless double beta decay is sensitive to the absolute scale of the neutrino masses

The half-life of the process is (TP~ = = G (Ogp: £) | M, |* mﬂﬁ

AN

Nuclear matrix ,
element Mg = | Z U:sm ]|

Phase space




Neutrinoless Double-Beta Decay

Neutrinoless double beta decay is sensitive to the absolute scale of the neutrino masses

The half-life of the process is (TP~ = = G, (Qpp, Z) | M, |* mﬁﬂ

AN

Nuclear matrix

Phase space element Mgz = | Z Uym; |

The mixing matrix contains two additional phases

1 0 0 C13 0 5136_5CP ci, Sp O)(1 O O
UPMNS — O 623 S23 O 1 O _S12 C12 O O eial O
O =53 3) | =s5;3¢% 0 ¢ 0O 0 1)J\0 0 e*




Neutrinoless Double-Beta Decay

The main uncertainties over Mgz COME from the Majorana phases

NUFIT 6.0 (2024)
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Ovpp: GERDA

A Germanium detector using 127.2 kg yr exposure has not found evidence

[8X 10 Y < T mgs < 79 — 180 meV
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Neutrino Mass

There is a large mass gap between neutrinos and the other fermions, which could signal BSM physics
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Neutrino Mass

If neutrinos are Majorana particles, they can get their masses via the Weinberg operator

&L YZ b*CTd'L, + h 8
mass D X L§b §b L + N.C.
U U

The smallness of the neutrino mass could be explained by the ' Yv?
suppression of the new physics scale

m, ~ —




Neutrino Mass: see-saw mechanism

If neutrinos are Majorana particles, they can get their masses via the Weinberg operator

, o’
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Y_ 3 3 *. e
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At the tree level, the Weinberg operator can be generated as the exchange of a massive particle

See-saw type | See-saw type | See-saw type |l
(H)  (H) (HY  (H)
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Singlet fermion Triplet scalar Triplet fermion




See-saw type |

By adding a right-handed neutrino to the SM, we can construct a Dirac and Majorana mass terms

I_C VL 0 mp
ZL Typel = ENL AMN; + h.c. where N, =\ ¢ M =

.}.
mp, My,




See-saw type |

By adding a right-handed neutrino to the SM, we can construct a Dirac and Majorana mass terms

I_C VL 0 mp
ZL Typel = ENL AMN; + h.c. where N, =\ ¢ M =

.}.
mp, My,

In case of m,, > my, we found a light and a heavy state

mpm Yy
ny ~ m, =~ my, where D
My \/5




See-saw type |

By adding a right-handed neutrino to the SM, we can construct a Dirac and Majorana mass terms

I_C VL 0 mp
ZL Typel = ENL AMN; + h.c. where N, =\ ¢ M =

.}.
mp, My,

In case of m,, > my, we found a light and a heavy state

~ ~ mpy = ——
nmy ~ m;, ~ my, where D \/5

For m,, ~ 10'* GeVand Y ~ o(1)




See-saw type |

By adding a right-handed neutrino to the SM, we can construct a Dirac and Majorana mass terms

I_C VL 0 mp
ZL Typel = ENL AMN; + h.c. where N, =\ ¢ M =

.}.
mp, My,

In case of m,, > my, we found a light and a heavy state

i, h —
m, ~ m, ~ m where D=
l - h M \/5
. 0 ~ Mo 1012 F ~ 10 Gev
The mixing is very suppressed ™~ ~ OF 11y, ©




Heavy Neutral Leptons

In the presence of Ny, the flavor states can be written as a superposition of massive states as

Y,V
4N U

- \/EmN

U .. 3x3 matrix that is not unitary




Heavy Neutral Leptons

In the presence of Ny, the flavor states can be written as a superposition of massive states as

Y v

4V Van =

- \/EmN




Heavy Neutral Leptons

In the presence of NR, the flavor states can be written as a
superposition of massive states as

Val = Z Uamy mL T Ua4N 4.

Fernandez-Martinez, Gonzalez-L.opez, Hernandez-Garcia,

Hostert, Lopez-Pavon, JHEP 09 (2023)
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Neutrino Astronomy
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Neutrino Astronomy

Why neutrinos?

At 100 TeV, the universe is opaque to photons due to their interactions with the cmb before they reaching the
Earth

y+y—et+e”

 Cosmic rays are deflected by magnetic fields as
they travel to Earth.

S e Phofon F. s

: ’ .Neu.’trin_o. e
* Neutrinos are neutral particles that interact

weakly, allowing their detection to directly trace
back to their source.




Neutrino Astronomy

Neutrinos can originate from sources of UHE cosmic rays

Image:Space.com

Interaction with matter

p+p—-p+p+at+a
0

prp—=>prpTnh

Interaction with radiation fields

p+y—-n+nat

p+y—p+a
lceCube/NASA

Detecting them provides insights into cosmic ray
acceleration and their interaction with gas or photons.




Neutrino Astronomy

» The predicted flux follows ¢p ~ E~7 « F; b i

 The normalization and the spectral index reveal
iInformation about the neutrino source and its
environment

* They travel vast distances, ranging from kpc to
Gpc, before reaching the Earth

* Due to their low flux, large detectors are necessary

for their detection. lceCube/NASA




Astrophysical neutrinos

Atmospheric neutrinos Astrophysical neutrinos
. : : 10° -
At energies above ~10 TeV, the flux reaching the Neutrino ; —— Astrophysical
Telescopes is dominated by astrophysical sources. - —— Conventional Atm.
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Through-going Muons

Atmospheric neutrinos Astrophysical neutrinos
lceCube has measured the astrophysical muon-neutrino 106 - |
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Electron and Tau Neutrinos

lceCube has searched for astrophysical events using cascades

 This analysis is dominated by v, and v,

* The astrophysical neutrino flux at Earth assumes an equal
number of neutrinos and anti-neutrinos, with an equal flavor
composition

* The energy range considered spans from 16 TeV to 2.6 PeV

 Cascades from all the sky are included.
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Electron and Tau Neutrinos

Assuming the astrophysical flux follows a power law

T
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Where Do Neutrinos Come From?
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* On 22 September 2017, IlceCube’s alert system detected a 5.0 s 05021048
high-energy track (290 TeV)
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Point Sources
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Point Sources

The most significant source observed by IceCube is NGC 1068 with a significance of 4.20

— 10glO (plocal)

e The analysis is optimized for searching tracks from
the Northern Hemisphere

[ Signal [ Total
1 Background ® Data

* The analysis assumes a single power law finding a

; 60

preference for y = 3.2 £ 0.2 and an excess of - = 10 $ 11 |
+22 ke L
71975 events .
I
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Most of the events have energies between 1.5TeV Ho 410 408 406 404 409 e
and 15TeV

r.a. |deg]
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378, 538 (2022)




Point Sources

These sources contribute no more than ~ 1 % to the total diffuse flux measured.

I NGC 1068 Astro. v,
TXS 0506+056  —¢=— Astro. v. v,

Abbasi et al. (lIceCube) Science
378, 538 (2022)
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Galactic Plane

* The highest neutrino production in the galaxy is expected near the Galactic Center

* Three models of Galactic diffuse neutrino emission have been considered, differing in energy spectrum and
emission location.

n® Template KRA> Template

A B

M °, no smearing

180° 120° 60° [=0° -60° -120° -180° - 180° 120° 60° [=0° -60° -120° -180°
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Galactic Plane

The larger neutrino production in the galaxy can be expected in the Galactic Center
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Galactic Plane

* Neutrino emission from the Galactic Plane is found - -+ KRA? Model ~ = KRA? Best-Fit v Flux
at 4. 56 ' r=r+ KRAX Model = KRAZ’ Best-Fit v Flux
7 Model 7V Best-Fit v Flux

« The flux from the galactic plane will contribute | lceCube All-Sky v Flux (22)

between 6-13% to the diffuse flux at 30TeV

E> 2% [GeV 5! cm ™7
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