SOLAR NEUTRINOS

Source of Energy of the SUN : Nuclear Fusion

4p + 2¢~ — He + 20,

Energy Released per each Cycle
Q =4m, +2m, — mpge = 26.73 MeV

B,y Neutrino FI
e = T (@ —(B) eutrino Flux

by ~ 6 x 10! (cm? s)~!




Spherical symmetry

p(r) density

T'(r) Temperature

P(r) Pressure

{Xz(r)} composition
L(r) [erg s7'] Energy Flux

e(r) [ erg g7t s7!]. Energy Released in nuclear reactions

e Equation of State f(p, P,T) I 3.86 % 1033
6 = 3.86 X erg

e Opacity k(T p,{Xz}) Mg =199 x 10% g

e Nuclear Cross Sections ggpcq(E) Rs = 6.96 x 101 cm

; Fewe Teff=5.73>< 103 olX
1. Hydrostatic Equilibrium

to = 4.55 x 10? years
2. Energy Conservation
Initial composition =

3. Radiative Transport . .
Composition at surface




dP G M (r) p(r) Hydrostatic Equilibrium

dr r
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o[(T +dT)* — T4 ~ 40 T3dT

y 1o T3 ar
3KP dr

L(r) = —4nr Radiative Transport

(4?rr2d'r') o(r) [e(fr‘) — d%ir)] = [L(r + dr) — L(r)]
dzg) = 4mr? p(r) {e(*r') —T(r) d‘fg)] Energy Conservation




NUCLEAR REACTIONS

p+p—=>d+et+u,

He +'He — "Be+1v

Rate of interactions

r = Ng Nb/d3ﬂa¢a(va) /dva dv(vp) v 0(v) | (cm®s?)

S(E) Qﬂ'Za Zb

o(F) = I exp{— e

e=) Qjr;
j

|

Cross section

Energy production
erg/(cm’s)




h

+

—_

S—Factor [MeV bl
[

o(E) =

S(FE) ox {_ 27 2, Zb}
FE p hov

"He + “He — *He + 2p

. ___ Screened Nuclides (U, = 323 a&Y)
[}

S .1 LUNA
] experiment
17 (Gran Sasso)

| ___ Bare Nuclides

- O previous (Fig. 1)
— @ present (LUNA) 7 b

______

10 107 10° ' =



PP cycles
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Main 3 Components of Solar Neutrino Flux
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Detection of Solar Neutrinos:

Chlorine Experiment
(Ray Davis)

Gallium Experiments
[Gallex, Sage]

(Super)-Kamiokande
Electron Scattering

Heavy Water [SNO]

ve+3"Cl—= 3"Ar+ e

ve+ 1Ga— "Ge+ e




Radio-Chemical Experiments

ve+3'Cl—= 3"Ar+ e

C;j = [ dE 445 (F) o3(E) Capture Rate

1 SNU = 1 Solar Neutrino Unit = 1073° sec™!

DECAY Tl/2 =35 days

STAT +e~ = 3"Ar + v

dNAI' NAI'

NAr(t) — NC] C TAr [1 — exp(—t/'mr)] )
t/T



1. A Small quantity of stable and isotopically pure Argon 3°Ar

or 3"Ar (the carrier) is introduced in the detector.
2. The Chlorine is exposed to solar neutrinos.
3. The detector is fluxed with Helium to remove all Argon.

4. The Argon (stable and unstable isotopes) is chemically isolated

and introduced into a small counter (~ 0.4 cc).

5. The extraction efficiency is estimated with tha fraction of the

carrier that 1s recovered.

6. The Argon—37 is revealed via the emission of an Auger electron

of 2.82 KeV.
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processing room

R A Davis experiment

____________________________________________________________

. Chlorine

615 tons C2 Cl4 ;3_ ____________________________________________________________




. =
F}V| (em s

de, /dLog

Capture Cross Section

1012

1010 —

Ga (I

(107*% em®)

o

109

102

, 37
v, cross section on “‘Cl anc

71
1 TG

Cl

1 |||n||| 1 |||||||]

5.0

10.0

20.0



Fraction of the Solar Neutrino Capture Rate
due to different components of the flux

Chlorine

Gallium




Gallex (Gran Sasso)

ve+ "Ga — "Ge+e”

30.3 tons of Gallium
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Capture rate(SNU)
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Electron Scattering

2 9
G50 2GTm;

dT T

T = Kinetic Energy of
the final state electron

Cross section strongly
peaked for electron emission
in the neutrino direction
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Event/day/bin

SK-I: 8B Solar Neutrino Flux

L l 1 ' E
May 31, 1996 — July 15, 2001
(1496 days ) hep-ex/0508053

Electron total energy: 5.0-20MeV

LY Lt ‘_L-Ir"

22400 = 230
solar v events !
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€0Ss Osun

(e = 2.35 + 0.02 + 0.08 [x10%/cm?/s]



» 22,385 solar neutrino events
B flux : 2.35 + 0.02 + 0.08 [x 10° /cm?/sec]
48,200 solar neutrinos (from SSM)

e = 0.465 +0.005+0.016

SSM(BP2000) -0.015




3 Dogs that did not bark:

Day- Night Eftfect
[Zenith angle dependence (Matter eftects)]

Distortion of Energy Spectrum

Seasonal Effects
(Sun-Earth distance dependence)
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. v.+d=pt+tpte

- Gives v, energy spectrum well
- Weak direction sensitivity « 1-1/3cos(6)
- v, only.

- Measure total B v flux from the sun.
- Equal cross section for all v types

@ vro v o



ANGLE with RESPECT To the SUN
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ANGLE with RESPECT To the SUN
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Fluxes (x 10% cm™? sec™!)
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Phase I (D,0)
Nov. 99 - May 01

Phase 11 (salt)
July 01 - Sep. 03

Phase III (°*He)
Summer 04 - Dec. 06

n captures on
?H(n, v)°H
o =0.0005b
Observe 6.25 MeV vy

PMT array readout

2 t NaCl. n captures on
35Cl(n, v)36Cl
0=44D
Observe multiple y's
PMT array readout

40 proportional counters
*He(n, p)°H
o=5330Db

Observe p and *H

PC independent readout

Good CC Enhanced NC Event by Event Det.
SCl+n
2H+n 8.6 MeV <— S5cm—>
6.25 MeV
h 4 l
Y Y
3H ¢ .,
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INTERPRETATION
of the

SOLAR NEUTRINO DATA:

MATTER EFFECTS
in NEUTRINO OSCILLATIONS
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MATTTER EFFECTS

Va A A€, p,orn e A AV
L a W e We We WV AV a U W W W
Vo A < AE, P, 0rn Ve A W A E

Neutrino Propagation:

Amplitude =
Amplitude (No-Scattering) + Amplitude (forward Scattering)

EFFECTIVE POTENTIAL
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Survival Probability in the Adiabatic Limit
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Atmospheric Neutrinos

Reactor Neutrinos

Solar +Reactor Neutrinos
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The LSND experiment
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Uet+p—et +n
n+p—d+v(2.2 MeV)

87.9 + 22.4 + 6.0 events

- 2 -
10 10 10

E= 20 MeV

L= 30m
Am s 10~* eV?
Am2 .~ 3x1073eV?
Am%SND z 0.2 eV?
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Fermilab to Minos CERN to Gran Sasso




Fermilab to MINOS
Ph2le, 10 kt. yr., 907% C.L.
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CERN NEUTRINOS TO GRAN SASSO
Underground structures at CERN

Access shaft
PGCN

SPS/ECA4

I CNGS Works
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CP Violation Effects in Neutrino Oscillations

Pya_],yﬂ = IUs—-v, CPT Symmetry

Pyo—vs = Ppyp, CP symmetry

Pya_};yﬂ — yﬂ_l'}ya T Symmetry
In Vacuum

APy,3 = P(vy o vg) — P(Vo = Vg) = P(vg — vg) — P(vg — vy)
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Neutrino Factory

A possible
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neutrino factory.

£5-11-05. Not ta acale,

.
% beam to far detector

p linue 2GeV, MW

>1000m orocumference

-_—

—=
—_
—_

_— —

Aceumulator
Ting

_

—_

—_

———_ ﬁ\iheamtunaardatecmr

-

—




Absolute Neutrino Mass

DIRAC versus MAJORANA

Measmological — S m;
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Beta Decay
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Neutrino MASS Hierarchy

Normal Hierarchy Inverted Hierarchy
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\/Am% ~ 9 meV

Normal Hierarchy

VIAmZ | ~ 49 meV

Inverted Hierarchy

m; = mg ms = my

m2 = \/m% + Amg, my = \/m% + Am2,

mg = \/m% +Amg + AmG, || gy, = \/m% + AmZ,, + Amg
Degenerate masses

mo > \/Amﬁtm mi1 = mo =~ Mgy
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Limit of small “lightest mass” : mgo — 0

Normal Hierarchy

Inverted Hierarchy
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Flavor
Mcosmological — Z m; Oscillation
9 Studies:
Lower Limit
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Degenerate Spectrum —_ 3 mo

neutrio mass
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BETA decay

Kinematical measurement of the Neutrino Mass
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half life : t,,=12.32 a

3H e?’He+e'+Ve |
8 end point energy : E;= 18.57 keV
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entire spectrum region close to 3 end point
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Beta Decay Spectrum
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Results of Measurements

of Tritium:

—1.243.0 eV* (Mainz)

fm% —2.3 +£3.2 eV* (Troitsk)

mg < 2.2 eV (Mainz)
mg < 2.1 eV (Troitsk)
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Some nuclei decay only
by the Bp mode, e.q.

(Z,A) - (Z+2,A)+2e + 20, (2vBS decay)

(Z,A) - (Z+2,A) +2e (0vBp decay)

Half life ~ 102! yr

A

Ov

Spectrum

L

Sum of 23 Energy




DOUBLE BETA DECAY




Q (*Ge - Se)=2.038 Mev

counts

0 Q

Total energy in electrons
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Dirac Particle

Majorana Particle




Neutrino| spinl1/2

e >

Spin Momentum
direction direction

Anti-Neutrino

T >

Spin Momentum
direction direction




Iy

VvV atrest

Strumia, Vissani

Gedanken
Experiment

Neutrino at Rest
with spin pointing
downward.



. . Majorana
W .
§ . o Particle
o |
X TG
Ve ¥
> e
§w
n ] i p

A(280v) Z Uegz' mi = (My, )eff
(

o 2,~;
mpg = | )_Uejmj| = | D [Uej|"e™# m;
j j

R % . L. . 2 .
mBB = ’ﬂ13612 m1 -+ {3133126 V2 ™Mo + 3138 ¥3 ms



Neutrinoless

mags = Z Uéi e’ P m? Double Beta Decay
J
2 2 2 2 ) 2 '
= |cisciama + ci381amaee’? + sgmae’??|
|C%2m1 -+ S%ngeiwg | 013 — 0 (613 — 1, 813 — 0)
Dpopnprgfp an(\trum Inver<e Hierar(‘hy
mgg = ‘ mgg =
~ myg |ef, + 87 ei*’?| ~ Am2 2 2 o2
12 12 | o Mim |012 + 875€ |
~ P2 ;
~ mo [0.714+0.29€™* | 49 meV |0.71 4 0.29 2




Normal Hierarchy
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Possibility of exact cancellation

mgg ~ 0

P2 =T

2
my ~ 48124 \/AmZ ~ 0.45 \/AmZ ~ 4 meV

C12 — S19

mgo — 0

m55 i

%, \/Am% ~ 2.6 meV




Mpg =

¢

2 2 1
mﬂ ICIQ + 3128 ({?2|

E
F|
| = mo [0.7140.29¢2]
i
> |
= |
- 10° |
= i mpg =
i | = N Amgy, |C%2 Ca 3%26%.('02]
||~ 49 meV [0.71+0.29¢%¢2|
' i ~ (25— 50) meV
- 99% CL (1 d I
[ ) — |
107 10° 102 10! 1

lightest neutrino mass in eV

mgg ~ 815 4/AmZ ~ 2.6 meV




TH

E H

CIDELBERG — MOSCOW EXPERIMENT

Controversal Claim:

70

ps

2y = (1.19%5:35) x 10%° years

= (0.2 - 0.6) eV (99.73% c.l.)




701

(o))
o
|

o
o
|

Counts / keV

N
o
|

10

0
0

B
o
|

W
o
|

— SSE
— 2nu2bb Rosen—-Primakov Approximation

500

Q=2039 keV
1000 1500 2000 2500

Energy, keV

3000



counts/ 2 keV

- neutrons and muons

30

25

20

15

1

- 2 Th decay chain

E'E-EU

decay chain

anthropogenic isotopes

cosmaogenic isotopes

l]2(]'[}0

20

20

2

040

2

060

2100
E [keV]

2080




events [ kel events / ke events / keV

events [ keW

128 28 213,
3000 Ra Ac E Ph

Hﬂﬁ'c

Hpp

I:.lﬂph

IMA

0
400 450 500 530

600 650

700 730 800

Sn+Xray Mpj
Mn
e

&00 850 00 950

HBAE. JHBFMAE 23-‘11|:|'a ll.'li"Bi

2

1000 1050

E'EZ|'r|-.\'11:=ﬂg.- Mo

1100 1150 1200

M2 o
Bi

(%]

=

(=]

=
II|IIII|IIII|IIII|IIII|IIII|IIII|IIII

.!1-IBi | 21-IBi

IDK

gy

i

et

| et s i = S il S S
1200 1250 1300 1350

1400 1450

4500 1550 1600
energy [keV]

events [ keV events [ keV

events [ keV

600

500

400

BOEEHBi 21dBi 2145i
E 228

200 | Ac

100 /

0
1600 1650 1700 1750

2140
Bi

214Bi

1800 1850 1900 1950 2000

160
140
120
100
80
60
40
20

“BTI(SE)

2143i

=]
=
o

0
2000 2050 2100 2150

24
Bi

2200 2250 2300 2350 2400

300
250
200

bn{:o

EHBi

150
100
50

n ey S PR L
2400 2450 2500 2550

EDETI

energy [keV]



Mass — Mass ("°Ge) [MeV]
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Energy levels for the A = 76 nuclei.
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COSMOLOGICAL NEUTRINOS

Trov = 2.728 Kelvin
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Heavy Elements:
0.03% Qbaryon = 4.4+ 0.4 %

Cosmic Pie

Dark Matter:
23 +4 9,

Dark Energy:
73 4 %
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Cosmology in the '"Precision Era"’

Description Symbol Value + uncertainty  — uncertainty
Total density LI 1.02 0.02 0.02
Equation of state of quintessence W < —(.78 95% CL —
Dark energy density Y 0.73 0.04 0.04
Baryon density N (.0224 0.0009 0.0009
Baryon density . 0.044 0.004 0.004
Baryon density (cm™) np 2.5%x 1077 0.1x 1077 0.1% 1077
Matter density Q. "2 0.135 0.008 0.009
Matter density L 0.27 0.04 0.04
Light neutrino density 0,0 < 0.0076 05% CL —
CMB temperature (K)* Tl 2925 0.002 0.002
CMB photon density (em )P Hory 410.4 0.9 0.9
Barvon-to-photon ratio 7 6.1 %1071 0.3x 10710 0.2:% 10-10
Baryon-to-matter ratio 0,0, 0.17 0.01 0.01
Fluctuation amplitude in 84! Mpe spheres s 0.84 0.04 0.04
Low-z cluster abundance scaling a0 0.44 0.04 0.035
Power spectrum normalization (at kg = 0.05 Mpc1)° A (.833 0.086 (.083
Scalar spectral index (at kg = 0.05 Mpe™!)° Hy 0.93 0.03 0.03
Running index slope (at kg = 0.05 Mpc!1)e dny[dInk —0.031 0.016 0018
Tensor-to-scalar ratio (at ko = 0,002 Mpc™) r < 0.71 05% CL -
Redshift of decoupling s 1089 | |
Thickness of decoupling (FWHM) Az e U5 2 2
Hubble constant h 0.71 0.04 0.03
Age of universe (Gyr) to 13.7 0.2 0.2

From Spergel et al. 2003
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kground Radiation (2.7 K) anisotropies
Angular power spectrum, C,
""\ -
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SUPERNOVAE (Ia)
STUDIES

Supernova 1998bha
Supgrnova Cosmology Project
Perimutier, ef al, 1998)

3 Weeks
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Supernova

Discovery |.
] i

(as seen from
Hubble Space
Telescope)

< (as seen from
* telescopes
on Earth)

Difference




V Band

SN of type Ia: STANDARD CANDLES

Apparent Luminosity — Distance
L MLl | Distance - Redshift Relation

light-curye timescale

| R, “stretch-factor” corrected TI! E ! EeW I a s u ! Zer n o Va

iy
=l
e
~
e
et
—

Zju 4, 26 T T T T T 171 | T T T T T

i “4; I i (6, 0)
E . L (1, 0)
iy, 24 — (2, 0)

e r Supernova o

e Cosmology I

A7 | L {:

-20 0 20 40 G0
ek 22 B

)]
o
L

Calan/Tololo
(Hamuy et <4,
AL 1996)

—_
o8
LI L

o
T l T T

Perimutter et al. (1998)

apparent magnitude [log(distance)]

=

1 1 1 I 1 1 1 | | - | | | - | | L1

Cosmic Expansion

is Acceler ating 0.02 0.05 0.1 0.2 05 1.0
redshift z




SDSS SURVEY
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Linear Power Spectrum P(k) [Mpc3]
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Large Scale

Galaxy Survey

2 Degree Field
Galaxy Redshift Survey

220,000 galaxies
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Formation of Structure
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Formation of Structure



Formation of Structure

Structure forms by
gravitational instability
of primordial
density fluctuations



Formation of Structure

Structure forms by
gravitational instability
of primordial
density fluctuations

A fraction of hot dark matter
suppresses small-scale structure
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Probes of Cosmic Structure

105 - -

Linear Power Spectrum P (k) [Mpc3]

1 Lk | + -

III 1
103

11l f 1l b0 o3 sl
102 10-1 1
Wavenumber k [Mpc-1]

WMAP Collaboration:
First Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations:
Determination of Cosmological Parameters [astro-ph/0302209]

| Georg Raffelt, Max-Planck-Institut fiir Physik, Minchen, Germany MuFact 03, Mew Yark, 5-11 June 2003 |




Sky map of CMBR temperature
fluctuations
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Galaxy Redshift Surveys

%5

oP

Gokeary digiribastion fewm tha CTA redshlt marvry
(AsT 302 (1M L1

2dF Galaxy Redshift Survey (May 2002), Northern Slice
http://www.mso.anu.edu.au/2dFGRS/

| Gearg Raffelt, Max-Planck-Institut fiir Physik, Minchen, Germany
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Statistical 95% C.L. limits depend on used data and on
priors for other parameters. For detailed analyses see
* Hannestad, astro-ph/0303076

* Elgaroy & Lahav, astro-ph/0303089

WMAP (Cosmic microwaves)
2dF (Galaxy-galaxy correlation)

+ Small-scale CMBR
(breaks degeneracy with bias)

+ Priors (1o)
xm, ~1.0eV h =0.72 +0.08

+ Lyman-o forest data

Georg Raf felt, Max-Planck-Institut fir Physik, Minchen, Germany MuFact 03, New York, 5-11 June 2003
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Super-K Neutrinos Large-scale structure

I ritium Mainz/ Troitsk

__ KATRIN (Future tritium expt.)
PLANCK+SDSS ("Optimistic” future)




HOW MANY
NEUTRINOS
in the UNIVERSE



How Many Relic Neutrinos?

Standard thermal population in one flavor n,y = %n, ~112em™3
IEEIT SN Additional families Excluded by Z° width
neutrinos beyond (N, = 3)

i | :
fhe'm cal potentials Possible
OI" VE, VI_U V"[j

standard population
ofi Vg, Py

Not effective

j :
RIEACOsS in sub-eV range

Sterile
(right-handed)
states

. Excluded by energy
Right-handed currents loss of SN 1987 A

Populated by Electromagnetic Excluded by energy loss
v > Vp dipole moments of globular cluster stars

transitions
Oscillations/collisions HOT/_WGPm/COId DM
possible
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Fraction of critical density
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* At BBN one flavor
contributes about
167% to cosmic
mass-energy density

* Extra flavors modify
expansion parameter
accordingly

1 2 D

0—31

Baryon density (1 g ecm ™)

Burles, Nollett & Turner, astro-ph/9903300

Conservative limit

AN < 1

| Georg Raffelt, Max-Planck-Institut fiir Physik, Minchen, Germany

MuFact 03, New York, 5-11 June 2003 |




BBN and Neutrino Chemical Potentials

Ll Energy density in one neutrino flavor with
Eront degeneracy parameter £ = n/T

(all flavors) i -71:2 4 1+3_0-(£)2+;_5(5)4
Y 7 \=n T\%)
ANg¢¢

R sy Helium abundance essentially fixed by
n/p ratio at beta freeze-out
effect for

n_ o lm-m )/ T-5,,

electron flavor 0

(ERPRd R I Effect on helium equivalent to AN¢ ~ -18 &,

AN <1 M W [t,[<0.06

- v, beta effect can compensate expansion-rate effect of v
+ No significant BBN limit on neutrino number density

LL,T
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Flavor mixing Flavor equilibrium before n/p
(neutrino oscillations) freeze out?

Flavor lepton numbers yes Solar LMA solution
not conserved

7.7 LOW (depends on ©,3)
Only one common nu
chemical potential n SMA or VAC

Stringent &, limit * Our knowledge of the cosmic nu
applies to all flavors density depends on the solution of
the solar neutrino problem

|§ve.,p,1| <0.07 * KamLAND most relevant experiment
xtra neutrino densi * Lunardini & Smirnov, hep-ph/0012056
E A'\rll 1: :3 0062 ty * Dolgov, Hansen, Pastor, Petcov, Raffelt
i j

& Semikoz, hep-ph/0201287
* Abazajian, Beacom & Bell,
astro-ph/0203442
close to standard value - Wong, hep-ph/0203180
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Cosmic neutrino density




Sakharov conditions for creating the
Baryon Asymmetry of the Universe (BAU)
+ C and CP violation

* Baryon number violation
+ Deviation from thermal equilibrium

Particle-physics standard model

* Violates € and CP

Andrei Sakharov| * Violates B and L by EW instanton effects
1921 - 1989 (B - L conserved)

- However, electroweak baryogenesis not quantitatively
possible within particle-physics standard model
* Works in SUSY models for small range of parameters

A.Riotto & M. Trodden: Recent progress in baryogenesis
Ann. Rev. Nucl. Part. Sci. 49 (1999) 35
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Neutrino Physics

Where do we stand ?

Where are we going ?



Mixing angles are large !?
It LSND 1s confirmed more exotic new physics required

Ordering of mass eigenstates

Tritium (Katrin) beta decay. COSMOLOGY

SN neutrinos. Km’ Telescopes, Dark Matter annihilation



