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Neutrinos are fascinating particles as they are
the only neutral fermions

* What is a neutrino?
« What is a particle?
« Why are they fascinating?



Neutrino came out of a puzzle about the radioactive decay
in the early 1920's:
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Number of electron neutrinos

Niels In radioactive decays energy-momentum
Bohr conservation no longer holds!

Mother
nucleus

Daughter

\ iz i nuCIGUS

@® clectron

Energy-momentum conservation says : : : :
that data should look like this — EESCCNNEN

[

Electron Energy Electron Energy

Number of electron neutrinos




Wolfgang In this reaction there is a third particle
Pauli produced that you cannot (yet) seel
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Wolfgang In this reaction there is a third particle
Pauli produced that you cannot (yet) seel
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Wolfgang Pauli,
father of the neutrino
and Pauli exclusion
principle

or
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Liebe Radicaktive Damen und Herrem,

Wis dar Usbarbringsr dissar Zeilan, den ich Ildvollst
ansuhbren bitte, Ihnan des nEhearen sussinsndersetsen wird, btin ioh
angesichts der "felschen®™ Statlatik deor Re und Li-6 Kerne, sowle
des kontimierlichen betw-Spektrums af oloer varsgweifelten Aueweg
varfallen um den "Wooheelsate®™ (1) der Statistik und den Energiesatt
su retten. Nimlioh die MGglichkelt, &= itimten elaktrisch nsutrale
Tellohen, H.e ioh Neutronen nenman will, in den Kernen existieren,
wglshe dem Spin 1/2 baban und das Aupechlisesungaprinsip befolgen und
‘wheh von ldchtquanten wusserdam noch dadirch woterscheidmn, dass oie

mt Liohtgesawindigkeit laufen. Die Homse der Neutrenen

vou m-lbm fossenoramng wis dis Elektronetsmsse sodn wad

s nicht grosser als 0,0 Protonamassec:~ Dam Komtimuieriiche

Spektrum wire dann warstindlich unter der Atmalme, dass beinm

boba~Zarfell mit dem Elektron jeweils noch ein Heutron ewitiiert

wiped, dward, dass die Scmme der Enorglen von Neutron und klektron

konstant ist.




Physics Institute of
the ETH Ziirich Ziirich, Dec. 4, 1930

Dear Radioactive Ladies and Gentlemen.,

spectrum, I have hit upon a desperate remedy to save the "exchange theorem" (1) of statistics and
the law of conservation of energy. Namely, the possibility that in the nuclei there could exist
electrically neutral particles, which I will call neutrons, that have spin 1/2 and obey the exclusion

way of rescue. Thus, dear radioactive people, scrutinize and judge. - Unfortunately, I cannot
personally appear in Tiibingen since I am indispensable here in Ziirich because of a ball on the
night from December 6 to 7. With my best regards to you, and also to Mr. Back, your humble




Pauli Pontecorvo

Fermi Majorana

Neutrino Timeline

Goeppert-Meyer



We will find out
how neutrinos
oscillate, why they
play an important
role in
astrophysics/
cosmology and
what they have to
do with element
production.



What is a particle?

The best answer follows from symmetry arguments!



What is a particle?

Wigner: A particle is an irreducible
representation of the Poincare group.
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Recall the quantities Lorentz transformations
leave invariant:

t*—r’=1"
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E’-B°
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What is a particle?

Wigner: A particle is an irreducible
representation of the Poincare group.

Recall the quantities Lorentz transformations
leave invariant:

P -r’=1"
EZ_pZ =m2
E’ -B*
E-B

Poincare group is the group including Lorentz boosts, translations
and rotations.

Next let us explore the concept of mass



What is mass?

1

v, =E(1—y5)\P
1
lPR =5(1+'y5)\lj

L=mPW=m(P W, +¥ W)

In the Standard Model all elementary masses possibly except those for
neutrinos are generated by the Yukawa couplings of the Higgs.



Higgs has very
little to do

with my mass!

Masses of protons, neutrons,
etc. are generated dynamically
by the QCD interactions!

In the Early Universe

-m, /T
Number of neutrons e ™

-m,IT
Number of protons e




Chiral representation of Dirac matrices
_ B 0 -1 o o 0 y, = I 0
-1 0 ) 0 - ) 7 o0 -I

0

Chirality: y;, Helicity:

Helicity . -
and 2k

chirality ‘k‘

These operators act on the fermion fields:

W, (7) = Y (F|k)a,(k), s=1,2,34
k



b (Rox) = S (7o)
d(—lg,)() = 2a*(l€)<s|—){,x>

Free, massless particle Hamiltonian:

H = f F O (F)a- pP(F)

- SR (£ plFx) (o) ()
k.x

"Dirac" mass term:

m, f d°F W (7)) BW(F)

=_%ma[”(’z’x)f(‘k"x)‘d(‘g"x)b(k’x)]



Hence the total Hamiltonian i1s

H = 2{‘]}"[19,;[9,{% - d—kxdjkx] —mp [bljxdjkx B d—kkaX ]}
ki x

This Hamiltonian can be diagonalized by the transformation

By cos? -—sint b
sintt cosv

cos2¥ = — sin 29 = —
\/k2+m12) \/k2+m12)




Majorana mass term:

» Such a mass term violates lepton number conservation since it
implies that neutrinos are their antiparticles.




Neutrino mass eigenstates are a combination of
weak-interaction eigenstates: neutrinos mix!

aze,u,Tt

v, =2, U v 121,23,

U is unitary: UTU = UUT =1

If the neutrino mass were zero this would be nothing more than
a change of basis in the Standard Model:

- W- - W-
> K’Jj:l‘r or > F’JJ:IJ
e’ V, e \%






e Symmeftries, in particular weak isospin invariance, define the
Standard Model. The symmetry is SU(2),,xU(1).

* In the Standard Model, the left-handed and the right-handed
components of the neutrino are treated differently: v sits in an
weak-isospin doublet (I, =1/2) together with the left-handed
component of the associated charged lepton, whereas v is an weak-
isospin singlet (I,,=0).



SU(2) x U(1) Standard Model

Weak isospin
1w\ W=l
T L 3 7
SU@w = T =3 :}(e;_) W) _ 1
3 2
Weak singlets

W) —0: vg. ep

P | =

Higgs Field sits in a weak doublet with ."?"EW} = —=.




e Symmeftries, in particular weak isospin invariance, define the
Standard Model. The symmetry is SU(2),,xU(1).

* In the Standard Model, the left-handed and the right-handed
components of the neutrino are treated differently: v sits in an
weak-isospin doublet (I, =1/2) together with the left-handed
component of the associated charged lepton, whereas v is an weak-
isospin singlet (I,,=0).

* A mass term connects left- and right-handed components. The
usual Dirac mass term is L = mynyp = m(y,yg + Yy, ). But such a
neutrino mass ferm requires a right-handed neutrino, hence it is not
in the Standard Model.

» The right-handed component of the neutrino carries no weak
isospin quantum numbers. This permits Majorana neutrino mass in
the Standard Model if one only uses right-handed neutrinos.



A very brief intfroduction to the effective
field theories



A note on dimensional counting

 Lagrangian, L, has dimensions of energy (or mass).

- L = Jd3x L = Lagrangian density, L, has dimensions of energy/
volume or M%,

* Define the scaling dimension of x, [x] to be -1 = scaling dimension
of momentum (or mass) is [m] = +1 (recall that (p.x/h) is
dimensionless and we take [h]=0).

* Clearly [L] = 4. This should be true for any Lagrangian density of
any theory.

+ Consider the mass term for fermions, L,.= m ¥W. Then [$¥] = 3 or
[P] = 3/2.

* In the Standard Model the Higgs field vacuum expectation value
gives the particle mass: L = H $W. Hence [H] = 1.



An example for the effective field theories

Euler-Heisenberg correction to the Q.E.D. Lagrangian

L = %(EZ—BZ) + ferms which are higher order in fields
— v
——

Consistent with the
symmetries of the system




Symmetries of the Electromagnetism

Lorentz Invariants: EZ — B? and E- B

E—E
B—- -B
E° - B? — E? — B?
E-B—--E-B
— —

Under time—reversal

Since we want the Lagrangian density to be invariant under both
Lorentz and time-reversal transformations we pick E? — B2.




An example for the effective field theories

Euler-Heisenberg correction to the Q.E.D. Lagrangian

2

45m’

e

L= (E2-B2)+ ((E2-B2)2+ 7 (E-BY]



Using the Standard Model degrees of freedom one can

parameterize the neutrino mass by a dimension 5 operator.
(Recall that I;W=1/2 for the v and -1/2 for Hgy,).

L = XGB HSN\ HSM VLOLC VLB/ A

vZ X 5 / A = U m. diagonal YT

This term is not renormalizablel It is the only dimension-five

operator one can write using the Standard Model degrees of

freedom. Hence the neutrino mass is the most accessible new
physics beyond the Standard Modell



There are other ways to obtain neutrino mass:

L= Hryv,© Vig

Note: This Higgs is not in the Standard Model!



At lower energies, Beyond Standard Model
physics is described by local operators

L=L,, + ™ — 0V + E G 0 + E G” 07 +

2 3
A A A
Majorana Includes
heutrino Majorana
mass neutrino
(unique) magnetic

moment




Majorana mass term:

* Such a mass term violates lepton number conservation since it
implies that neutrinos are their antiparticles.

- It is permitted by the weak-isospin invariance of the Standard
Model.

* Neutrino mass terms are nhot included in the fundamental
Lagrangian of the Standard Model. They arise from new physics.
Of course it is possible o write down an effective Lagrangian
for the neutrino mass in terms of only the Standard Model
fields if you give up renormalizability.




Solar Neutrinos

“...to see into the interior of a
star and thus verify directly the
hypothesis of nuclear energy
generation..”

Bahcall and Davis, 1964




Neutrino producing reactions in the Sun

p+p—=2H+e"+v, p+e+p—=*H+v, (pY)
i f l 13C > “N
99.76% I 0.24% _ \—
H+p—=>He+y + A
Y (P
84.6% i 15.4% 2.5%10°% B (P.Y)
1 1 t 13N 150
’He +°He —*He +2p *He + *He — 'Be +y He +p —>*He +e* +v,
99.89% i 0.11% .
4 Y (P’Y) 1 Y B
‘Be+e”—"Li+v, ‘Be+p—>°B+y j r_
{ { 12C < SN
Li+p — 2*He 8B — 8Be* + e* + v, (P.X)
ppl pplIl ppIII CN cycle



Nuclear reaction network in the Sun

99.77% 0.23%
p+ped+e+ v, |:)+e'+|:)ed-v-\;e
84.7% ~2x10° %
d+ p— SHe +y x
| 13.8%
3He + ‘He —7Be +y
13.78% 0.02%

A

A

'Be + e~ — 7Li @

—

7Be+pe8B+y

\—l

SHe+3He—o+2p

Li + p ->0+a

A —

5B — 3Be*+ e*(+v, .
sy He+p—a+e+v,

Three paths leading to neutrinos are called pp-I, pp-IT
and pp-IIT chains, respectively.
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arbiteary units ¢,
T T

Reaction rates in astrophysical environments

Number of reactions per target nucleus per second: =====) A=0 n,v

Total number of reactions per second when the number of .., R= ¢ n,vn, V
target nuclei per unit volume is ny:

Reaction rate per second — |7 — 1

and per unit volume: 1+6
A

n,nov

The probability ®(v) to find a particle
with a velocity between v and v+dv

2 kT

Stellar reaction rates has to be

3/2 mv?
CI)(v)=4Jt( m ) vze_sz,fCI)(v)dv=1

1 1 1 | 1 1 1 | 1 1 1 T T ' . . . .
0 20 40 60 80 averaged over this distribution

energy (keV) l
1 1

r= —npntfa(v)cl)(v)v dv=—-—nn <ov>




Initial Reaction Network for the pp Chain in the Sun

%’] . _QAH@-Al-z[H][D]+2A33[H§3]2—Aw[H][Be?]—A’w[H][LiT]
% = )\11@—/\12“]][1)]

d[g:g] = Ai2[H]|[D] — 2)s3 [H;'3]2 — Aaa[He’|[He']

d[l;teﬂ _ ;3]2 _ Naa[He|[He") + 2717 [H][Be"] + 2\, [ H][LT")

d[gte?] = Ag[HE|[He'] - M7[H][BeT] = Aer[e][Be7]

WE] el Be™) — Nonl LA




Reaction Network After the Deuterium Equilibrium

L S SO U SV L W -3 IO UM 17
<L WL LSV < W e
d[gteﬂ WL ;3]2 — Xsa[He®|[He + 2X17[H][Be™] + 2X7[H][Li"]
ABe] _ NlHHe" ~ MrlHIB"] - Acrlel[BeT

d[Li7]

= Aerle]lBe"] — Ny [H][Li")




Reaction Network After the Li and Be Equilibrium

d[H HJ? He®}?

% = —3/\11% + 2/\33[ 5 | — A34[He®|[He'|
dl He3 HI12 He3)?

[dt ] = )\11—[ 2] — 2)\33% — Aga[He’|[He']
d[He* He?)?

Al = 2Tl L imeae




Reaction Network After the He3 Equilibrium

dHe']  1d[H]
dt 4 dt




Neutrino came out of a puzzle about the radioactive decay
in the early 1920's:
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Niels In radioactive decays energy-momentum
Bohr conservation no longer holds!

Mother
nucleus

Daughter

\ iz i nuCIQUS

@® clectron

Energy-momentum conservation says : : : :
that data should look like this — EESCCNNEN

[

Electron Energy Electron Energy

Number of electron neutrinos




Wolfgang In this reaction there is a third particle
Pauli produced that you cannot (yet) seel
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Liebe Radicaktive Damen und Herrem,

Wis dar Usbarbringsr dissar Zeilan, den ich Ildvollst
ansuhbren bitte, Ihnan des nEhearen sussinsndersetsen wird, btin ioh
angesichts der "felschen®™ Statlatik deor Re und Li-6 Kerne, sowle
des kontimierlichen betw-Spektrums af oloer varsgweifelten Aueweg
varfallen um den "Wooheelsate®™ (1) der Statistik und den Energiesatt
su retten. Nimlioh die MGglichkelt, &= itimten elaktrisch nsutrale
Tellohen, H.e ioh Neutronen nenman will, in den Kernen existieren,
wglshe dem Spin 1/2 baban und das Aupechlisesungaprinsip befolgen und
‘wheh von ldchtquanten wusserdam noch dadirch woterscheidmn, dass oie

mt Liohtgesawindigkeit laufen. Die Homse der Neutrenen

vou m-lbm fossenoramng wis dis Elektronetsmsse sodn wad

s nicht grosser als 0,0 Protonamassec:~ Dam Komtimuieriiche

Spektrum wire dann warstindlich unter der Atmalme, dass beinm

boba~Zarfell mit dem Elektron jeweils noch ein Heutron ewitiiert

wiped, dward, dass die Scmme der Enorglen von Neutron und klektron

konstant ist.
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spectrum, I have hit upon a desperate remedy to save the "exchange theorem" (1) of statistics and
the law of conservation of energy. Namely, the possibility that in the nuclei there could exist
electrically neutral particles, which I will call neutrons, that have spin 1/2 and obey the exclusion

way of rescue. Thus, dear radioactive people, scrutinize and judge. - Unfortunately, I cannot
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What is a particle?

Wigner: A particle is an irreducible
representation of the Poincare group.

Recall the quantities Lorentz transformations
leave invariant:

t'-r’=1"
EZ_pZ =m2
E’ -B*
E-B

Poincare group is the group including Lorentz boosts, translations
and rotations.

Next let us explore the concept of mass



What is mass?
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L=mPW=m(P W, +¥ W)

In the Standard Model all elementary masses possibly except those for
neutrinos are generated by the Yukawa couplings of the Higgs.
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etc. are generated dynamically
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Neutrino producing reactions in the Sun
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Nuclear reaction network in the Sun

99.77 % 0.23%
p+ped+e+ Vv, |:)+e-+|:)ed--\/e
84.7% ~2x10° %
d+ p— SHe +y x
| 13.8%
3He + ‘He —7Be +y
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Three paths leading to neutrinos are called pp-I, pp-IT
and pp-IIT chains, respectively.
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Number of reactions per target nucleus per second: mwmssh) A =0 n,y
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‘Ini‘rial Reaction Network for the pp Chain in the Sun ‘

% = —%@ — A1a[H][D] + 223 HZB " Ag[H][BeT] — N [HILLT
d[D] H]?
= /\uT — A12[H|[ D]

U] nal)D) - 20 L e

d[g:ﬂ = As HZSF — daa[He®|[He"] + 22 17[H][Be"] + 2X7[H][Li]

d[i:?] = Asu[He®|[He']| — \i7[H][Be"] — Aer[e][Be”]

d[f; ] = JAerle][Be”] — Xi7[H][Li"]




Reaction Network After the Deuterium Equilibrium ‘

% = —3,\11@ +2)s3 [HfF — M7 [H|[Be'] = Xi7[H][Li"]
d[gtEB] = /\11@ — 2A33 [HfF — Aaa[He'|[He']
d[g:ﬂ = As3 [HZB — Aga[He®|[He'] + 2X\17[H][Be"] + 2X,[H][Li"]
d[if?] = Aga[He’|[He'| — Mi7[H|[Be'] — Aer[e][Be]
d[Li7]

= Aerle][Be”] — Xi7[H][Li"]




Reaction Network After the Li and Be Equilibrium ‘

d[H HJ? He’]”

% = —3,\11% + 2}133[ 9 ] - }‘34[HE’3][HE’4]
d[He? HJ? He?)”

[dt I /\11% —2/\33[ 2] — Aza[He’|[He"
d[He" Hed)?




Reaction Network After the He3 Equilibrium ‘

% = —An[H]” — 2X34[He"]q[He]
d[g: | - %’1b‘11[iﬁr]2 + %/\34[553]6';!_ [He"]
e 1dH]

dt 4 dt




