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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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In radioactive decays energy-momentum
conservation no longer holds!

Daughter

\ iﬂ i nuCIGUS

Number of electron neutrinos

@® clectron

..instead it looks like this

[

Electron Energy




Wolfgang ks

paul In this reaction there is a third particle
auli

produced that you cannot (yet) see!
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Wolfgang Pauli,
father of the neutrino
and Pauli exclusion
principle
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Offaner Briaf an dis Jrunpe der Hadicaktiven bol der
CGauveraina~Tegung u Tabingan.,

Abmohzi ft

Ph;fsmnsohes Institnt

dar Eldg, Techniachen Hochacmle @irich, i« Des. 1930
Rrioh Oloriaatranme

Liebe Radicaktive Damen und Herrem,

Wia dar Usbarbringsr dissar Zailan, den ich Ildvollst
ansuhbren bitte, Ihnan des nEheren sussinsndersstsen wird, bin ioh
angesichts der "felachen" Statlatik dor He und Li-6 Kerne, sowle
des kontilmuierlichen betw-Spektrums auf olnen varsweifelten Aueweg
varfallen um den "Woohselsate®™ (1) der Statistik upd den Energienats
su retien. Nhmlich dis MGglichkelt, ea kinnten elaektrisch psutrale
Tellohen, H.e ioh Neutronen nemnan will, in den Kernen existieren,
wvelohe dam Spin 1/2 haban und das Auwpschlisesungaprinsip befolgen und
‘wheh von ldchtquanten wusserdam noch dadirch woterscheidmn, dass oie
g‘-it Lichtgeschwindigkeit laufen. Die Hosse der Neutronen

von derzelben fossenoramng wis dis Elektronetsmsse sodn wad

s nicht grosser als 0,00 Protonamamse:~ Dam kontimierliche

Spektrum wire dann warstindlich unter der Atmalme, dass beinm

boba~Zarfell mit dem Elektron jeweils noch ein Heutron ewittiert

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

konstant ist.




Physu.s Institute of
' e ETH Zitrich 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 ju ,
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




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.




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"
E2_p2 =m2
E’-B°

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:

t’-r’=1"
E2—p2 =m’
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, =5(1—y5)111

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 o 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 -7 e o 0 y, = I O
-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 (P
d(—lg,)() = 2a*(l€)<s|—){,x>

Free, massless particle Hamiltonian:

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

- SIR[P (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 1s

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

This Hamiltonian can be diagonalized by the transformation

By, cos? —sint Dy
sint? cosv

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




Majorana mass term:

My, ((lIJL )C) pY,

» 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,rTt

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-
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, g + Py, ). But such a
neutrino mass term 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 WW. 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

v2 XGB / A=U mvdiagonal uUT

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= Hpyv,© Vip

Note: This Higgs is not in the Standard Model!



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

L=L,, + e — 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 not included in the fundamental
Lagrangian of the Standard Model. They arise from new physics.
Of course it is possible to write down an effective Lagrangian
for the neutrino mass in terms of only the Standard Model
fields if you give up renormalizability.




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

Bahcall and Davis, 1964
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Neutrino producing reactions in the Sun

p+p—=2H+e"+v, p+e+p—=*H+v, (pY)
i f l 13C > 4N
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 I3N ISO
’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_
Y Y I2C ( ISN
Li+p — 2*He 8B — 8Be* + e* + v, (P.X)
ppl pplII ppIII CN cycle



Nuclear reaction network in the Sun

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

A

’Be + e” — ’Li

A

\—l

SHe+3He—o+2p

Li + p ->0+a

A

7Be+pe8B+y

8 8 *
B —> Bli:‘ eHe_'_ —so+etHV
20( p e

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

38



N

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 .0, 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 mv2
CI)(v)=4Jt( m ) vze_sz,fCI)(v)dv=1

| | | | | | | | | | | T + . . . .
0 20 40 60 80 averaged over this distribution

energy (keV) l
1 1

r= —npntfa(v)cb(v)v dv=—-—nn <ov>




‘Inifial 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 ‘

R WL e W L W 0 - I TR 174
,\11@ WL ;3]2 — Asq[He®|[He?)
[H63]2 3 4 T ! i
A33 2 — A34 [He. ][He ] o= 2/\17[H] [Be. ] + 2/\17[H] [Lz ]

Azs[He®|[He'] — Mi7[H][Be™] — Aerle][Be”]

Aerle][Be™] — N7 [H][Li"]




Reaction Network After the Li and Be Equilibrium ‘

d[H HJ? He®}?

% = —3/\11% + 2/\33[ 5 | — Aza[He’|[He'
dl He3 H]? He3)?

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

[dte I _ /\33[ ; | + Asa[He’|[He"]




Reaction Network After the He3 Equilibrium ‘

dEiftI] = —Au[H]” —2Xg4[He®]q[He']
d[gte L - %/\11[1'1]2 + %/\34[He3]eq[He4]




The CN cycle

Ne(10)

F(9)

0(8)

N(7)

C(6)

3 4 5 6 7 8|9

neutron number

ROPYIEN (B)EC (PN (p1)0 (BN (p,a)2C

Net effect: 4p -> o + 2e* + 2v,




CNO cycle

CN cycle (99.9%)
O Extension 1 (0.1%) Ne(10)

O Extension 2 F(9)
O Extension 3

O(8)

N(7)

C(6)

3 4 5 6 7 8|9

neutron number



‘ Competition between the p-p chain and the CNO Cycle ‘

0 -
2 B
€ =
4 |
PP
5 L
0 ") 10 15 20 25 30 35

T (K)



Helioseismology

Helioseismology - Definitions of Characterizing Quantities

Static, stable star at spherically-symmetric equilibrium

@ Pressure p(r),
Mass density p(r),
Gravitational potential ¢(r),

Rate of nuclear energy generation €(r),

Q

o

o

@ Temperature T(r),
@ Energy flux F,

o

(")

Entropy s.
Adiabatic indices
M — dlog p fo1— dlog T
dlogp /. dlogp /
@ [ he total derivative % = % +v-V

A.B. Balantekin Helioseismology



Helioseismology
A static star:

Poisson’s equation for gravitational

Equation of motion attraction

p% =—-Vp—pVo V?p = 4nGp

Dp
it v=0 _
Dt+pV \ le_ lle:I’3 l(pE—V-F)

A.B. Balantekin Helioseismology



Helioseismology
Stellar Seismology

Eulerian perturbations

Conservation of momentum Poisson’s equation

‘ V3¢ = 4nGp'
925r , [)’ , |
W = —VP +;V,D—,0Vd)

S Energy conservation

Equation of continuity ,

—-I—ldrV _ 1 El—l-lér V
p'+V - (pdr) =0 P T

A.B. Balantekin Helioseismology



Helioseismology
Normal modes

periodic time dependence Adiabatic sound speed

2 (1_ Qﬁ
Buoyancy frequency Feo T ZH2 dr

N2 — Gmg(r) (1 dlogp B dlog p H = —(dlogp/dr)—l
) [y dr dr

r density scale height

A.B. Balantekin Helioseismology



Helioseismology
p- and g-modes

Stellar oscillations

N2

500

400

¢ (km/s)
e

200

100

0.2

04 0.6 0.8
Fraction of solar radius

@ N is ~ constant in the radiative
zone, but zero in the convective
zone

@ W, Is monotonically decreasing

o N?/w? < 1 = the oscillations
die out in the radiative zone
(p-modes)

2
° %%C— > 1 = the oscillations

die out in the convective zone
(g-modes)

A.B. Balantekin

Helioseismology




Example: L=3, m=2 p-mode

From D. Guenther



MDI Medium—I Power Spectrum

Single Dopplergram Minus 45 Images Average
(30-MAR-96 19:54:00) 8

frequency, mHz

-500. -400. -300. -200. -100. 0. 100. 200. 300. 400. 500.
Velocity (m/s)

0 50 160 150 <00 250 300

SOOI /MDI Stanford Lockheed Institute for Space Research angular degree‘ I

SOHO data
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N+ GeCl,
W
— 2%
Global Intensity
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Bl tonice Catching Neutrinos
About once every 90 minutres, a neutrino interacts in the detector

chamber, generating Cherenkov radistion. This optical equivalent of
asonic boom crestes acone of light that is registered on the
photomultipliers that line the tank. Characteristic ring pattems tell
physicists what kind of neutrinos interacted and in which direction
they were headed.
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= 3 that mask neutrino detection.
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Event/day/bin

SuperKamiokande-TI 8B solar v's
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Three phases of SNO — stat == stat + syst

¢ut (x 10°cm?s?)

NC Flux (corrected to Winter %8 spectrum)
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@ NCD - 385 days
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Already first SNO neutral current (salt) results could be analyzed without
referring to the Standard Solar Model, A.B.B. & Yuksel, PRD 68, 113002 (2003)

Ga Cl SK SNO-Day-Night and SNO Salt Phase + KamLAND Ga Cl SK SNO-Day-Night and SNO Salt Phase + KamLAND
(Isolines for Ratio of Shifted °B Flux to SSM Value) (BB Flux Free)

-3
10 / | / | : | : 10_3 T I T | T |

1 1 { R [ |

1.0 1095 0.4 0.6 0.8 1.0
2
tan 912




Do antineutrinos mix the same way neutrinos do?

lﬂ_E = I T T T T 11 I T T T T
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E,= 10 MeV

o
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SNO LTE
measurement
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Electron neutrino survival probability
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w

Experiments primarily sensitive to higher energy solar neutrinos
cannot distinguish between LMA and LOW regions! It is desirable to
pick the neutrino parameter region without KamLAND' s antineutrinos.



Neutrino mixing ‘V > =T |V pass)
/ 1 O 0 \( Ci3 0 5136_16 \ ¢, S, 0 \
=1 0 ¢y sy 0 1 0 S Cio
\ U A A _S13ei5 0 ¢, N 0 0 )
atmospheric neutrinos . U solar neutrinos

c;=cosf, s,=sInb,

P(v,—v,)=1-sin"26,, [0032 6,,sin* (A;,L)+sin” 6,, sin” (A32L)]

—cos" 6,;sin” 26, sin” (A, L)

6 2 2 2
mij _ m, —mj

A, =—L=
4E,  4E,

b

A32 = A31 - A21




The MSW Effect

In vacuum: E? = p? + m?

In matter:

(E— V)2 = (p—A)?+ m?
= E? =p? + m%

V o background density

A o Jpackground (currents) or

A x Sba,ckground (Spm)
In the limit of static,

charge-neutral, and
unpolarized background

Voxc Ne and A =0

= m2g = m* + 2EV + O(V?)

The potential is provided by
the coherent forward
scattering of v, s of f the
electrons in dense matter

There is a similar term with Z-
exchange. But since it is the
same for all neutrino flavors, it
does not contribute to phase
differences unless we invoke a
sterile neutrino.

Note that matter effects induce
an effective CP-violation since the
matter in the Earth and the stars
is not CP-symmetric!



Matter effects
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iai Y, |=|T| 0 E, 0 |[T'+| 0 V, O Y,
l
0 0 E
V) L DR,
1
‘/c=\/§GFNe ‘/n=_ﬁGFNn

Two-flavor limit

5t (b)) = (
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Day-night
asymmeftry
e - expected
=ty _ at SNO for
E.=10MeV

P 4P

night day

° 10”7 10° 10” 10" 10
LOW dm” (V) LMA

Experiments primarily sensitive to higher energy solar neutrinos
cannot distinguish between LMA and LOW regions! It is desirable to
pick the neutrino parameter region without KamLAND' s antineutrinos.

é Pnight - Pday
2




A.B. Balantekin and A. Malkus
N | L | L] | ' 'l"""

451 — Day and Night| =
=== Day Only .

“h ] Fit to the
ST ]  SNO LTE data
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10 100 10

2 2
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Experiments primarily sensitive to higher energy solar neutrinos
cannot distinguish between LMA and LOW regions! It is desirable to
pick the neutrino parameter region without KamLAND' s antineutrinos.



Day-Night Asymmetry

0.20 | E, = 862 keV
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PRL 112, 091805 (2014)



Metals -

SSM assumption: The proto-Sun
follows the convective Hayashi track

=> zero-age Sun is homogeneous, i.e
Z Z

initial =

surface_today

X+Y+Z=1

Initial parameters: Y
Z

initial’
solar mixing length

initial”

Theoretical Hayashi Tracks of Protostars

Effective Temperature, K
30000 10000 7000 6000 4000

e 9 solar mass star
i-z- 5 solar mass star
f°
$ 2
i 4

Evolve forward to
X today to reproduce
-10¢ present Ry, L,
and Y

surface

Zsurface_today 1S deduced from
photospheric absorption lines,
o which were recently evaluated
0 using 3D methods. Z, foce today
0 obtained using improved methods
does not match Z, ., of the SSM!

-10*



This fixes some old puzzles

But creates new onesl!

0.12E ' ' ' ' l ] 0.015 - - - - .
2 -3 [ Gs98 - :
= - E L AGSS09 ——
ﬂ'llg new . - 0.010 AGSSO9PR s -
0.10F . o Ef’,x’ old - .
n::u:lElé oy -5 g
o 0.09F + - q 0.005F
., E +hg T S
ﬂ.l' E ;"_*_.4- ++'@‘ 3
= 00BE &g 3
E 1 o0.000F
3 :
0.07F =
E_ _5—0.005- P P S S 1
0.06 3 E 0.0 0.2 0.4 0.6 0.8
= R/R
OOBE . . o /Ry
0 2 4 (3] 8 10
0/H(10-1)

There is mismatch
between the surface and
the interior of the Sun!

Sun is no longer an “odd” star
enriched in heavy elements!

Old 8B neutrino flux = 4x10% cm-2s-!
New 8B neutrino flux = 5.31x10% cm—2s-1




CNO Neutrinos are
still not measured!

New Solar abundances:

« Asplund et al. (AGSS09),
(Z/X)5=0.0178

« Grevesse and Sauvel
(6598), (Z/X)5=0.0229

Drastically different!

Open problem in solar

physics!

* New Evaluation of the
nuclear reaction
rates: Adelberger et
al. (2011)

* New solar model
calculations:Serenelli

’Be neutrino flux
(10°cm-2s1)

o N b o
|
|

GS98 AGSS09 Data

Flux & Uncertainty

8B neutrino flux
(10° cm2s1)

GS98 AGSS09 Data

Flux Uncertainty

150 Neutrino flux
(108 cm2s1)

GS98  AGSS09

“ Flux & Uncertainty

17F neutrino flux
(10° cm2s1)

GS98  AGSS09

“ Flux = Uncertainty
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SSM Error Budget

Source | Percentage Error

Diffusion coefficient of
SSM

Nuclear rates [mainly
"Be(p,y)®B and “*N(p,y)"°O]

Neutrinos and weak
interaction (mainly 6,,)

Other SSM input
parameters
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The determining reaction for the CNO burning &

“N(p,Y)P0

=

—

m
v

) I T I )
Lamb & Hester (82)
Schréder et al. (83)

— - — NACRE extrapolation 1999 (81)
- ¢ LUNAdata 2004 (29) (solid target)
L — — LUNA extrapolation 2004 (30)
4 TUNL data 2005 (93)
4 LUNA data 2006 (31) (gas target)

- L
- ppdsl
- - LA x ald a QQ%{«— ; |
__ NrGamowpeak —-
L | R | ) | l | |
0 50 100 150 200
Ecy (keV)

10 [

15[

10[

T

Vg

Visg

g e yey
0,05

PR
0,10 0,15

pp chain

0,20 0,25 0,3(



Neutrinos from core-

[os Alamos collapse supernovae
c1ence
* Mpr'og > 8 MSun

« AE %103 ergs # 10>° MeV

* 99% of the energy is
carried away by neutrinos
and antineutrinos with

10< E, < 30 MeV

« ~ 10%8 Neutrinos!
: Qo————T T
S . .. 2oi—
& B
'05. il ¢

-

Number 25 Celebrating the Neutrino 0 — ]

~60 ~30 0 30 60



Time = 1.000 &

500 km

Time = 1,000 5

500 km

Princeton

ORNL/UT

Development of 2D and
3D models for core-
collapse supernovae:

Complex interplay
between turbulence,
neutrino physics and

thermonuclear
reactions.

2000
v, [10°cm/s]

1000

0 1000
x [km]

Munich

241ms l

2000
s [k/nucleon]




Symmetry magazine

If we want to catch a supernova with neutrinos we'd better know
what neutrinos do inside a supernova.




: : : T _ T — 4
Neutrino flavor isospin J,=a,a, J =a,a,

~ 1
_ t t
J, = —(aeae — auaﬂ)

é ? :
These operators can be written

in either mass or flavor basis

Free neutrinos (only mixing)

2 2
A m m A
H = Eafal +ﬁa;a2 +()1
Sm’* Sm’* A

cos20(a;au —ajae)+ sinZH(aZa +a;ae)+(~) 1

u

4F 4F

Interacting with background electrons

2
on COSZ@—LGFNe (aTa —-a,a

AE J2

(/AN

sin28(aZaM + a;ae) +(-) 1

ﬁ:



: : : T _ T — 4
Neutrino flavor isospin J,=a,a, J =a,a,

é ? Jy = (ala.~ala,)

a, =costla, +sinba,

a,=-sinfa, +cosba,

Free neutrinos (only mixing)

H-= Z/l—llzafal+;lga;a2+( )i
_om’ 0 )4 9 0 owata V()1
F ( a'a —aa) F (aeau+auae)+( )

Interacting with background electrons
Sm’ 1

AE N

(/AN

sin 20(aja + a;ae) +(-) 1

u

H =

—G.N, ( a.a —aTae)+



: : : T _ T — 4
Neutrino flavor isospin J,=a,a, J =a,a,

J,=~(dla,-aa,)

¢ o 2

These operators can be written
in either mass or flavor basis

Free neutrinos (only mixing)

A m m A
H=Ea3al+ﬁa;a2 +( )1
om’ om’ A A

= 00829(—2j0)+ sin26?(JA+ +J_)+(~) 1

4F 4F

Interacting with background electrons

A | Om® 1 A\ Om’
H=[ 4"; cos2H—$GFNe](—2JO)+%sm28(l++J_)+(..) 1



Smirnov, Fuller and Qian, Pantaleone,

Neutrino-Neutrino Interactions McKellar, Friedland, Lunardini, Duan,
Raffelt, Balantekin, Kajino, Pehlivan ...

. \/_G _

H, = fdpdq(l cosf, )jp-,]q

This ferm makes the physics of a neutrino gas in a core-collapse
supernova a genuine many-body problem



Smirnov, Fuller and Qian, Pantaleone,

Neutrino-Neutrino Interactions McKellar, Friedland, Lunardini, Raffelt,
Duan Balantekin, Kajino, Pehlivan ...

- \/_G

H

vV

—

(1 cosH )jp-Jq

This ferm makes the physics of a neutrino gas in a core-collapse
supernova a genuine many-body problem

om’ = ~ \/_G
=fdp EB.JP_\/EGFNeJ(;

—

(1 cosH )jp'Jq

B = (sin26, 0, - cos26)

Neutrino-neutrino interactions lead to novel collective and emergent
effects, such as conserved quantities and interesting features in the
neutrino energy spectra (spectral "swaps” or "splits").



Including antineutrinos

H:HV+HI7+HVV+HI717+HVI7

Requires introduction of a second set of SU(2) algebras!

Including three flavors

Requires introduction of SU(3) algebras.

Both extensions are straightforward, but tedious!
Balantekin and Pehlivan, J. Phys. G 34, 1783 (2007).



Many neutrino system

This is the only many-body system driven by the weak interactions:

Table: Many-body systems

Nuclei Strong | at most ~250 particles
Condensed matter | E&M at most Ny particles
v's in SN Weak ~ 10°®particles

Astrophysical extremes allow us to test physics that cannot be
tested elsewhere!




Path Integral for the Evolution Operator

Use SU(2) coherent states to write the evolution operator as a
path integral:

|2(t)) = exp ( / dpz(p. t)J+(p)) )

¢) = 11 aL(p)I0)

Z(e)|UIz() = [ Dlz.z"]exp (iS[2.2°])




Stationary Phase Approximation

(Z'(te)|U|z(t))

/D[Z z"|exp (iS[z,z7])
— H(1)lz(1))

5(z,2%) = /t ' dt<z(t)|'

do 0
— == — = | L - * — 0
(dtaz 82) =2 <dtc‘92*

@Ry e )lz(t)

H = H, + Hu

d 0O O
[(z.z*) =0
82*) (z,27)




Mean-field evolution equations

A= \/iGFNe
D = /2GF / dq(1 — cosflpq) [(I?,x")e(q, l‘)l2 — (g, t)|2)]

Dex = 2v/2GF / dq(1 — cosfpq) (Ve(q. £)Y5(q. t))

e ve \ _1( A+ D— Acos2f De,, + A'sin 26 Ve
v, |2 Dye +Asin20  —A—D + Acos20 Wy



The duality between H,,, and BCS Hamiltonians

The v-r Hamiltonian TTs [B1CGE [H e Frarirer

Z _B J ﬁVGFjj I:IBCS — Zzék,i'l(() — |G|7\—+,7\-
k

-

Same symmetries leading to Analogous (dual) dynamics!
Pehlivan, Balantekin, Kajino, and Yoshida, Phys.Rev. D 84,
065008 (2011)

Vi p A\A Ek

) \ ’ Y
o "I "] + | \ +
J p '\ /, J p t k | II l']\
) / \\ /
o—— /

This symmetry naturally leads to splits in the neutrino energy spectra
and was used to find conserved quantities in the single-angle case.



Conserved quantities of the collective motion

b =B-J + W26, I, T,
om’V q-p

pP=q

There is a second set of conserved quantities for
antineutrinos.

Note the presence of volume. In fact h,/V are the
conserved quantities for the neutrino densmes

For three flavors a similar expression is written in terms
of SU(3) operators.



— v _spectrum for T =3.0MeV
¢ Ve

@ (E)

——— ;c spectrum for T; =4.0MeV
- v, spectrum for T =6.0MeV

—— conserved quantities Ip

---. conserved quantities I s




The v-v Hamiltonian TTa (21 [Herf ey ey

A om? » =  V2Gp- - & ~0 &4 4
H:Z$B-Jp+ — 13 HBcs—Ek:%ktk—lGlT T
p

v

Recall how we treat the BCS Hamiltonian. We diagonalize it in a quasiparticle
basis. However that basis does not preserve particle number. We enforce the
particle number conservation by introducing a Lagrange multiplier. This

Lagrange multiplier turns out to be the chemical potential.



The v-v Hamiltonian The BCS Hamiltonian

. - X A -
H:ZﬂB-jp—l—\/EGFj-j HBCSZZQth2_|G|T+T
k

o

Recall how we treat the BCS Hamiltonian. We diagonalize it in a quasiparticle
basis. However that basis does not preserve particle number. We enforce the
particle number conservation by introducing a Lagrange multiplier. This
Lagrange multiplier turns out to be the chemical potential.

In the many neutrino case we can do the same. The Lagrange multiplier we
have to introduce to preserve the total neutrino number shows up the the final
neutrino energy spectra as a "split". This is the origin of the spectral splits

(or swaps) numerically observed in many calculations.



Maria Goeppert Mayer was
awarded the 1963 Nobe/
for the nuclear shell model,
the San Diego Union
headline read " San Diego
Housewife Wins Nobel
Prize”.




Majorana nature of the neutrinos permit
neutrinoless double beta decay:

Initial
nucleus

)

e e~

o

—

Input: nuclear matrix
elements

—>— Final

nucleus




Pairing gives rise to double beta decay:
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Why are matrix elements of Ovpp and 2vpp different?

3 Virtual 3) transition
Virtual + transition 1h
som | -’
3) (3) =
-\—/-? -\—/—-\,-;,’1‘) ——
(1') I
\ [(1+) \ [(1+)
(1+) — (1+) —
(1") —— a
2 2
0 ) 0"
m m o*
0+
76Ge 76 As 768e 76Ge 76As 76Se
2vRP OvRp
Only intermediate 1* states All intfermediate states
contribute (single-state contribute (closure
dominance approximation?) approximation?)

Both approximations could be problematic!




Nuclear matrix elements for double beta decay

y =S N0T In><nll6 T Mi>| 1u0meutring
- E -E +E, 2D ey
0 0 MOV 0
M =My —-—L+M}" |
84 Neutrinoless
1 bp decay
Mgy =< f13—3()-60) 7,()r, ()l f >
J.k "k




Nuclear matrix elements for double beta decay

M2 - <fllor, lIn>-<nllot, li>| 1yoneutrino
E -E +E BRleceay
n n I 0
AN REAES RARR LR LARRS REEAS LR RLLLY RALEF
= == == just R/ E
= ==« == Wwith fns E
with fns, hot ]
----- with fns, hot, E=8 MeV ]
T e e e |
r [fm]
Ov
M™ MG¥——§ +M."
g, Neutrinoless

1 . bp decay
Mgy ~< f1 Er—au)-a(k) T, ()T, (R f >

Jok "k




P. Vogel, J. Phys G 39, 124002 (2012)
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6 =
. Total 3
Nuclear matrix elements  —4f E
E ¢
S E
% 0F =
M2 = | Co(r)dr
GT GT 28 ;
0
e :
E
. ~ 4 =
Momentum of virtual Sk
neutrino, q ~ 1/r 2E E
r~ 2 fm of
q ~ 100 MeV 3\ S
0

6 7 8 9 10



O p—— — - : :
b Ge | o IBM-2 |
b m QRPA |
Ov double beta decay - " 5 Te S Thhs
af o ¥
= || Y S8 e v
(/Ty2) = GEZ) M (mg)* g 3t 'z ¥ s '
[ ] : . N .
G(E.Z) : phase space of G * o "Ng ] Pt
. p : ¢ .
M : nuclear matrix element | C m ; :
) o Ir i i Light neutrino 1
(Mgg) = |ZJ' |Uej| m; e' @] T ¢ exchange
% 40 60 80 100 120
: { - ; —y Neutron number
I i : 0 ! a3 -
. ; g Gl | m QRPA]
i i i 10°
80 | : :
| @ | N .
Z  60f & ENQ ¢ 91 %
~ i Ge ! Te E 1o
1 1 | ‘gn' i
i BF 1
: = : 2
20k (1‘1 i mn .IE ’ tring 1 - a
S R v
1 1 1 Ightest v mass [me
o 20 o0 80 100 120

Neutron number



In neutrinoless double
beta decay, the overlap
between initial and final
states should be not too

small!

Example:
150Nd >190Sm+ee

Rodriguez & Martinez-Pinedo,
PRL 105, 252503 (2010)

B 150Nd
-06 -04 -02 0 0.2 04 06 0.8

-06 -04 -02 0 02 04 06 0.8
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